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1. I N T R O D U C T I O N 

In the past decades, detectors measuring the properties of subatomic particles 
by total absorption (calorimeters) have become crucial components of almost any 
experiment in high-energy particle physics [1]. There is a wide variety of calori
meters. The choice of the technology and of the detector parameters for a specific 
application usually depends on such factors as the physics that one wants to study, 
the available budget, the radiation conditions, and the expertise of the people 
involved. 

The development of optical fibre technology was mainly driven by the potential 
advantages in the area of telecommunications, but in recent years a variety of other 
applications have emerged, among these particle detection. In particle physics 
experiments, optical fibres are either used to transport optical detector signals to 
a convenient place where they can be converted into electric pulses, or they serve 
as particle detectors in the proper sense of the word. In the latter case, signals are 
produced in the form of scintillation [2] or Cerenkov light generated by particles 
traversing the fibres. Some fraction of this light is trapped inside the fibre in which 
it is produced and travels through internal reflection to a light detector. 

The first applications of scintillating fibres as particle detectors concerned de
vices for tracking charged particles and/or vertex reconstruction [3,4]. The excel
lent spatial accuracy, the fast signals, the compact construction, and the reliable 
operation of these detectors were quickly recognised as important features and sev
eral major experiments successfully employed fibre tracking devices in their set-up, 
e.g. UA2 [5]. Similar considerations led to the application of scintillating fibres as 
active elements in sampling calorimeters. The first such calorimeters were built at 
Saclay [6], as soon as fibres with adequate optical properties became available. 

It should be emphasised that the use of the fibre information is quite different 
in these two classes of applications. In the case of tracking and vertex detection, the 
fibre information is used in a digital way. The presence of a light signal indicates 
the passage of a charged particle. Calorimeters use the analog information, the 
number of scintillation photons is a measure for the shower energy. Because of 
this, the requirements on the fibre quality may also be quite different for these 
different types of detector. Tracking/vertex detectors emphasise high light yield 
and a long attenuation length, while calorimeters need reproducibility, the smallest 
possible fibre-to-fibre fluctuations, in the optical properties. 

The first experiment that incorporated a fibre calorimeter in its set-up was the 
ÇI experiment at CERN [7]. The total instrumented mass of this device was less 
than 100 kg. Later, the NA38 experiment [8] in the heavy-ion beam at CERN 
used a device of similar dimensions. The DELPHI [9] experiment at LEP used a 
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considerably larger (2 ton) fibre calorimeter, installed close to the beam pipe, as 
a luminosity monitor. The first full-acceptance detector of this type was built by 
the JETSET Collaboration [10]. This detector demonstrated the great potential 
of this new technique. For the first time, a sampling calorimeter achieved an 
energy resolution (a/E = 6.3%/v /£') comparable to the ones characteristic for 
homogeneous devices (e.g. lead glass). 

The DELPHI and JETSET detectors were exclusively intended for the detec
tion of electromagnetic (e.m.) showers. The development of fibre calorimeters for 
hadron detection started in 1987. Following a deeper understanding of the com
pensation mechanism in hadron calorimetry [11]—[13], an extensive programme of 
R&D on compensating fibre calorimetry was proposed in the framework of the LAA 
Project at CERN [14]. This project became known as the Spaghetti Calorimeter 
(Spacal) project. 

The prediction [11] that lead-scintillator calorimeters could be made compen
sating, provided that the proper lead:plastic volume ratio (4:1) was used, was ex
perimentally confirmed by Bernardi et al. [15], for a detector consisting of 10 mm 
lead plates alternated with 2.5 mm thick plastic-scintillator slabs. Because of the 
compensation property, the hadronic energy resolution of this rather crude device 
was remarkably good ( 4 5 % / A / Ë ) - However, the small sampling fraction (2.3%) 
combined with the crude sampling frequency led to a relatively poor e.m. energy 
resolution (23%/yE). This observation led to the choice of fibres as active mate
rial. The fibres were intended to decrease the contribution of sampling fluctuations 
to the energy resolution, through an increased sampling frequency. 

The Spacal Collaboration embarked on an exhaustive investigation of the 
properties and performances of integrated compensating Pb:fibre prototypes in a 
non-pro jective geometry. After the termination of the Spacal project, the work of 

the Spacal Collaboration was continued by the RDI and RD25 Collaborations. 
The RD25 Collaboration worked in the framework of projective integrated com
pensating lead/fibre calorimetry, while RDI worked towards the optimisation of 
fibre calorimetry for LHC physics. 

The energy resolution of a 1 mm fibre compensating calorimeter was mea
sured by the Spacal Collaboration to be 1 2 . 9 % / A / Ë ' + 1.2% for e.m. showers and 

* The Spacal Collaboration: Cagliari, CERN, CERN-LAA, Lisbon (LIP), Napoli, NIKHEF, 
Paris VI&VII, Pavia, Rio de Janeiro (COPPE), San Diego (UCSD). 

t The RDI Collaboration: CERN, Clermont-Ferrand, Ecole Polytechnique, Lisbon (LIP & 
CFNUL) Marseille (CPPM), Napoli, Orsay (LAL), Paris VI&VII, Pavia, Rio de Janeiro 
(COPPE), Weizmann Institute. 

t The RD25 Collaboration: Bologna, CERN-LAA, Cornell, Frascati, IHEP Beijing, Pisa, 
Torino, World Lab. 
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3 0 . 6 % / \ / ï ? + 1.0% for pions. These resolutions are not well matched to the needs 
of LHC experiments; one would like to see a better e.m. energy resolution, even 
at the expense of the hadronic one. For e.m. showers, a scaling term < 10% and 
a constant term < 1% are believed to be required for the search of the decay 
H —* 77; on the other hand, owing to pile-up effects at high luminosity, no physics 
measurement would presumably benefit significantly from a hadronic resolution 
better than - 50%/y/Ë + 2% [16]. 

The RDI Collaboration proposed the solution of a segmented calorimeter with 
an improved e.m. compartment and a coarser hadronic section. To improve the 
e.m. energy resolution, RDI tested two different options: reducing the fibre diam
eter or increasing the sampling fraction. The first solution retains the property 
of compensation at the price of more complex construction, while the second one 
implies a departure from compensation and a less compact device. 

Based on the findings of the above-mentioned detector R&D projects, a number 
of new experiments have adopted the scintillating-fibre calorimeter technology as 
the solution of choice for their experimental needs, e.g. CHORUS at CERN, HI 
at DESY and KLOE at Frascati. 

In this paper, we review the features of calorimeters based on scintillating 
plastic fibres as active elements. That means that we shall not discuss 

• Instruments that use (wavelength-shifting) fibres to transport the scintilla
tion light from tiles to the outside world. Information on this technique can 
be found in ref. [17]. 

• Instruments that use glass tubes filled with a scintillating liquid as active 
material. Information on such a technique can be found in ref. [18]. 

• Instruments in which quartz fibres are used as active elements. In this case, 
the signal consists of photons produced by the Cerenkov effect. Information 
on this technique, which is regarded with considerable interest as a possible 
solution for the problems in the forward regions of experiments at high-
luminosity multi-TeV pp colliders, can be found in refs. [19,20]. 

This paper is organised as follows. In section 2, the various construction tech
niques that are being employed are discussed. The performance characteristics of 
fibre calorimeters in terms of energy, position and time resolution, particle identi
fication, rate capability, etc. are summarised in sections 3-7. A review of existing 
and planned detectors based on scintillating fibres as active elements is presented 
in section 8, and the important calibration/monitoring issues are discussed in sec
tion 9. Detailed studies have yielded a wealth of information concerning shower 
development processes in dense matter. Also, the effects of a variety of detec
tor parameters (e.g. sampling fraction, sampling frequency, shower containment) 
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on the calorimetric performance were systematically investigated. This material, 
which may be extremely useful for designing calorimeters for future applications, 
is reviewed in section 10. Conclusions are given in section 11. 



2. THE CONSTRUCTION OF FIBRE CALORIMETERS 

In this section we discuss the mechanical construction of fibre calorimeters, the 
fibre properties and the optics, with a particular emphasis on the performance of 
the detectors. We also describe in some detail a few detectors built in the framework 
of R&D projects and their experimental set-up because of their relevance to the 
discussion of the performances. 

2.1 Mechanics 

The high density of fibres (about 25 1-mm diameter fibres per cm 2 for a 4:1 
Pb:fibre volume ratio) makes the construction of the absorber matrix quite chal
lenging. Because of that, some of the R&D projects on fibre calorimetry like 
Spacal, RDI and RD25 built part of their prototypes using simple techniques that 
are not necessarily suitable for the construction of real calorimeters, but adequate 
for testing the detector performance. 

The simplest technique for building a fibre calorimeter consists in piling up 
grooved lead sheets obtained by extrusion, machining or rolling. The fibres are 
inserted during the piling operation and stick out from the rear end of the lead 
structure. There are no mechanically independent towers, instead a cell is defined 
by the fibres read out by a single photodetector. The fibres belonging to a tower 
are bunched together, machined, polished, and connected to the readout element 
via a light guide. 

Completely different construction techniques were used to build monolithic 
towers. The methods can be grouped into three categories: gluing, casting and 
brazing. The gluing technique is simple and consists in piling lead sheets and fibres, 
and applying a thin layer of optical epoxy to the top of each lead plate before the 
fibres are laid down and then to the fibres before the next lead plate is stacked. 
Each fibre is enveloped by glue in this way. The main advantage of this method is 
that the block obtained in this way can be machined to any shape, an easy way to 
get, for example, projective towers. Modules built in this way do not allow fibre 
replacement, which is a possible drawback for high-rate applications. The gluing 
technique was successfully used by DELPHI for the Small Angle Tagger [9], by the 
JETSET Collaboration at LEAR who built an electromagnetic calorimeter [10] 
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and by the KLOE Collaboration [21] who built prototypes of their electromagnetic 
calorimeter [22] to be used at the DAPHNE ^-factory. 

The casting technique consists in pouring a liquefied alloy in a cast where 
stainless steel tubes, into which fibres can easily be inserted, are held in position 
by appropriate spacer plates. This method was successfully used by Blumenfeld 
et al. [23] and Asmone et al. [24] to build electromagnetic calorimeter prototypes 
using low melting point alloys. The method was also tried by the Spacal Collabo
ration [25]. They used a lead alloy with a small fraction of antimony, requiring a 
thermal cycle of about 400°C. Because of the large difference between the thermal 
expansion coefficients of lead and steel, the forces active during the solidification 
process led to significant displacements of the steel tubes, sufficient to locally mod
ify the sampling fraction in the modules and so to degrade the response uniformity. 

The brazing technique consists in depositing tin or a low melting point alloy 
on the grooved lead sheets and soldering these together, thus producing a lead 
structure with many parallel channels into which the fibres are inserted. The 
Spacal [25] and the RDI [26] Collaborations built some of their prototypes in this 
way. Apart from some problems with inserting the fibres in the metal matrix, due 
to holes partially obstructed by tin residuals, good results were obtained. 

A major improvement to this method came from the RDI Collaboration who 
used for brazing the Wood alloy (48% Bi, 20% In, 20% Pb, 12% Sb, 58°C melting 
point), filling the module with fibres before brazing at 70°C. The fibres were then 
extracted to be used for other modules and replaced by new ones. The lead matrix 
obtained in this way was nearly perfect [27]. 

Calorimeters for collider detectors need to have a projective geometry. For 
fibre calorimeters, the fibres in each tower must run parallel to each other to keep 
the sampling fraction constant with depth. The construction techniques are the 
same as for non-projective calorimeters, but care must be taken about the way the 
projectivity is mechanically realised. 

This problem has been investigated by the RDI and RD25 Collaborations. RDI 
has built a hadronic calorimeter made out of 19 fully projective towers [26]. Each 
tower was obtained by machining parallelepipedal blocks to the desired geometry. 

The fibres in the sloping parts of the modules were cut perpendicularly to 
their axis to preserve the light component reflected by a mirror (see section 2.2) 
at the end of each fibre. In this way a local deficiency of plastic is generated in 
the boundary regions (see fig. 1), which translates into a smaller sampling fraction 
and hence a smaller response, compared to the central regions of the towers (see 
fig. 2). 
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Figure 1 : A detail of the sloping part of a fully projective RDI module. From ref [26]. 
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Figure 2 : The average calorimeter signal for 80 GeV electrons as a function of the im
pact point. The boundaries between the different detector modules are indicated by arrows. The 
electrons entered the detector in the horizontal plane at an angle 9Z = 3° with respect to the fibre 
axis. From ref. [26]. 

A similar result was obtained by RD25 with semiprojective towers made by 
combining in one module a straight section and a tapered wedge [28]. To overcome 
the non-uniformity problem, they also built a second prototype made out of 41 fully 
projective towers obtained by adding two wedged sections to a straight one [29]. 
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Some towers were equipped with special wedges with local oversampling to cor
rect for the mentioned effect. Figure 3 shows the results of uniformity scans across 
boundaries in the case of standard and special wedges. The use of oversampling 
wedges made the response flat at the ~ 2% level. 
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F i g u r e 3 : Average signals measured in seven adjacent calorimeter modules for 50 GeV 

electrons: (a) shows the response for a 'normal' module, (b) shows the same for a 'special tip' 

module. From ref. [29]. 

F i g u r e 4 : View of a RDI projective module built using a 'staircase' geometry. From 

ref. [27]. 
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An elegant solution to the same problem has been realised by RDI, who built 
semiprojective towers [27] in which the sloping parts consist of lead plates of di
minishing length, stacked to create the staircase geometry shown in fig. 4. In this 
case, the signal non-uniformity at tower boundaries was measured to be well below 
the 2% level. 

2.2 Scinti l lating fibres 

The use of scintillating fibres in particle detectors has been motivated by their 
nice properties: 

• Fast signals (rate capability); 

• Good optical characteristics. Attenuation lengths of a few metres allow signal 
transmission over relatively long distances; 

• Good mechanical properties (flexibility); 

• Excellent position resolution (diameters of a few tens of microns are feasible); 

• Low mass (low conversion probability and multiple scattering). 

These characteristics make the fibres very suitable for the construction of high-
resolution position detectors like beam hodoscopes, active targets, trackers for 
high-luminosity environments, and preshower detectors [30]. 

The use of fibres in calorimetry is mainly motivated by the frequent shower 
sampling achievable in this way; high sampling frequency allows a reduction of the 
shower sampling fluctuations and therefore an improvement of the stochastic term 
in the energy resolution. Other fibre properties that are relevant for calorimetric 
applications are the signal speed and the possibility of building very hermetic 
detectors when the fibres run almost parallel to the direction of the incoming 
particles. 

In order to limit instrumental effects on the calorimeter performance, the signal 
should depend as little as possible on which fibres are hit by the shower particles, 
and where they are hit. Fibre-to-fibre fluctuations in light yield and effects due 
to the fibre attenuation length are the main sources of response non-uniformities. 
The first phenomenon depends on which fibres are hit, the second one on where 
the fibres are hit by the shower particles. The relevance of these effects is quite 
different for electromagnetic and hadronic showers. Fibre-to-fibre fluctuations be
come more and more important when the number of fibres hit gets smaller. In a 
fibre calorimeter, a typical e.m. shower touches less than 100 fibres while a hadron 
shower hits a few thousand. Therefore e.m. shower detection is more sensitive to 
fibre fluctuations. On the other hand, light attenuation is a phenomenon that is 
mainly important for hadron shower detection, owing to the large fluctuations in 
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the starting point and in the longitudinal profile of energy deposition of hadron 
showers. 

The problem of understanding and improving the fibre characteristics required 
for precision calorimetry at high-luminosity multi-TeV pp colliders was studied in 
the framework of the Spacal Collaboration [31]. 

Under the assumption that the energy resolution can be parametrised as 
a/E = a/yE + c, the constant term c is, at high energy, the limiting factor to 
the measurement precision. To achieve high energy resolution, systematic effects 
due to signal non-uniformity must therefore be kept as low as possible, preferably 
below the 1% level. In order to evaluate the requirements on the maximum tolera
ble level of fibre-to-fibre response fluctuations, the authors of ref. [31] simulated the 
development of 10 and 100 GeV electron showers weighting the response of each 
fibre with a Gaussian distribution with a width aju,. The width of the resulting 
signal distribution is shown plotted against the width of the fibre response in fig. 5. 
It turns out that the spread of the fibre response should be smaller than 7% to 
maintain the electron constant term at the level of 1%. 

£ 
in 

D 

10 GeV 
100 GeV 

a f i b (%) 

Figure 5 : The relation between the width of the individual fibre response distribution (afib) 
and the width of the distribution of signals (oSig) from an e.m. module equipped with these fibres, 
in a 4:1 volume ratio (1 mm fibres). From ref. [31]. 
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As an example of the effects of fibre-to-fibre fluctuations, fig. 6 shows the 
average signal obtained for a fine grid scan performed using 80 GeV electrons on 
the central part of the SPAC AL detector [32]. The energy resolution and even more 
the signal uniformity are clearly much worse in the upper part of the central tower 
than in the rest of the scanned surface. To investigate this effect, measurements on 
the transmission of ambient light were done using a CCD camera. Figure 7 shows 
the results for the central tower and for three other, randomly chosen towers. The 
fibres in the top quarter of the central tower are clearly darker than in the rest 
of the tower while the fibres in the other cells look much more uniform. The 
central tower, extremely important for the SPACAL results, thus turned out to be 
a non-typically bad one. 
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Figure 6 : The average signal for 80 GeV electrons entering the central region of the 

SPACAL detector at a large number of impact points. The size of the squares indicates the 

numerical value (not proportional!). The same data is shown in the form of a histogram in 

fig. 30. From ref. [32]. 
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Figure 7 : Results of light transmission measurements with a CCD camera. Shown are the 
bunches of fibres from 4 individual SPACAL towers. The upper left picture shows the central 
tower of the detector, the others were chosen at random. From ref. [32]. 

By simulating the calorimeter response as a function of the starting point of 
hadron showers, the requirements on the fibre attenuation length were obtained. 
The crrms of the signal distribution is dominated by very few events in which the 
shower started in the calorimeter at a depth of more than 3 A;nt [33]. 

The removal of these events (~ 0.5% of the sample) resulted in a minimum 
requirement of ~ 6 m for the attenuation length, for a constant term of 1% in the 
hadron resolution. This requirement is less stringent for the measurement of jets. 
In this case, the minimum attenuation length required may be reduced by a factor 
y/n where n is the number of particles composing the jet, and by an even bigger 
factor because of the presence of 7r°'s. 
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An experimental investigation of the fibre attenuation characteristics made by 
exciting the fibres with UV nitrogen laser pulses is also described in ref. [31]. It 
turns out that the attenuation curve is not described by a simple exponential. The 
light produced inside the fibre is more strongly attenuated in the first ~ 30 cm 
owing to two distinct effects. 

First, the emission and absorption spectra of the dyes overlap, so part of the 
produced light is absorbed. This effect is wavelength dependent, it is more pro
nounced for short wavelengths. It can be partially avoided by using a yellow filter 
(Kodak Wratten nr.3, with cutoff at ~ 450 nm, for example) in front of the light de
tector (see fig. 8). The effect of the filter is an improvement of the signal uniformity 
along the fibre, at the price of light loss. The short component in the light atten
uation curve is also partly due to light travelling through the fibre cladding [34]. 
Reflection losses at the interface with the surrounding medium are generally large 
and lead to relatively strong attenuation of this component. 

1500 

3 

3 

"5. 
E 500 " 

400 450 500 550 400 450 500 550 

Wauelength(nm) Wavelength(nm) 

Figure 8 : Wavelength spectra for a SNCN-38 fibre (manufactured by Kuraray Inc., Tokyo, 
Japan), measured at various distances from the point where the fibre was excited (a). Idem, using 
a yellow filter (b). From ref. [31]. 

Reflection losses at the core/cladding interface may also contribute to light 
attenuation in the fibres. Owing to imperfections at this interface, light emitted 
at large angles with the fibre axis is more attenuated than light emitted at small 
angles, which undergoes fewer reflections. 

Another way to improve on the fibre attenuation length is to make the open 
end of the fibre, i.e. the end not connected to the light detector, reflecting. The 
Spacal Collaboration [25] showed that a very efficient way to realise this reflection 
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is by giving each fibre its own individual mirror, by aluminium-plating the open 
end of the fibres using a sputtering technique. The best results were obtained after 
diamond polishing of the surface (88% average reflection coefficient). 

The improvement of the fibre attenuation length obtained by the use of filters 
and mirrors is well demonstrated by a measurement of the fibre attenuation length 
obtained by the Spacal Collaboration using 40 GeV electrons entering their 155 
tower set-up [32] perpendicularly (0Z = 90°). Figure 9 shows the average calo
rimeter signal as a function of the distance z between the impact point and the 
photomultiplier (PM). The experimental points are well described by a sum of 
exponentials: 

I{z) [pC] = 102 [ e-*/U-° + 0.85 e(*-4.4)/n.O] + 1 2 4 e-*/o.77 ( 1 ) 

(with z in metres), which accounts for two exponential attenuation processes (with 
characteristic lengths of 11 and 0.77 m, respectively) and the effect of light reflection 
at the mirror (reflection coefficient 85%). In the first metre of the detector, where 
most of the light is produced, the effective attenuation length amounts to 7-8 m, 
the response rises quite sharply in the rear part of the calorimeter. 
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Figure 9 : The average calorimeter signal for 40 GeV electrons entering the SPACAL 
detector perpendicularly (9Z = 90°,), as a function of the distance z between the impact point and 
the PM tubes. From ref. [32]. 
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2.3 Light collection 

There are two fundamentally different ways to pipeline the light produced in 
a fibre calorimeter to the readout device. In general, the rear end of a tower has 
a surface that is much larger than the sensitive area of the light detector. It is 
then possible to use fibres ~ 15-20 cm longer than the absorber and bunch them 
as shown in fig. 10; the bundle is then coupled to the light detector via a light 
guide. This solution has the advantage of minimising the area to be read out and 
avoids light losses and non-uniformities in the light collection. On the other hand, 
it makes the towers longer than necessary and possibly sensitive to particles leaking 
out from the back of the calorimeter, as will be discussed in section 7. 

Figure 10 : Detail of a SPACAL module. Shown are the back plane and the fibres that stick 
out and are brought together in a hexagonal bunch in order to be read out. From ref. [50]. 

A different approach was applied for lead/fibre structures built using a gluing 
technique. In this case, it is possible to couple a tapered light guide directly to the 
end of the machined and polished blocks (fig. 11). This method has the advantage 
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of easier construction, but could also lead to (position-dependent) light losses if 
the tapering of the light guide is too large. 

Figure 11 : A lead/scintillating fibre module from JETSET. The inserts show the relative 
spacing of the fibres and a profiled lead plate which formed the basic construction element of the 
detector. From ref [10]. 

In both cases, the design of the light guides is a key element for the response 
uniformity which, as discussed in the previous section, is mandatory for accurate 
energy measurements of e.m. showers. In other types of scintillator calorimeter 
(crystals, glasses, and scintillators with wavelength-shifting bar readout), the light 
is already mixed at the exit face, so that a PM can sometimes be coupled without 
the need for a light mixer. Fibre calorimeters with fibres running in the same 
direction as the incident particles are, on the other hand, almost imaging devices. 
In this geometry, the light produced in the fibres is pipelined by the same fibres, so 
the transverse location of the energy deposition in the shower profile is preserved, 
all the way to the calorimeter exit face. 

An efficient mixing of the produced light is needed to avoid response non-
uniformities that may arise from the following effects: 

• Non-uniformities in the quantum efficiency of the light detecting elements, a 
well-known problem for photocathodes; 

• Geometrical effects introduced by the light guide that is used to circumvent 
the previous problem. 
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The Spacal Collaboration made an experimental study to optimise the design 
of the light guides for their early prototypes [25]. In initial tests they used circular 
cylindrical light guides with an aspect ratio (length:diameter) of 3:1. These light 
guides caused themselves a pronounced lateral non-uniformity in the form of a 
signal reduction for the light from fibres located near the edge of the light guide 
(fig. 12). The light from fibres near the edge undergoes on average more reflections 
at the interface plexiglass/air (helical light path) than light from fibres located in 
the central region of the light guide. Since every reflection implies a small light 
loss, the result is a non-uniform response. This effect turned out to be typical of 
a circular cylindrical light guide. Other shapes (square, hexagonal) were found to 
improve the uniformity considerably. The length of the light guide was also found 
to be a relevant parameter for the optimisation. 

Comparision of a round and a hexagonal light guide 

170 
round light guide 
hexagonal light guide 

3 
H 

60 -

150 

140 

130 
-15 -5 0 5 

Position (mm) 
15 

Figure 12 : Response to a fibre scanning the surface of a light guide/PM combination. The 
results concern circular and hexagonal cylindrical light guides with the same length, using the 
same PM. Note the blown-up vertical scale. From ref [25]. 
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Figure 13 shows the signal from an activated fibre scanning the surface of a 
hexagonal light guide/PM combination, for different lengths of the light guide. 
For short lengths, the signals were dominated by photocathode non-uniformities; 
for lengths beyond the optimal value, an inverted, smoothed image of the photo-
cathode inefficiency pattern was observed. The result of a scan performed with 
a collimated /3-source across the boundary of two Spaghetti Calorimeter modules 
is shown in fig. 14. It demonstrates that the use of a hexagonal light guide with 
the appropriate length and aspect ratio (1.8:1, apex-to-apex) allows one to obtain 
response uniformity at the level of 1%, even at the tower boundaries. 

Similar results on optimisation of the light guide geometry were obtained by 
Dukes et al. [35] who performed a Monte Carlo study of circular, square, and 
hexagonal designs. The authors obtained their best results with square cylindrical 
shapes with an aspect ratio of 1.9:1. They also confirmed the Spacal findings that 
the optimal aspect ratio for hexagonal geometries is 1.8:1 and that no satisfactory 
mixing can be obtained when circular shapes are used. 

250 

Effect of the length of a hexagonal light guide 
(25 mm apex-to-apex) 

-5 0 5 
Position (mm) 

10 15 

Figure 13 : Response to a fibre scanning the surface of a hexagonal light guide/PM combi
nation, for various lengths of the light guide. From ref. [25]. 
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Figure 14 : Calorimeter response to a collimated (3-source scanning the boundary between 
two spaghetti calorimeter modules. From re}. [25]. 

Studies of the transmission and mixing properties of tapered light guides were 
performed in the framework of the SSCINTCAL Collaboration [36] and for the 
KLOE Detector [22,21] at the DAPHNE ^-factory. 

In the case of tapered light guides, the challenge is how to reach the maximum 
possible level of light mixing and at the same time to limit the light losses due 
to the tapering. It is known that some area reduction in the light guide can be 
applied without introducing significant light losses [37]. This is the case for so-
called adiabatic light guides, in which the geometrical ratio between the entrance 
(a) and exit (a') areas is constrained by the following relation [22]: 

Ka'Jmax K o r e - n z

d a d 

where nig, ncore, and nciac{ are the refraction indices of the light guide, the fibre 
core, and the fibre cladding, respectively. For area reduction factors larger than 
the ones given by (2), the light transmission efficiency is ( a / a / ) m a a ; / ( a / a ' ) . 
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To optimise the uniformity of the light transmission in tapered light guides, 

the authors of ref. [36] suggest the idea of differential wrapping as an alternative 

to light guide length optimisation. In this method, the non-uniformities intrinsic 

to any tapered light guide are corrected by covering the light guide at appropriate 

locations with reflective material. This method was experimentally tested and 

reduced the non-uniformity from 6.9% to 2.5% (rms) [36]. 

In the next sections, we describe in some detail the experimental set-up used 

by three R&D projects on fibre calorimetry: Spacal, RDI and RD25. 

2.4 S P A C A L 

The Spacal Collaboration built various generations of prototypes starting with 

small e.m. modules, followed by two integrated e.m./hadronic calorimeters with in

strumented masses of 2 and 13 tons, respectively. Both detectors shown in fig. 15 

were built using the pile-up technique. Both detectors are subdivided in hexag

onal towers (86 mm apex-to-apex). Each tower contains 1141 fibres that are all 

equidistant from their 6 neighbours (fig. 15a). The fibre spacing is 2.22 mm (centre-

to-centre), such as to achieve a volume ratio Pb:fibre of about 4:1, needed to make 

the calorimeter (approximately) compensating [11,15]. 

The depth of the lead structure is 2000 mm. The effective radiation length 

(XQ) amounts to 7.2 mm, the effective Molière radius (RM) is 20 mm, the effective 

nuclear interaction length (Ajn t) 21 cm and the average density 9.0 g /cm 3 . The 

sampling fraction for showers is only 2.3%. 

The detector in fig. 15b, called SPACAL in this paper, consists of 155 longitu

dinally unsegmented towers. 

A central tower is surrounded by seven concentric hexagonal rings; with the 

outer ring incomplete, the detector has roughly a cylindrical shape with a diameter 

of 1 m (4.7 Ajnt) a n d a depth of 2 m (9.5 Aj n t) and therefore almost fully contains 

hadronic showers. This detector was used for most of the measurement results 

published by the Spacal Collaboration. The smaller detector shown in fig. 15c, 

has the same structure as the SPACAL detector but it consists of 20 towers. It 

was used as a leakage calorimeter installed behind the SPACAL detector, with 

the fibres running perpendicular to the beam (fig. 16). In this way, the leakage 

calorimeter provided an extra 30-35 cm (1.5-1.7 Ai n t) of longitudinally segmented 

calorimetry. 
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Figure 15 : Detail of the front face of the calorimeter (a) and the lateral structure of the 
155- (b) and 20- (c) tower calorimeters, as seen by the particles entering the detector. From 
ref [50]. 

The photomultiplier signals were handled as follows (see fig. 17). The anode 
signal from each SPACAL tower was split into two equal parts by means of a 
passive splitter inside the PM base. One part went to the counting room, where it 
was further fed into an active splitter, one output of which was sent unchanged into 
a 12 bit charge ADC, the other output was amplified by a factor ~ 10 before being 
fed into an ADC. The other half of the anode signal went into a linear adder, where 
it was combined with tower signals from the same hexagonal ring. The resulting 
ring sum signals were treated in the same way as the signals that were directly 
sent to the counting room. The signals of the leakage calorimeter were only split 
at the ADC level, but not inside the PM base. 
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Figure 16 : Layout of the beam line, used for the SPACAL test measurements. From 
ref. [50]. 
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Figure 17 : The handling of the photomultiplier signals from the SPACAL detector. From 
ref. [32]. 
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The gain of the PM tubes was set to give ~ 4 pC/GeV in the central detector 
region, gradually going up to ~ 20 pC/GeV in the outer rings of the SPACAL 
detector, for the unamplified channels. For the channels of the leakage calorime
ter, the gain was ~ 10 pC/GeV for particles hitting it in the middle (because of 
light attenuation in the fibres, the signal is position-dependent in this geometry). 
The ADC gain was 4 counts/pC. This procedure was chosen to circumvent the 
insufficient dynamic range of the PM/ADC system and to be sensitive to small 
energy deposits far away from the shower axis. Sparse data readout was enabled, 
signals smaller than four counts were not recorded. This corresponds to a cut-off 
of 5 MeV energy deposits in the amplified channels of the outer SPACAL rings 
and of 10 MeV for the amplified channels of the leakage detector. 

2.5 R D I 

The RDI Collaboration have constructed two electromagnetic and two hadronic 
prototype calorimeters. The first e.m. prototype is characterised by the use of 
500 //m fibres [38]. It was built using the pile-up technique with a Pbrfibre ratio 
of 4:1. The module had a surface of (8 x 8) cm 2 and was subdivided in four 
square towers, each with a surface of (4 x 4) cm 2 , and it was 41 XQ deep. The 
second e.m. prototype was a realistic approach to the construction of a projective 
calorimeter for an LHC experiment. 

This calorimeter consists of six mechanically independent modules, as shown in 
fig. 18. The projectivity of the detector is concentrated in the two central modules. 
The non-projective modules have a cross section of (80 x 80) mm 2 . The projective 
ones have a front face of (40 x 80) m m 2 and a back face of (80 x 80) m m 2 . 
The depth is 300 mm (30 XQ) for all modules. The modules consist of 1.5 mm 
thick lead plates, extruded with U-shaped grooves (1.1 mm deep, with a pitch of 
1.6 mm), which were stacked and subsequently brazed together (see section 2.1). 
The grooves are arranged in a square geometry. This corresponds to a Pb:fibre 
ratio of 1.8:1. The fibres (1 mm diameter) of each module are grouped in four 
independent bunches and each fibre bundle is connected via a square light guide 
to a PM. 

The first hadronic prototype consists of 19 monolithic, fully projective towers 
built using the brazing technique [26]. Each tower has the shape of a quadrant of 
a truncated pyramid, with a front face of about (4 x 4) cm 2 , a back face of about 
(10 x 10) cm 2 and a depth of 200 cm (fig. 19a). Therefore, these modules can be 
considered as elements of a projective calorimeter with an inner radius of 130 cm, 
each covering an area A?7 x A 0 ~ 0.03 x 0.03. The composition of the calorimeter 
is exactly the same as in the SPACAL detector. The fibres run parallel to one 
another in the direction of the incoming particles. Therefore, some of them run all 
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the way from the front face to the back, whereas the fibres in the sloping part of 
each module become increasingly shorter as they approach the outer edge. These 
fibres start at progressively increasing distances from the front face of the module 
with a pitch of about 7 cm (fig. 19b). 
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Figure 18 : Schematic view of the RDI projective e.m. calorimeter prototype. From ref. [27]. 

4 cm 

a) 

10.3 cm 

b) 

Figure 19 : The structure of the fully projective RDI calorimeter. Shown are a detail of the 
front face of a tower (a), a schematic impression (not to scale) of the longitudinal cross section 
of two neighbouring modules (b). From ref. [26]. 
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RDI took advantage of this feature to obtain some kind of 'longitudinal' seg
mentation in the readout. All fibres running up to the front face of the calorimeter 
and the first two rows of shorter fibres where bunched together and named 'elec
tromagnetic section'. The remaining fibres, which start at 20 cm from the front 
face and beyond, were also bunched together and named 'hadronic section'. Each 
section was read out by a separate PM. 

The last prototype built by RDI was a coarse-resolution hadronic calorimeter 
intended to back up the projective electromagnetic calorimeter described above, 
for the detection of hadronic shower components [27]. 

The design goal was to reduce the cost (and the resolution) through the sam
pling frequency, while maintaining the proper sampling fraction needed for com
pensation (Pb:fibre = 4:1). This means increasing the fibre diameter, which clearly 
makes the construction much easier. However, since the fibre price is mainly de
termined by volume rather than by length and since the fibre cost is a considerable 
fraction of the total cost, the savings are relatively modest in this approach. 
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Figure 20 : Front face of a tower as seen by a particle entering the RDI calorimeter (a) 
and a detail of the extruded profile with the plastic tube and the fibre (b). From ref. [27]. 

The alternative solution of reducing the sampling fraction would, at first sight, 
imply a departure from compensation. However, the compensation condition re
quires simply a volume ratio of 4:1 between lead and the proper hydrogen-rich 
material. It is then possible to use thin scintillating fibres inserted in plastic tubes, 
maintaining the volume ratio Pb:plastic at the desired value. 

24 



The RDI calorimeter consists of nine semi-projective towers built with the 
pile-up technique. Each tower has a front face of (102 x 102) m m 2 , a back face 
of (102 x 174) m m 2 and a depth of 170 cm (fig. 20a). The towers were assembled 
by stacking 6 mm thick extruded lead profiles with U-shaped grooves (3 mm deep, 
with a pitch of 6 mm). A plastic tube of the proper (U) shape was inserted in each 
groove and each tube contains a 1 mm scintillating fibre (fig. 20b). 

2.6 R D 2 5 

The RD25 Collaboration have built two prototypes of integrated e.m./hadronic 
calorimeters according to the SPACAL design, with the aim of studying the prob
lems related to projectivity. 

The first prototype is semiprojective and was built using a variant of the pile-
up technique [28]. The calorimeter is made out of rectangular straight modules 
alternated with 2.5° tapered modules (fig. 21). The wedged modules contain fibres 
of decreasing length. As in the case of the RDI prototype, a pseudo-longitudinal 
segmentation was obtained by separate readout of the fibres from the straight and 
wedged sections. The calorimeter consists of 15 modules, 9 straight ones arranged 
in a three by three matrix and 6 interleaved wedges. 

I _ _ 
•4 20 cm — • 

Figure 21 : Overall shape and dimensions of the RD25 semiprojective calorimeter. Only 
fibres starting deeper than 20 cm from the front face (see insert) are connected to the wedged 
module photomultiplier. From ref. [28]. 
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The second prototype, built with the same technique, is fully projective, this 
was achieved by adding two 1.25° wedges for two-dimensional projectivity [29]. To 
ensure the mechanical stiffness of this structure, each tower (one straight section 
plus two wedges) is surrounded by a 0.5 mm thick stainless-steel sheet. 

The fibre diameter is 1 mm in the straight sections and 1.5 mm in the wedges. 
The cross section of each straight section is (3 x 3) cm 2. This calorimeter consists 
of 41 towers (fig. 22). 

Figure 22 : The fully projective RD25 ^1-module prototype. From ref. [29]. 



4. DETECTION OF HADRONS 

One of the original motivations for starting the development of hadronic fibre 
calorimetry was the expectation that a lead:fibre calorimeter could be made com
pensating, provided it had the proper sampling fraction. This would avoid the use 
of uranium as absorber material, an obvious advantage. 

Most of the work concerning the response of fibre calorimeters to hadronic 
showers has been performed by the Spacal and the RDI Collaborations during the 
past seven years. The results are summarised in the following. 
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4.1 T h e hadronic energy resolution 

The Spacal Collaboration performed the majority of the measurements using 
their 155 hexagonal tower set-up (see section 2.4). The energy resolution was 
studied as a function of energy with negative pions entering the calorimeter at 
6Z = 3°. Typical signal distributions, for 10, 40 and 150 GeV TT~ , are shown in 
fig. 39. The shape of these distributions is not very well described by a Gaussian 
curve, especially at the highest energy. The reason for this is related to the very 
large fluctuations in the longitudinal energy deposit profile of hadronic showers. 
Because of light attenuation in the fibres, the calorimeter signal depends on the 
depth at which the light is produced, and this causes the observed asymmetry in 
the signals. This effect is in first approximation independent of the hadron energy 
and therefore gives rise to an energy-independent term in the energy resolution. 

The light attenuation curve for the fibres was measured as described in sec
tion 2.2. Unlike e.m. showers, which are all concentrated in the first 10% of the 
detector, hadronic shower signals are clearly affected by the z-dependence of the 
fibre response. Occasionally, hadronic showers may deposit a considerable frac
tion of their energy beyond 5 A,nt, the region where the steep component in the 
light attenuation curve dominates (see fig. 9). This effect is responsible for the 
high-energy tail in the signal distributions. 

If one knows the effective depth (z) of the light production in a certain event, 
one can correct the signal for the effects of light attenuation by means of a weighting 
procedure. In SPACAL, this is possible on account of the good position-resolution 
of the detector (which in turn stems from the good granularity), and of the fact 
that the beam enters the calorimeter at a non-zero angle with the fibre axis. As a 
result, the centre of gravity of the energy deposition in the calorimeter is displaced, 
with respect to the impact point of the pion, by an amount that depends on the 
average depth of the light production inside the calorimeter. In fig. 40a, the signal 
distribution for individual pions at 150 GeV is shown versus this displacement. 
For comparison, the same plot is shown for electrons (fig. 40b). The displacement 
Ax and the average depth (z) at which the light is produced are related as Ax 
= (z)sin(3°). And since the position resolution in the lateral plane amounts to 
~ 4 mm, the accuracy of the (z) values in this plot amounts to about 8 cm. 
Therefore, fig. 40a is a fairly accurate representation of the distribution of the 
longitudinal centres of gravity for the 150 GeV n showers. Using the attenuation 
curve of the fibres and the effective depth (z) of the light production, one can 
eliminate the z-dependence of the signals event-by-event. The results of such a 
procedure are shown in fig. 41. The same procedure was also applied to remove 
the effect of light attenuation in fig. 39. 
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Figure 39 : Signal distributions for 9.7, 40 and 150 GeV pions entering SPACAL at an 

angle 9Z = 3°. The measured distributions are shown on the left (a,c,e). The distributions on 

the right-hand side were obtained after correcting for the effects of light attenuation in the fibres 

(b, d, f). The curves are the result of Gaussian fits. From ref. [32]. 

The pion signals were obtained by adding the signals from all the calorimeter 
towers. Gaussian fits were performed without constraints on the area around the 
central value. The energy resolutions before and after correcting for the effects of 
light attenuation are shown in fig. 41. When fitting the energy resolutions to an 
expression of the type a/E = ajyE + c the Spacal Collaboration found [32] 

a (27.7 ±0.6)% 
+ (2.5 ± 0.1)% (before Aatt correction) (9) 
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a (30.6 ± 0 . 5 ) % f w f 

T; = 7^ h (1.0 ± 0.1)% (after A a tt correction) . E 
(10) 

They also fitted the data to an expression that adds the scaling and constant terms 
in quadrature. This gave the following results: 

a 
£2 

(33.9 ± 0.4)% 
E 

(4.1 ±0.1)% ( H ) 

a (33.3 ± 0.4)% 

E 
(2.2 ±0.1)% 

again before and after correcting for the effects of light attenuation. 
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Figure 40 : Scatter plot showing the total SPACAL signal (vertical) versus the displacement 
of the shower centre of gravity with respect to the particle impact point (horizontal). Data for 
150 GeV IT~ and 150 GeV e~, at 9Z = 5°. From ref. [43]. 
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Figure 41 : The SPACAL energy resolutions for single pions as a function of the pion 
energy, before (a) and after (b) correcting for the effects of light attenuation in the fibres. The 
curves are the results of least square fits to the data. From ref. [32]. 

The RDI Collaboration also studied the hadronic energy resolution of their 
prototypes [26]. In their first calorimeter, consisting of 19 projective modules 
(see section 2.5), the energy resolution was determined with 10, 20, 40, 80 and 
150 GeV pions entering the calorimeter in its central region at an angle of 3° with 
the fibre axis. The signal distributions were fitted to Gaussian functions, in an 
unconstrained way. It turned out that this calorimeter contained on average only 
70-75% of the hadronic shower, depending on the energy. 
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The energy resolution is shown as a function of the energy in fig. 42. The 
experimental results are well described by 

a 
~E 

49.e 

E 
6.5%. (13) 

In this detector, the energy resolution is considerably affected by (fluctuations in) 
incomplete shower containment. The Spacal Collaboration studied the effects of 
such side leakage on the hadronic energy resolution [32] and parametrised these as 

a 
~E ( /leak \ (14) 
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Figure 42 : The energy resolution for pions entering the RDI calorimeter in its central 

region at an angle of 3°. The lines are the results of best fits to the experimental data. From 

ref. [26]. 

The RDI energy resolution is also well described by this formula. When their 
experimental data were fitted to an expression of this type, they found c\ = 35.3% 
and c 2 = 1.8%. The resulting fit is also shown in fig. 42. These values are not very 
different from the ones published by Spacal, c\ = 30.6% and C2 = 1.0% [32]. 
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In their second prototype, the RDI Collaboration solved the problems con
cerning the non-uniformity near the boundaries between projective towers. Since 
they aimed for a calorimeter matching the request for hadronic measurements at 
high-luminosity multi-TeV pp colliders, they did not put emphasis on the hadronic 
energy resolution, but rather on the price/performance ratio. The measurement 
results from this 9-tower projective calorimeter, which contained on average 70% 
of the hadronic shower energy, are shown in fig. 43, together with the results of a 
Monte Carlo simulation of this type of detector [44]. The energy resolution was 
found to be 

E. = « ^ + 4 . 3 % . ( 1 5 ) 

Also these results are strongly affected by incomplete shower containment. The 
predictions of the simulation for a larger detector, consisting of 5 x 5 similar towers, 
are also indicated in the figure. 
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Figure 43 : Energy resolution for pions in the RDI semiprojective prototype. The results 
of GEANT 3.15 simulations are also shown. From ref. [44]-
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4.2 Angular dependence of the resolution for single hadrons 

The Spacal Collaboration also studied the angular dependence of the hadronic 
signal distribution, using 40 GeV pions entering the calorimeter at angles 9Z ranging 
from 0° to 5°. 

The results, given in fig. 44, show that, unlike that for electrons, the resolu
tion is practically independent of the angle between the incoming pions and the 
fibre axis. The absence of any strong angular dependence may be understood from 
the fact that the phenomenon that caused the angular dependence for electrons 
has no equivalent for pions. Unlike high-energy electrons, which lose a consider
able fraction of their initial energy by radiating collinear photons (which in turn 
produce e+e~ pairs), pions lose only a small fraction of their energy (through ion
isation) before undergoing a nuclear interaction in which the secondary particles 
are dispersed over an area that is large compared to the fibre diameter and to the 
fibre-to-fibre distance. Hence, no anomalously large signals are observed, even for 
showers starting inside the fibres. 

£ 
LU \ 
O 

6 -

-

1 I 1 

4 0 G e V IT -

1 I 1 

-
* • • 

1 • 
\ 

1 i i i 1 1 1 
- 1 0 1 2 3 4 5 6 

Q z (degrees) 

Figure 44 : The energy resolution for 40 GeV pions in SPACAL as a function of the angle 
of incidence 8Z. Data from ref. [32]. 

4.3 T h e e/h ratio 

The Spacal Collaboration have performed a very detailed study with the aim 
of measuring the e/h ratio as precisely as possible. This ratio is defined as the 
ratio of the amounts of scintillation light per GeV of deposited energy produced 

50 



by the electromagnetic and non-electromagnetic components of hadronic showers, 
i.e. as the ratio of the e.m. and non-e.m. calorimeter response. 

The e/h ratio should not be confused with the e/ir ratio which concerns the 
signals produced by electrons and pions showering in the calorimeter. Because of 
the energy dependence of the average fraction of the pion energy carried by its 
e.m. shower core, the e/n signal ratio generally depends on the energy. Even for 
compensating calorimeters (e/h = 1), the e/ir signal ratio may deviate from 1 at 
low energies (< 2 GeV), at which a significant fraction of the pions lose all their 
energy through ionisation, without initiating a shower. Whereas the e/ir signal 
ratios are important for triggering purposes (and the same is true for ej'jet), the 
e/h ratio describes an intrinsic property of the detector, independent of its size 
and of the energy. 

To extract the e/h ratio from the experimentally measured e/n signal ratios, 
Spacal accounted for the following instrumental effects, which had a different in
fluence on the electron and pion signals: 

• light attenuation in the fibres 

• energy loss in the preshower detector 

• suppression of very small signals through the ADC low-energy cut-off (see 
section 2.4) 

• energy leaking out of the detector 

After having corrected for these instrumental effects, the signal linearity for 
electrons and pions was checked (figs. 45 and 46). Apart from the 150 GeV elec
tron point, which is believed to be affected by saturation of the PM tube due to 
space-charge effects, the electron signals are within 1% proportional to the energy. 
Figure 46 shows that the detector is slightly non-linear for the detection of pions, 
an indication that the calorimeter is not completely compensating [11]. The cor
rected e/ir values are shown as a function of energy in fig. 47. To determine the e/h 
value, one needs to know the average fraction of e.m. energy [fno(E)\ produced in 
pion showers. The relation between e/h and the e/n signal ratios was investigated 
by Wigmans [32] and Groom [45], who assumed for fno(E) a logarithmic and a 
power law dependence, respectively. Using expressions proposed by these authors, 
Spacal's best fit to the experimental data (excluding the 150 GeV point) yielded 
the following result: 

e/h = 1.15 ±0 .02 . (16) 

The corresponding e/n signal ratios ranged from 1.10 at 10 GeV to 1.07 at 80 GeV. 
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F i g u r e 45 : Signal linearity for e.m. shower detection in SPACAL, as a function of energy, 

for the raw data (a) and after correcting for instrumental effects (b). From ref. 
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Figure 47 : The e/n signal ratio in SPACAL as a function of the energy, corrected for 
instrumental effects. The curve corresponds to a fit for e/h = 1.15. See text for details. Data 
from ref. [32]. 

4.4 Multiparticle detection 

In an attempt to simulate jet detection, the Spacal Collaboration measured 
the reaction products of pions interacting in a block of paraffin installed upstream 
from the front face of the calorimeter. Measurements were performed at two target 
distances, at 47 and 144 cm from the calorimeter's front face, respectively, and 
interactions were triggered upon using a scintillation counter (Sj) whose threshold 
was set at twice the minimum-ionising value. 

This counter served also as a 'multiplicity' counter: Figure 48 shows the mul
tiparticle energy resolution at 150 GeV as a function of the multiplicity, i.e. as 
a function of the signal in the Sj counter. The resolution improves at increasing 
multiplicity, levels off, and then deteriorates beyond a multiplicity of ~ 8. The 
latter effect is probably due to fluctuations in the average missing energy, which 
start to dominate at that point. 

The Spacal Collaboration also found that the multiparticle signal distributions 
are better described by Gaussian curves than the uncorrected single-pion ones. 
To illustrate this point, the 150 GeV single- and multiparticle distributions are 
compared in figs. 49a and 49b. Figure 49c shows that the x 2 of the Gaussian fit to 
the signal distribution improves as the multiplicity increases. All these results are 
explained by the fact that light attenuation in the fibres is much less important 
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in the case of multiparticle detection than for single pions. The event-to-event 
fluctuations in the longitudinal light production profile are much smaller when 
several particles are simultaneously absorbed in the detector. In that sense, a 'jet' 
may be considered a hadronic shower with a fixed starting point, i.e. in the paraffin 
target, or in the interaction vertex in the case of a collider experiment. 
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Figure 48 : The multiparticle energy resolution in SPACAL as a function of the interaction 
multiplicity, for 150 GeV pions. Interactions with multiplicity > 10 were grouped in the last bin. 
From ref. [32]. 

One problem concerning the detection of jets, which frequently arises in an 
experiment, is the definition of the detector area over which the energy of the par
ticles should be integrated in order to determine the jet 's energy. In practice, one 
usually defines a conical area centred around what is presumed to be the jet axis 
for this purpose. The angular aperture of this cone is chosen as a compromise, 
balancing the effects of energy loss due to low-energy particles created in the frag
mentation of the parton, from which the jet originated, missing the cone, and the 
inclusion of energy carried by particles with another origin than the fragmenting 
parton. 

In some sense, there is a similarity with the multiparticle detection studied by 
Spacal: no matter how big the detector, some energy will always escape detection 
because of the algorithm used. The Spacal Collaboration studied the width of 
the multiparticle signal distribution as a function of the opening angle of a cone 
around the beam axis. The opening angle was calculated with respect to a plane 
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at ~ 3 Ain t in depth, which corresponds to the average centre of gravity of 80 GeV 
pion showers in the calorimeter [43]. In this way, the average signals (and also the 
widths of the multiparticle signal distributions) measured at 47 and 144 cm can 
be related to one another, as shown in fig. 50. This figure also indicates that the 
jet energy resolution does not significantly improve for half-opening angles beyond 
45°. 
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Figure 49 : SPACAL signal distributions for 150 GeV TT~ (a) and for 150 GeV ir~ in
teracting in a paraffin target 44 c m from the calorimeter's front face, with a multiplicity > 3 
(h). The x2 of the Gaussian fit to the signal distribution, as a function of the multiplicity of the 
interaction (c). From ref. [32]. 
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Also the RDI Collaboration, who wanted to get an idea of the performance of 
a combination of electromagnetic and hadronic fibre calorimeters for LHC, have 
measured multiparticle events from interactions in a paraffin target [44]. Their set
up consisted of an e.m. section with a Pb:fibre ratio of 1.8:1, followed by a hadronic 
section with coarse resolution (see section 2.5 for details). The main problem in 
their analysis was incomplete lateral shower containment, a result of the small 
lateral dimensions of both sections. To overcome this difficulty, they imposed a 
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cut on the lateral containment in the e.m. section, thus discarding broad jets that 
largely escaped from the combined detector. This cut was set at a ~ 45° half-
opening angle with respect to the beam direction. Results from this analysis on 
the 'jet' resolution as a function of the beam energy are shown in fig. 51. 
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Figure 51 : Multiparticle energy resolution for the combined RDI set-up. The shaded area 
represents ±1<7 variation of the fitted parameters. From ref. [44]. 

4.5 P i o n - p i o n separation 

To measure accurately the energy of a hadronic particle showering in a calo
rimeter, a large detection volume is required, since the calorimeter has to contain 
the shower at a sufficient level. The situation is somewhat different if one just 
wants to localise the showering particle accurately. The Spacal Collaboration have 
measured that a 80 GeV pion typically deposits more than half of its energy in 
an area with a radius of approximately 4 cm (corresponding to ~ 0.2 Ajnt). The 
inclusion of information about the details of the small energy deposits far away 
from the shower axis did not significantly improve the position resolution for the 
pions [46]. The mentioned result also means that two particles hitting the detector 
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may be recognised as two separate particles even if they enter the calorimeter at 
a small distance from one another. Short radiation and interaction lengths and a 
fine detector granularity are favourable features in this respect. 

The Spacal Collaboration investigated the ir-it separation by merging, in 
pseudo-events built off-line, the showers from two pions hitting the detector at 
a relative distance d. The resulting energy-deposit profile was compared to the 
average shower profile for one pion hitting the detector at an intermediate posi
tion [43]. The fractional energy deposit, / ( r ) , in a given calorimeter cell whose 
centre is located at a distance r from the centre of gravity of the shower can be 
parametrised as 

/(r) = Ce^ar^ + Del-*) . (17) 

Then, they defined a criterion K in order to study how well individual showers are 
described by (17) 

K^nlEk-fin))2, (18) 
i 

where E{ is the fraction of the total energy that is deposited in tower i at a distance 
ri from the centre of gravity of the shower. 

In order to identify pion pairs, a cut on if was applied. All events with K < 
Kcut were considered to be single pions, all other events were considered to be pion 
pairs. The Kcut was chosen in such a way as to keep the efficiency of recognising 
a real single pion as such at 95%. 

The results of this analysis are given in fig. 52, from which one sees that the 
7r-7r separation for two 80 GeV particles is better than 95% for distances ci of 8 cm 
and larger. 



3. DETECTION OF ELECTRONS 

3.1 Angular dependence of the electron signals 

A major feature of fibre calorimetry with fibres running parallel to the incoming 
particles is the hermeticity that can be achieved in this way. The fact that the 
fibres themselves pipeline the light to the back of the detector allows one to avoid 
the cracks typical of sandwich structures with wavelength shifting bar readout. 
However, because of this feature, the showers are sampled in a way that, at first 
sight, may seem very non-optimal. Figure 23 shows the signal distribution for 
40 GeV electrons, measured in a 26.6 XQ deep e.m. module built by the Spacal 
Collaboration [25] for different incident angles (9Z) between the direction of the 
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incoming electrons and the fibre axis. For angles of 2° and larger, the distribution 
seems perfectly Gaussian, but when the angle approaches 0°, deviations from a 
symmetric shape rapidly increase. 

At 9Z = 1.5°, a high-energy tail starts appearing, and this tail becomes more 
pronounced at smaller angles. At angles below 0.5°, signals with a small pulse 
height are also observed. To investigate these effects, events were selected according 
to the impact point of the electron. 
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Figure 23 : Signal distributions for 40 GeV electrons in a 26.6 X0 deep SPACAL module, 
for different angles 9Z. From ref. [25]. 

27 



The resulting distributions (for 9Z < 0.15°) are shown in fig. 24, where the left 
and right plots concern event samples in which the particles enter the calorimeter 
in the lead. The central plot is for events with impact points in or near the fibres. 
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Figure 24 : Signal distributions for 40 GeV electrons hitting a 26.6 XQ deep module oriented 
at an angle 9Z < 0.15° with the fibre axis. A circular beam spot with a 1 mm diameter is moved in 
steps of 1 mm across the calorimeter surface. In the left and right diagrams, the particles impact 
on the lead in between the fibres; in the central diagram, they enter into a fibre. From ref. [25]. 

The anomalous signals can be explained as follows. The radiation length of 
polystyrene is ~ 40 cm and, therefore, electrons that enter the detector at a fibre 
position at a small angle with the fibre axis can travel quite a distance before the 
shower starts developing. When this happens, the module is too short to fully 
contain the shower and some fraction of the energy leaks out at the rear end. 

Contrary to what one might expect, shower leakage leads to a signal that is too 
large in this type of detector, because of the following reason. Inside the detector, 
the sampling fraction for e.m. showers is very small, 2.3%. The particles leaking 
out at the back traverse a region where the fibres are bunched (see fig. 10), and 
therefore are sampled at essentially 100% in this region. As a result, shower leakage 
is considerably amplified and leads to anomalously large signals. 

At extremely small angles, this channelling effect may also generate anoma
lously small signals, namely if the electron traverses almost the whole length of 
the calorimeter (26.6 XQ) before starting a shower. This effect manifests itself only 
for angles of at maximum a few milliradians (see fig. 23). Although longitudinal 
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shower leakage is an important effect contributing to the small-angle phenomena 
shown in fig. 23, it is not the only source of signal anomalies that occur when 9Z 

is close to zero. 

This is illustrated by an angular scan made with the RDI 500 //m fibre proto
type (fig. 25). Owing to the small fibre diameter, the channelling effect is greatly 
reduced and the distribution is already perfectly Gaussian for 9Z = 1°. But even 
though the calorimeter is ~ 40 XQ deep, high-energy deviations from a symmetric 
line shape are still present at 9Z ~ 0°. Similar effects were also observed by Spa-
cal for their 266 XQ deep final detector, in which e.m. shower leakage is of course 
completely out of the question. 
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Figure 25 : Signal distributions of 40 GeV electron showers measured with the RDI 500 \im 

fibre calorimeter at different angles 0Z between the particle's direction and the fibre. From ref. [38]. 

This asymmetric response was confirmed by EGS4 calculations made by Spa-
cal for infinitely deep modules. Such calculations also explain the, at first sight, 
amazing fact that these calorimeters work so well at angles 9Z only slightly different 
from zero. 
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Figure 26 shows the angular distribution of the particles (mostly e~ and a few 
e + ) through which the energy of a high-energy electron, showering in a block of 
dense matter, is deposited. The vast majority of these particles have an angular 
distribution flat in cos#, which means that they have completely 'forgotten' the 
direction of the incoming particle. A small fraction of the shower particles con
centrate near cos (9 = 1, i.e. their direction is the one of the particle that initiated 
the shower. They are produced in the early phase of the shower and carry more 
energy than the particles from the isotropic component. When an electron enters 
the calorimeter near a fibre axis, at a small angle with this axis, this early compo
nent will deposit an anomalously large fraction of its energy in the fibre concerned. 
This results in an anomalously large signal. 

As illustrated by figs. 23 and 25, fibre calorimeters can be safely operated 
down to small angles 9Z. As a precaution against the described leakage effects, 
one should make the modules somewhat deeper (> 30 XQ) than is usually done for 
electromagnetic calorimeters based on other techniques. 
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Figure 26 : Angular distribution of the shower particles (electrons and positrons) through 
which the energy of a high-energy electron or photon is absorbed. Results of EGS4 Monte Carlo 
simulations. From ref. [25]. 

30 



3.2 Energy resolution 

Table 1 summarises the available e.m. energy resolution data for fibre calori
meters. Many entries in this table include results of fits to either (or both) of the 
following expressions: 

a a 
+ c (3) 

and 

I a +c' (4) 

Table 1 Electromagnetic resolution 

Detector Composition Energy range 

(GeV) 

a,c 

eq. (3) 

a,c 

eq. (4) 

Comments 

Burmeister et al. Pb 1:1 

J 

0.04-M 

J 

9.8, -

J J 

0 = 1 mm 

ribbons _L to the beam 

JETSET Pb 35:50 0.3-7-1.5 6.3, - 0 = 1 mm , glue 15% 

SPACAL Pb4 : l 5-7-150 12.9, 1.23 15.7, 1.99 0 = 1 mm 

RDI Pb 4:1 lO-f-150 9.2, 0.63 10.9, 1.11 0 = 0.5 mm 

RDI Pb 1.8:1 10-7-150 8.0, 0.35 8.9, 0.72 0 = 1 mm 

RD25 Pb 4:1 2-7-50 15.0, 0.5 16.0, 1.4 0 = 1 mm 

RD25 Pb4 : l 2-7-80 14.4, 0.17 14.7, 0.68 0 = 1 mm 

LEP-5 Alloy 4:1 2-7-8 16.0, 1.6 0 = 1 mm 

KLOE Pb 35:50 

J 

0.02-7-0.08 

J 

4.8, -

J J 

0 = 1 mm, glue 15% 

fibres _L to the beam 

CHORUS Pb4 : l 

J 

2.5-7-10 

J 

13.9, 0.1 

J 

14.1, 0.7 

J 

0 = 1 mm 

fibres J_ to the beam 

In general, the data are not sensitive enough to distinguish between these 
two expressions, because electron beams of several hundred GeV would be needed 
for that purpose. Whether the scaling and the constant terms have to be added 
in quadrature, linearly, or in some intermediate way depends on the correlation 
between the processes responsible for these terms. 
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The energy resolutions quoted in Table 1 were measured in the centre of the 
central cell of the calorimeters and therefore the constant terms (c) do not include 
contributions from detector non-uniformities. Moreover, the measurements were 
performed by steering the beam at a particular (non-zero) angle into the detector 
to avoid channelling effects. 

The origin of the constant term is well understood. Figure 27 shows the ca
lorimeter signal for the SPACAL detector as a function of the ^-coordinate of the 
impact point. This coordinate was determined with information from drift cham
bers that were installed in the beam line where the tests took place. One sees an 
oscillating pattern of which the minima correspond to the situation where elec
trons enter the detector in the lead and the maxima to the situation in which the 
particles enter the detector in a plane composed of fibres and lead. The 1.9 mm 
period corresponds exactly to the vertical distance between subsequent layers of 
fibres (see fig. 15a). 
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Figure 27 : The SPACAL signal as a function of the y-coordinate of the impact point. Data 
for 80 GeV electrons. From ref. [32]. 
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Figure 28 : The SPACAL energy resolution for electrons as a function of energy, for 

= 3°. The closed circles encompass all events, the closed squares are for electrons that enter 

detector in the lead. Monte Carlo predictions are shown as open circles and squares. From 
[32]. 

The lateral shower dimensions are very small, particularly in the early parts 
of the shower. There, shower particles are predominantly emitted in the same 
direction as the incoming electron and the lateral shower dimensions, mainly de
termined by multiple scattering, are even small compared to the distance between 
two fibres. As a consequence, the sampling fraction for the early part of the shower 
and hence the total calorimeter signal depend on the impact point of the particles. 
Electrons entering the detector in a fibre will therefore, on average, produce larger 
signals than electrons entering the lead. This explains the pattern observed in 
fig. 27. If one selects only electrons entering the detector in the lead, the energy 
resolution clearly improves, in the sense that the constant term is greatly reduced 
(see fig. 28). 

The RD25 Collaboration also measured the electromagnetic energy resolution 
of their projective prototype, tilting the detector in the vertical plane (0 = 90°). 
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When a particle enters the calorimeter in the horizontal plane {<fi = 0°), it encoun
ters planes of fibres spaced by 1.9 mm and the local deficiency of active material 
translates into a position dependence of the calorimeter response that is modulated 
by the fibre pitch (see fig. 15). 

If the tilt is in the vertical plane, the distance between adjacent fibre layers is 
only 1.1 mm, compatible with the fibre diameter (1 mm). As a consequence the 
response is more uniform. The energy resolution measured by RD25 in a 16 m m 2 

region around the centre of their detector, at a vertical tilt of 3°, showed indeed a 
very small constant term (0.17% ± 0.09%). 

From the previous discussion, it is clear that the constant term, determined 
by a small systematic difference in sampling fraction (response) between particles 
entering the detector in the absorber and particles entering in the active medium, 
depends very strongly on the impact angle. Figure 29 shows the energy resolution 
for 80 GeV electrons as a function of 9Z (for 0 = 0), measured with the SPACAL 
detector. Assuming that the scaling term in the resolution is independent of 9Z, 
the constant term is derived from the measured energy resolution at 80 GeV. The 
results show that the constant term almost vanishes at 9Z = 90°, and increases 
strongly below 9Z = 3°. Therefore, the ultimate energy resolution for this type of 
calorimeter is reached when the particle impact angle is at 90° to the fibre direction. 
This configuration is chosen in some new detectors like CHORUS and KLOE (see 
section 8). However, also at angles as small as 2°-3°, the constant term in the 
energy resolution can be kept well below 1%, as demonstrated by the mentioned 
R&D projects. 

One may also conclude that the process responsible for the deviations from a 
pure scaling behaviour of the e.m. energy resolution is: a) not completely uncor
r ec t ed to the sampling fluctuations and b) energy dependent, since the fraction 
of the shower that is subject to this anomalous sampling in the early stage of the 
shower development is dependent on the energy. These points are in favour of 
expression (3) for the fit to the energy resolution. However, neither equation (3) 
nor (4) is theoretically completely justified and a correct formula is probably more 
complicated. 

3.3 Signal uniformity and linearity 

Good energy resolution is only meaningful if the signal uniformity is good 
as well, i.e. if the variations of the mean signal with the impact point across a 
detector cell are small compared to the energy resolution. We discussed in sections 
2.2 and 2.3 how the fibre properties and the light collection chain are related to the 
uniformity. A major factor is the fibre reproducibility. For example, in a detector 
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with a Pb:fibre volume ratio of 4:1, equipped with 1 mm fibres the fibre-to-fibre 
response fluctuations need to be smaller than 6% to keep the constant term in the 
e.m. energy resolution below the 1% level [31]. 

Angular scan (80 GeV e") 

0 1 2 3 4 5 6 
G z (degrees) 

90 

Figure 29 : The energy resolution a/E as a function of the angle 8Z between the particle 
direction and the fibre axis (open squares). The constant term c in the e.m. energy resolution, 
calculated on the basis of the assumption that the results scale as a/E = 12.9% / VE + c(9z), is 
shown as well (full squares). Results are for 80 GeV electrons, measured in the 20-tower SPACAL 
detector. From ref. [32]. 

Figure 30 shows the data from fig. 5 in the form of a histogram. The small bump 
at the low-energy side of the distribution represents the area with an anomalously 
low fibre response in the upper part of the central tower of the SPACAL detector. 
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The rms spread is about 3%, but even after removing the anomalous bump, a 
non-uniformity of ~ 2% remains. This non-uniformity can only be improved by a 
rigorous quality control or by more frequent shower sampling. For example, if the 
fibre diameter were reduced to 0.5 mm, the tolerable level of fibre-to-fibre response 
fluctuations would double. 
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Figure 30 : Distribution of the average SPACAL signals from 40 GeV electrons measured 
over an area of 144 cm2 in the form of a grid scan. Each entry in the histogram corresponds 
to the average calorimeter signal for particles entering the detector in a subarea of (3 x 3) mm 2 . 
The average electron signal measured in the centre of the calorimeter is indicated by an arrow. 
From ref. [32]. 

Figure 31 shows the average signals from 40 GeV electrons entering in different 
(2 x 2) m m 2 subareas of the RDI 500 /im fibre detector. As in fig. 5, the size of the 
square is a measure of the average signal in the subarea concerned. To eliminate 
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effects due to incomplete shower containment, only the detector region comprised 
between the centres of the four towers is included. In fig. 32, the same data are 
presented in the form of a histogram. The arms of the distribution amounts to 
2.0%, which is about the same as the energy resolution measured in one point 
(2.1% at 40 GeV). 

Figure 31 : The non-uniformity of 40 GeV electron signals for the RDI 500 ^m fibre 
prototype. The size of each square represents the average signal for electrons entering the detector 
in that particular area. From ref. [38]. 
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After removing the points in the boundary regions, where the average response 
is clearly lower, RDI found that the a r m s of the distribution reduced to 1.4%. 
This indicates that most of the non-uniformity is due to edge effects in the readout 
system of the four calorimeter cells. 

For the RDI prototype with a Pb:fibre volume ratio of 1.8:1, a non-uniformity 
of 2.1% was measured [39]. All these results show that fibre quality control still 
looks inadequate for performance at the 1% precision level. 

Concerning the linearity, all the published results show that, after correcting 
for known experimental effects, signal linearity can be guaranteed at the level of 
1% or better. 
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Figure 32 : The non-uniformity of the electron signal for the RDI 500 fim, fibre prototype. 
Each entry in the histogram represents the average calorimeter signal for 40 GeV electrons, 
measured in a different region with a dimension of (2 x 2) mm 2 . Data were taken at 9Z = 2°. 
From ref. [38]. 
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3.4 Pos i t ion resolution 

The standard way of determining the position of a particle that showers in 
a calorimeter is by reconstructing the centre of gravity (x, y) of the energy E{ 
deposited in the various detector cells (with coordinates X{, yi) that contribute to 
the signal: 

and similarly for the y coordinate. 

It is well known that the impact point calculated in this way tends to be 
systematically shifted towards the centre of the cell hit by the particle [40]-[42]. 
This is illustrated in fig. 33 where the relation between the true impact point 
(measured by wire chambers tracking the beam particles) and the one reconstructed 
by the centre-of-gravity method is shown for the hexagonal towers of the SPACAL 
detector [43]. 

The impact point is only determined correctly at the cell centre and near 
boundaries between different cells. One can solve this problem either by giving 
a larger weight to cells with a small energy deposit when calculating the centre 
of gravity, or by shifting the centre of gravity found by (5) using an empirical 
algorithm. For example, the algorithm 

xCorr = A arctan(£?:r) (6) 

(and a similar one for y), applied to the data from fig. 33, reproduces the impact 
point on average very well (fig. 34). 

The position resolution, given by the width of the bands in fig. 34, is slightly 
dependent on the impact point of the electrons. Figure 35 shows how the position 
resolution varies with x and y. The best results are obtained, as expected, in the 
corners where three modules join. On average, the rms position resolutions ax and 
oy amount, for this particular geometry, to 1.8 mm and 1.6 mm, respectively, for 
80 GeV electrons (fig. 36). 

39 



50 / 30 j 

40 
a) / 

20 
b) / 

30 
:^k' 10 (U

IU
I) /,.X 

(mm; / Jmf~-
20 / • .wflp'< ' 0 *aaj/ÊiÊBlÙ&*^^^ 

< / ' ' • ! & • ' ' -< ••JÊ^V 
10 / . ;jpP -10 ~ :Wyy-

/ : jiipL^iil^^ 
• • $ : / 

0 / -20 r- y 
/ / 

/ / 1 ] I I I 
-10 0 10 20 30 40 50 -30 -20 -10 0 10 20 30 

Xgc (mm) YBC (mm) 

Figure 33 : Scatter plots for 80 GeV electrons detected in SPACAL. The relation between 

the x' coordinate of the particle's impact point, measured with the beam chambers (horizontal), 

and the x' value determined from the calorimeter data with the centre of gravity method (vertical, 

(a)). The same for the y' values (b). From ref. [43]. 
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Figure 34 : Scatter plots for 80 GeV electrons detected in SPACAL. The relation between 

the x! coordinate of the particle's impact point, measured with the beam chambers (horizontal), 

and the corrected x' value determined from the calorimeter information (vertical). See text for 

details (a). The same for the y' values (b). From ref. [43]. 
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Figure 35 : The position resolution for 80 GeV electrons in SPACAL as a function of x' 
and y'. From ref. [43]. 

800 _ a) 80 GeV e" 
jPV 0Z= 2° 

| 600 [ \ox= 1.8 mm 

ev
e 

Nu
m

be
r 

of
 

o 

200 

n _i—o-n 1 1 1 l N . 1 -
-4 -2 0 2 4 6 

"BC-XCAL ( m m ) 

1000 

800 

°> 600 

400 -

200 

80 GeV e -

0 Z= 2° 

ffy= 1.6 mm 

- 4 - 2 0 2 4 

YBC-ycAl (mm) 

Figure 36 : Distribution of the differences between the impact points ' x coordinates, mea
sured with the beam chambers, and those measured with the calorimeter, for 80 GeV electrons 
uniformly distributed over a SPACAL tower (a). The same distribution for the y coordinate (b). 
From ref. [43]. 

The position resolution is expected to scale with 1/yE on the basis of very 
simple arguments. The energy deposit Ei in each cell i has a relative accuracy 
Ui/Ei which improves as l/y/E~i, provided that the shower profile stays the same. 
This behaviour is very well reproduced by the data shown in fig. 37. This figure 
concerns electrons entering the SPACAL detector at the centre of a tower, where 
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the position resolution is ~ 20% worse than the value averaged over the detector 
surface. A fit to this data gives: 

17.1mm . . 

The cell size of the SPACAL detector, with an effective radius of ~ 1.9 % , was 
by no means optimised for electron impact-point determination, since an electron 
that hits the central region of a tower deposits a very large fraction of its energy 
(typically 95%) in this one cell. The shower position is determined from the energy 
sharing between neighbouring cells. One may naively expect that the position 
resolution improves with the effective radius of the cell (i.e. the square root of the 
cell area). 
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Figure 37 : The SPACAL position resolution for electrons at 0Z = 3° as a function of 
energy. The results concern the central region of calorimeter towers. Averaged over the tower 
surface, the position resolution is ~ 20% smaller. From ref. [43]. 

As an example, we show in fig. 38 the position resolution as a function of energy 
obtained with the fully projective fibre RDI prototype, which has an effective cell 
radius of ~ 1.1 RM- A fit to this data gives: 
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7.5 mm 
<7.T 

E 
(8) 

which approximately scales as expected with respect to the SPACAL data. 
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Figure 38 : The position resolution at 8Z = 3 ° as a function of energy for particles entering 
the fully projective RDI prototype in the central region of a module. Averaged over the whole 
detector, the results are ~ 50% better. From ref [26]. 



5. PARTICLE IDENTIFICATION 

5.1 Event selection 

The Spacal Collaboration took data in a set-up in which the SPACAL detector 
was preceded by a preshower counter and backed up by a leakage calorimeter (see 
section 2.4, figs. 15 and 16). This was particularly suitable for defining simple 
particle identification criteria, which were used to select clean samples of events, 
even at the on-line level. Electron/pion separation by means of a few-Xo-thick 
preshower detector is a well-established experimental technique. Also, electron 
contamination in the pion beams and vice versa was usually very small to start 
with, so that there were no problems in reducing this type of contamination to well 
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below the 1% level and even much lower in some dedicated studies. On the other 
hand, muon contamination of the hadron beam was, especially at low energies, 
quite substantial and pion/muon separation at low energies was a problem with a 
much less trivial solution. 

20 40 60 80 

n-n distance (mm) 

Figure 52 : The probability of recognising a 80+80 GeV ir pair as a function of their 
relative distance d. From ref. [4-3]. 

In order to produce clean pion event samples, the muons contaminating the 
hadron beam had to be removed. The muon signals in SPACAL were well de
scribed by a Landau distribution with a most probable value of 4-5 GeV and 
could, therefore, be very easily distinguished from the high-energy pion signals. 
This is illustrated in fig. 53, which shows a scatter plot of the signals for 80 GeV 
particles in the two calorimeters. Clearly, a cut on the signal in the SPACAL detec
tor is a very efficient means of separating pions from muons in this case. Figure 53 
also shows that all muons produce a non-zero signal in the leakage calorimeter, 
clustering around 400 MeV (see also fig. 54a), while almost all pion showers are 
fully contained in the SPACAL detector. 
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Figure 53 : Scatter plot of the signal in the 20-tower leakage calorimeter vs. the signal in 
the 155-tower SPACAL calorimeter, for 80 GeV particles. The pions and muons can be separated 
by a cut on the latter signal. From ref. [75]. 
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Figure 54 : Signal distribution for the muons that were used to calibrate the SPACAL 

leakage calorimeter. Shown are the signal distributions for the total leakage calorimeter (a) and 

for one tower (b). From ref. [75J. 

The complete elimination of muons from the event samples became gradually 
more difficult at lower energies, where the pion signals in SPACAL were corre
spondingly smaller and the separation on the basis of the total SPACAL signal 
harder. Therefore, an additional criterion was developed, based on the energy 
deposit pattern in the SPACAL calorimeter. This criterion exploits the fact that 
muons, which predominantly lose their energy through ionisation, only produce 
signals in a very limited number of calorimeter towers, contrary to the showering 
pions. This is illustrated in fig. 55, where the fraction of the total signal recorded 
in the three towers that gave the largest contribution (fy), is plotted against the 
total SPACAL signal. It can be seen that, for example, a cut fy < 95% removes 
practically all muons, while almost all pions pass such a cut. Using this criterion, 
it was possible to separate the different particle species and create clean, unbiased 
event samples, even at very low energies. 

5.2 Electron—pion separation 

The classical methods for the identification of isolated electrons are all based 
on differences in the shower profiles between electromagnetic and hadronic showers. 
The basic idea is that hadronic showers are typically larger than electromagnetic 
ones. Historically, primarily differences in longitudinal shower development were 
exploited for this purpose. The Spacal Collaboration have extensively studied 
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e/n separation methods based on differences in the lateral energy deposit in their 
fine-grained calorimeter [47]. 
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Figure 55 : The total SPACAL signal vs. the fraction fa of the signal recorded in the three 
hottest towers, for 10 GeV particles. From ref. [75]. 

A very simple algorithm that can be used for trigger purposes involves counting 
the number of towers above an energy threshold {Ethr) contributing to the shower 
signal. Data for 80 GeV particles incident in the centre of the central tower of 
the 20-tower calorimeter built by the Spacal Collaboration are shown in fig. 56. 
In this figure, the number of towers with an energy exceeding Ethr = 0.4 GeV is 
plotted separately for electrons and pions. The events from the electron beam are 
concentrated in a peak around a small value for the number of towers, plus a few 
scattered events at the high end of the plot, where the events from the pion beam 
are clustered. These scattered events are most likely due to pions contaminating 
the electron beam. When defining electrons as particles that trigger at maximum 
seven towers, the electron efficiency is 98.8%, while 1.0% of the pions pass this cut. 

A pion rejection factor of 100 is thus achieved by this simple tower-counting 
algorithm. This procedure was also applied for different impact points and other 
threshold energies, with very similar results. 

Another simple method characterises the lateral distribution of energy deposit 
through a quantity, called the containment C, defined as 

C £* 
E, 

»e{3} 

6{12} 

EL 
Ei 

(19) 
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Figure 56 : The number of events from the 80 Ge V electron and pion beams as a function 
of the number of towers that recorded an energy exceeding 0.4 GeV. From ref. [4-7]. 

The cluster {3} is defined as the cluster of three neighbouring towers with 
the largest energy sum. This cluster of three is surrounded by nine neighbouring 
towers (see fig. 15c). The sum of the energy in these nine towers plus the three 
core towers is ^2iei12\ ^i- In fig- 57, the containment C is plotted for 80 GeV 
electrons and pions incident near the centre of the 20-tower SPACAL detector. A 
cut C > 0.97 gives a pion rejection factor of 150 and is about 98% efficient for 
electrons at 80 GeV. An example of a more sophisticated algorithm, useful in the 
off-line data analysis, was defined through a quantity 

Rp = 
'0.4 

(20) 

where Ei are the energies deposited in individual towers i, and n is the distance 
between the centre of tower i and the centre of gravity of the energy deposit 
profile. All 155 SPACAL towers were used for calculating this quantity. Electron 
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and pion showers are very cleanly separated through this parameter, which is a 
measure of the effective shower width (fig. 58a). However, a small fraction (~ 10~ 3) 
of the pion events could not be distinguished from electrons with this criterion. 
This sample contains, for example, events in which (almost) all the pion energy is 
transferred to one or several 7r°'s in the first interaction (e.g. by a charge-exchange 
reaction). In such events, the showers look laterally very much like electromagnetic 
ones. However, the starting point of such showers occurs at a certain depth z 
inside the calorimeter, with a probability distributed as e~zlx" [33], so that one 
may distinguish them from genuine electron showers if this starting point can 
be determined. The Spacal Collaboration used the displacement of the centre of 
gravity with respect to the impact point to determine z. The same technique was 
also used to correct the hadronic energy resolution for the effect of light attenuation 
in the fibres (section 4.1, fig. 40). 
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Figure 57 : The containment C for 80 GeV electrons (a) and pions (b) in SPACAL. Data 
from ref. [47]. 
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Pion events that could not be distinguished from electrons on the basis of their 
lateral shower profile, i.e. at Rp < 100 mm, were selected for this analysis. The 
distribution of the displacement of the centre of gravity with respect to the pion 
impact point for these events is shown in fig. 58b. 
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Figure 58 : Distribution of the effective width Rp (see text) for electron and pion showers 
in SPACAL at 8Z =2° (a). Distribution of the displacement of the shower center of gravity with 
respect to the particle impact point for those electrons and for pions that produce showers that 
are laterally indistinguishable from electrons. Data for 80 GeVparticles (b). From ref. [43]. 

For comparison, the same distribution is also shown for a sample of electron 
data. Thanks to the good position-resolution of the calorimeter, all the pions 
interacting beyond a few centimetres in depth could be distinguished from electrons 
in this way. The final pion-rejection factor achieved by combining both lateral and 
longitudinal shower characteristics amounted to 6600 at 80 GeV, for 98% electron 
efficiency. This excellent result is in fact even a lower limit, because the beam 
composition, i.e. the contamination by genuine electrons, was not known at the 
1 0 " 4 level. 

In the first RDI projective prototype calorimeter, the segmentation into an 
e.m. and a hadronic section, albeit not in the explicit longitudinal way that one is 
used to, opened up additional possibilities for identifying electrons. 
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Dedicated e/7r separation studies were performed at 20 GeV and at 80 GeV, 
using a grid scan in which particles were sent into the fibre calorimeter at 25 
different impact points, located on a square grid with a period of 1.5 cm. Therefore, 
the results that were obtained do not refer to any specific impact point, but they 
are typical for the calorimeter as a whole. Figure 59 shows distributions of the ratio 
of the energy deposited in the hadronic and electromagnetic calorimeter sections, 
-Eîiad/^e.m., for the 80 GeV electron and pion events. A very clear distinction 
between these two distributions is observed. 
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Figure 59 : Distribution of the ratio of the energy deposited in the hadronic and the elec
tromagnetic sections of the projective RDI calorimeter, for electrons and pions of 80 GeV. From 
ref. [26]. 
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Figure 60 : The fractions of electrons (a) and pions (b) that pass a cut Ehad/Ee,m. < fcut, 
as a function of fcut, for the RDI projective calorimeter. From réf. [26]. 

The e/n separation that was achieved by using just this information is given in 
fig. 60, where the fractions of electrons and pions passing a cut -E'had/^e.m. < /cut 
are shown as a function of / c u t . For example, if one requires that less than 1% 
of the particle energy be deposited in the hadronic section, a pion rejection factor 
of 330 is obtained, for 95% electron efficiency. At 20 GeV, the results obtained 
with this separation criterion were not so good. For 92% electron efficiency, a pion 
rejection factor of 25 was achieved. 

Apart from the energy sharing between the electromagnetic and hadronic ca
lorimeter sections, the differences in the lateral shower profiles of electromagnetic 
and hadronic showers were also exploited by RDI, using the techniques developed 
by Spacal. 
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All 19 towers of the calorimeter were used for calculating Rp. As fig. 61 shows, 
electrons and pions are also here clearly separated by means of this parameter. 
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Figure 61 : Distribution of the effective width Rp for 80 GeV electrons and pions depositing 
less than 1% of their energy in the hadronic section of the RDI projective calorimeter. From 
ref [26]. 
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Figure 62 : Electron/pion separation through Rp in the RD25 calorimeter. From ref. [48]. 
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The RD25 Collaboration found an optimal value of 0.5 for the exponent used 
in eq. (20) [48]. Their distribution of Rp is shown in fig. 62, for 50 GeV electrons 
and pions. Using this information, 98% electron efficiency was achieved with a pion 
rejection factor of 300 for the semiprojective set-up, and 25 for the fully projective 
one. Also in their case, event misidentification was mostly due to hadronic showers 
with a large e.m. component. By taking information on the pseudo-longitudinal 
segmentation into account, i.e. by fully exploiting the characteristic construction 
of their basic module, they increased the pion rejection factor from 25 to 71, for 
98% electron efficiency. 
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Figure 63 : Typical pulse shapes of fibre calorimeter signals from 150 GeV e and -n 
showers in SPACAL. From ref. [4-9]. 

The Spacal Collaboration also developed a completely different method of elec
tron identification. This method is based on small, but very significant, differences 
between the time structures of electromagnetic and hadronic shower signals [47,49]. 
Figure 63 shows typical electron and pion pulses at 150 GeV. In fig. 64, ten such 
pulses are superimposed. It is evident that all electron signals look very similar, 
while the pion signals display a rather large variety of shapes. Several effects con
tribute to these differences. The light creating the shower signals consists of a 
direct component and a component of light reflected against the upstream mirror 
(section 2.2). The latter component arrives later at the PM, more so if the light is 
produced deeper inside the calorimeter, and thus leads to a broadening of the sig
nal. Large fluctuations in the longitudinal shower development profile lead to large 
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event-by-event fluctuations in the time structure of the signals. That is the main 
reason why the pion signals are different from the electron ones. For pion events in 
which the first interaction takes place deep inside the calorimeter (> 2 Ai n t ), a clear 
second maximum in the signal structure is observed, due to the time separation 
between the direct and reflected light components. Neutrons, which contribute to 
the pion signals with a time constant of ~ 10 ns (see section 10.2), further broaden 
the pion signals relative to the electron ones. 
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Figure 64 : SPACAL signals from 10 different e and 10 different n showers at 150 GeV. 
From ref. [49]. 

The Spacal Collaboration developed a method that uses the differences in signal 
shape for providing a very fast electron trigger [47]. It is based on the idea that , if 
the signal shapes scale with energy, the signal width at a given fraction of the pulse 
amplitude can discriminate between electrons and pions in an energy-independent 
way. An appropriate fraction was found to be 20% and the corresponding width 
was called FWFM (Full Width at one-Fifth Maximum). This is a compromise 
between a lowest possible value needed for the ultimate electron/pion discrimina
tion and a highest possible level which would yield the largest dynamic range and 
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the smallest possible dead time for triggering. In practice, the signal from each 
calorimeter tower was summed with the signals from its six neighbouring towers, 
and synchronised to within 0.5 ns. The output of the active summing circuits was 
fed into a custom-made 'leading and trailing edge constant fraction discriminator', 
set at 20% of the pulse amplitude. This circuit triggers on both signal slopes and 
provides a logic signal with a length identical to the FWFM. This signal is available 
for the trigger logic 25 ns after the arrival of the analog signal at the input of the 
summing circuit. 
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Figure 65 : The distribution of the full width at one-fifth maximum (FWFM) for 80 GeV 
electron and pion signals in SPACAL. From ref. [47]. 

Distributions of the FWFM for 80 GeV electrons and pions, measured by the 
Spacal Collaboration with this circuit, are shown in fig. 65. The electromagnetic 
signals are all nearly identical (<r = 130 ps), while the distribution of the pion 
signal widths reflects the large event-by-event fluctuations also observed in fig. 64. 
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Figure 66 : Electron/pion separation through the FWFM, as measured by the RD25 Col
laboration. From ref. [48]. 
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Figure 67 : The fraction of pions that passes electron selection cuts and the corresponding 
electron efficiency, as a function of the cut on FWFM, for 80 GeV particles in the SPACAL 
calorimeter. From ref. [47j. 

In any case, almost all pion signals are wider than the electron ones. Similar 
distributions, for 50 GeV particles measured by the RD25 Collaboration [48], are 
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shown in fig. 66 (the bump on the right side of the plot is due to a saturation in the 
circuit). The fraction of pions passing electron selection cuts and the corresponding 
electron efficiency are shown in fig. 67 as a function of the FWFM threshold, for 
the 80 GeV data obtained by the Spacal Collaboration. They achieved at 80 GeV 
a pion rejection factor of ~ 1000 with this method. RD25 obtained a pion rejection 
factor of 300 at 50 GeV. 



6. THE RESPONSE TO MUONS 

Although the prime task of a calorimeter is not muon detection, calorimeters 
may also provide information on the energy lost by muons traversing them. This 
energy loss may fluctuate wildly from event to event. The signals produced by 
muons are usually much smaller than the signals from particles for which the 
calorimeter was intended and, if the dynamic range is limited, for example because 
of the signal-to-noise ratio, muons may be barely detectable. This is certainly not 
a problem in fibre calorimeters, which have a very large signal-to-noise ratio. 
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Figure 68 : The average muon signals observed in the 20-tower SPACAL calorimeter, as a 
function of the angle 9Z between the beam and the fibre axis. From ref. [50]. 

This may be illustrated by the fact that the Spacal Collaboration used muons 
to intercalibrate the towers of their leakage calorimeter (section 2.4). These muons 
crossed the towers of this calorimeter perpendicular to the fibre axis and deposited 
typically only 80 MeV in one tower (fig. 54), three orders of magnitude less than 
the typical energies for which this device was designed. In spite of that, clear and 
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noise-free signals resulted from these tiny energy deposits. Muons traversing the 
2 m deep detector produced signals of typically more than 1000 photoelectrons, 
while the noise occurred at the single-photoelectron level. The excellent signal-
to-noise ratio also allowed the RDI Collaboration to intercalibrate the e.m. and 
hadronic sections of their fully projective calorimeter with muons [26]. 

The angular dependence of the muon signals was studied by the Spacal Col
laboration with dedicated muon beams of 40, 80 and 225 GeV [50]. The average 
signals are shown as a function of the angle 6Z in fig. 68. A clear angular effect is 
observed for 9Z < 1°. At 9Z = 0°, the average signals are systematically larger, by 
about 20%, than the signals for angles larger than 1°. A striking exception occurs 
for 9Z = 5°, for which point only 225 GeV data were available. In fig. 69, the ratio 
of the average signals measured at 0° and 3° is shown as a function of the beam 
energy. 

The results confirm the effect that the 3° signals are systematically smaller, 
except at the lowest muon energies. 
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Figure 69 : The ratio of the average muon signals in SPACAL at 
a function of the beam energy. Data from ref. [50]. 
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Angular effects for very small values of 6Z were observed before in the detec
tion of electromagnetic showers (section 3.1). However, these effects were of a 
completely different nature. They could be attributed to the contribution of the 
early, strongly collimated shower component to the calorimeter signals and depend 
sensitively on the impact point of the particles (lead or fibre). In the muon case, 
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the origin of the anomalously large signals at 0° (and also at 5°) is in the readout 
part of the detector. 

In contrast with showering particles, muons do not get absorbed in the calo
rimeter. Instead, they lose some energy and then leave the detector through the 
back plane, where the signal readout is located. The scintillating fibres, composing 
the active material, extend out of the back plane over a distance of ~ 18 cm and 
are bunched together in order to be read out (see fig. 10). Hence the muons may 
also produce a signal in this bunch of fibres, after having traversed the calorimeter. 
This signal depends on the exit position and on the angle of the particles. It will 
be large for muons traversing the back plane in the centre of a tower, and very 
small for muons exiting near the boundary between towers. 

30 

28 

C? 26 
CL 

1 24 
'co 
<D 2 2 
CD 
o 
Sj 20 
< 

18 

16 

- 8 - 6 - 4 - 2 0 2 4 6 8 

Dis tance exit point—tower center ( c m ) 

Figure 70 : The average muon signal in SPACAL as a function of the distance between the 
ration's exit point and the horizontally nearest tower centre. From ref. [50]. 

This hypothesis was tested by the Spacal Collaboration using 80 GeV muons 
from a grid scan of 7 x 7 points with a 4 cm period. In fig. 70, the average 
muon signals are plotted as a function of the distance between their exit point and 
the horizontally nearest tower centre. The described effect is very clear: Muons 
exiting from the calorimeter at the centre of a tower produced signals that are 
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on average ~ 35% larger than the signals from muons leaving the detector near a 
tower edge. Owing to the specific geometry, another situation in which the exiting 
muons passed through a fibre bunch occurred for 9Z = 5°, in which case the exit 
point of the muon tracks was located in the centre of the next-to-neighbouring 
tower. This explains the anomalous point in fig. 68. The fact that the ratio of the 
signals at 0° and 3° in fig. 69 is smaller than 1.35 is possibly due to a systematic 
error in the angle determination, which was only known with a precision of about 
10 mrad in these experiments. In any case, at low energies, multiple scattering in 
the calorimeter caused the difference to vanish (fig. 68). 

Of course, this position-dependent response is a totally undesirable feature 
for a particle detector. The Spacal Collaboration suggested two possible ways to 
overcome this problem. One might either replace the scintillating fibres sticking 
out at the rear end of the detector by clear, non-scintillating ones, or correct the 
observed signals using knowledge of the impact point. In the latter case, the 
precision needed for this purpose is no better than 1 cm, given the uncertainty 
caused by multiple scattering inside the calorimeter. 

One of the most interesting measurements related to muons is the determina
tion of the so-called e/mip ratio. This ratio relates the signals from electromag
netic showers to those from minimum-ionising particles (mip's) depositing the same 
amount of energy in the calorimeter. A measurement of this ratio is equivalent to 
an absolute measurement of the sampling fraction for electromagnetic showers, 
since the average energy lost by a mip can be derived, without the need for an 
experimental measurement, from the detector composition and from the physical 
properties (density, dE/dx) of the detector materials. It should be emphasised that 
in this respect a mip is a hypothetical particle, and muons are only an approxi
mation for it. The Spacal Collaboration attempted a measurement of e/mip using 
muons, following the examples set by the HELIOS [51] and ZEUS [15] Collabora
tions. Because of the non-mip nature of the muons, the evaluation of the e/mip 
ratio was only possible through a comparison of the experimental muon data with 
the results of a detailed detector simulation. This simulation included the radiative 
part of the energy deposit by the muons [52], which is sampled differently by the 
calorimeter. Two estimators were used by the Spacal Collaboration, the average 
value (dE/dx) and the most probable value (mop) of the Landau distributions of 
the muons. The results are summarised in fig. 71. 
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The final value turned out to be (almost) independent of the energy, which 
is an internal consistency check of the method used. Including the systematic 
uncertainties, it was found to be 

e/mip = 0.72 ± 0.03 . 

Details of this analysis can be found in ref. [50]. 
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Figure 71 : The e/mip ratio of SPACAL as a function of the beam energy. See text for 

details. From ref. [50]. 



7. P E R F O R M A N C E AT SHORT GATE W I D T H S 

The detectors to be installed in future pp colliders will face unprecedented event 
rates. Such high event rates will cause a multitude of problems for the detectors 
and the associated data acquisition systems. These will have to match the speed 
of the incoming information and therefore the signal speed of the detector is an 
important issue. Two aspects should be distinguished in this respect: 

• the signal timing 
• the signal duration 
The first aspect determines the accuracy with which information from a certain 

detector can be assigned to a specific bunch crossing. It has been shown by the 
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RD3 Collaboration [53] that , thanks to the possibilities offered by pulse-shaping 
techniques, even intrinsically slow detectors are not limited in this respect. The 
second aspect has been investigated by the Spacal Collaboration [54]. 

Two issues that are directly affected by the conclusions of this study should be 
mentioned: 

• How representative is the detector information collected in the short time 
in between bunch crossings (15-25 ns) for the event? This is an important 
question, since a trigger decision is going to be based on this information. It 
may be expected that this will be less of a problem if a good fraction of the 
charge characterising the event is collected in this period. 

• Because of multiple interactions per bunch crossing, pile-up of unrelated 
events will inevitably occur. This effect will likely further deteriorate the 
experimental information if the charge collection time of each event spans 
many bunch crossings. 

While event pile-up will be a problem for all high-luminosity multi-TeV pp 
collider detectors, the first item is specific for detectors participating in first-level 
trigger decisions, and in particular for calorimeters. As we saw before, the Spacal 
Collaboration exploited the high signal speed of the spaghetti calorimeter success
fully for particle identification, but in all the results mentioned until now a gate 
of 358 ns was used to collect the produced charge. In a separate study [54], they 
addressed the dependence of their results on the charge collection time. 

It should be emphasised that, in this study, they did not attempt to optimise 
the short-gate performance of the calorimeter in any way. The only goal was to 
study the evolution of the detector performance as a function of the gate width. 
To illustrate to what extent the measurements were non-optimal, it should be 
mentioned that the calorimeter signals were transported to the counting room by 
means of ~ 100 m long standard coaxial 50 Q cables (transport time 500 ns), which 
affected the signals in a major way. These effects were unfolded wherever possible, 
e.g. in the measurements of the detector response and of the e/ir signal ratio, but 
not in the energy resolution. 

In fig. 72, the integrated charge is shown as a function of time for 80 GeV elec
trons and pions entering the central tower at 9Z = 3°. The signals are normalised 
to the ones obtained for a gate of 358 ns, which is sufficiently long to collect all 
the charge. They are shown before and after unfolding the cable effects. It turns 
out that 90% of the charge is collected in 37 ns for electrons and in 47 ns for 
pions. The difference between the charge collection times for electromagnetic and 
hadronic showers is due to two effects: 

• The production of scintillation light occurs for hadronic showers on average 

78 



deeper inside the calorimeter than for the e.m. ones. Part of the signal is 
due to light that is reflected at the mirror on the upstream front face of the 
fibres. This leads to a significant broadening of the hadronic shower signals. 

• A considerable fraction of the hadronic signal is caused by soft neutrons 
originating from nuclear evaporation processes. These neutrons lose their 
kinetic energy through elastic collisions with hydrogen nuclei in the plastic 
scintillator, a process with a time constant of ~ 10 ns (see also section 10.2). 
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Figure 72 : The SPACAL signal as a function of the time during which the charge is 
integrated by the ADC. The results are normalised to the ones obtained for 358 ns. The measured 
data are shown in (a); after correcting for the effects of the signal cables, the results shown in 
(b) were obtained. Results for 80 GeV electrons and pions entering the central tower of the 
calorimeter at 6Z — 3°. From ref [54]-
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Figure 73 shows the energy resolution for 80 GeV electrons, normalised to the 
resolution for a gate of 358 ns (a/E = 12.9%/VË + 1.2% = 2.5%). It turned 
out that for very short gates, deviations from a Gaussian response curve occurred 
(fig. 74 ). Therefore, the o obtained from a Gaussian fit differed from o r m s . This 
effect was insignificant for gates longer than 40 ns, which is sufficiently long to 
collect practically all the charge. Figure 73 shows that the resolution remained 
practically constant (less than 10% deterioration) down to gate widths of ~ 25 ns. 
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Figure 73 : The energy resolution for 80 GeV electrons, entering SPACAL at 9Z = 3°, as a 

function of the charge collection time. The results are normalised to the resolution for a 358 ns 

gate. Both the resolutions obtained from a Gaussian fit to the signal distribution and arms are 

shown. From ref. [54]-

Similar phenomena were observed for pions (fig. 75), but the deterioration 
started at larger gate widths than for electrons. This should be expected, since it 
takes more time to collect a sufficient fraction of the charge for pions, as illustrated 
previously. 
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Figure 74 : Signal distributions for 80 GeV electrons in SPACAL, measured for a 358 ns 
gate (a) and for a 15 ns gate (b). The curves are the result of Gaussian fits. From ref. [54]-

Spacal also studied the dependence of the e/V signal ratios on the gate width. 
For a 358 ns gate, this ratio was measured to be 1.028 ± 0.001 at 80 GeV. Figure 76 
shows how this e/V ratio, normalised to the 358 ns one, evolved as a function of 
the charge collection time. It turned out that the stretching effects of the cables 
on the calorimeter signals had little influence on the e/w signal ratio. 



8. E X I S T I N G A N D P L A N N E D D E T E C T O R S 

Fibre calorimeters are applied in a wide variety of existing and planned ex
periments in high-energy physics. In this section, we give a brief description of 
some calorimeters that have been described in the scientific literature. The list of 
detectors mentioned is certainly far from complete. 
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Figure 75 : The energy resolution for 80 GeV pions, entering SPACAL at 9Z = 3 ° , as a 
function of the charge collection time. From ref. [54]-

8.1 Luminos i ty monitors 

Fibre calorimeters are used as luminosity monitors in a number of e + e " ex
periments. Given the tight spatial constraints in these experiments, the compact, 
hermetic structure of fibre calorimeters makes them ideally suited for this purpose. 
Fibre calorimeters can easily be made perfectly cylinder-symmetric, thus match
ing the characteristics of Bhabha scattering in a colliding-beam environment. The 
currently available fibres are sufficiently radiation-hard for this type of application. 

The DELPHI Small Angle Tagger [9] detector is made out of alternating layers 
of lead (0.9 mm thick) and fibres (1.0 mm diameter), aligned parallel to the beam 
line. Radial and azimuthal segmentation is provided to allow for an impact point 
determination with a precision of about 2 mm. The energy resolution of this 
detector was measured to be: a/E = ( v / (11.4) 2 /£7 + ( 1 . 2 ) 2 + 2.3)%, where the 
2.3% term is due to response non-uniformity across the module. 
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Figure 76 : The ejix signal ratio for 80 GeV particles in SPACAL as a function of the gate 
width. From ref. [54]-

A similar design was adopted for the luminosity monitor built for the VENUS 
experiment at TRISTAN (KEK) [55]. Owing to the need to protect the vertex de
tector against beam background, some emphasis was put on the shielding function 
of the fibre detector. This and other considerations led to a choice of 0.5 mm fibres 
and 1 mm thick lead layers. The energy resolution of this device was reported as 
a IE = 60%/y/Ë. 

The LEP-5 Collaboration [56] at CERN built two highly segmented fibre calo
rimeters, optimised for position and multishower resolution. The first detector [57] 
was made out of lead and fibres with a Pb:fibre volume ratio of ~ 4:1. It consisted 
of two different types of modules, with lateral cross sections of (25 x 25)mm 2 and 
(12.5 x 12.5)mm 2 , respectively. The second one [24] was made of a low melting point 
alloy, with the same filling factor and cell sizes of (24 x 24)mm 2 and (8 x 24)mm 2 . 
The best results were obtained with the second detector: an e.m. energy resolution 
a/E = 16.0%/yE + 1.6%, and a position resolution ax = 2.7 mm /VË + 0.6 mm 
for the smaller cell size. 
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8.2 JETSET 

The JETSET Collaboration at the CERN Low-Energy Antiproton Ring built 
a large Pb:fibre e.m. calorimeter [10], consisting of a forward detector made out 
of 300 projective towers (fig. 77) and a 24-element barrel gamma detector. The 
calorimeter was optimised for high position and energy resolution, needed to re
construct 7T° and T] mesons produced in pp collisions. The calorimeter towers were 
built using the gluing technique, with a Pb:fibre volume ratio of 35:50, leaving 
15% of the volume for epoxy. The required trapezoidal shapes were obtained by 
machining the modules. 

Figure 77 : Front and side views of the 300-element JETSET forward calorimeter. Each 
tower is pointing to a position along the beam axis, 80 cm upstream. From ref. [10]. 

The energy resolution of a subset of nine towers was measured with photons 
and electrons of energies ranging from 0.3 to 1.5 GeV, yielding a/E = 6.3%/\AE. 
Using 0.8 GeV electrons, the position resolution was measured to be ax = (3.0 ± 
1.6) mm and ay = (7.5 ± 2.6) mm for towers (53 x 63) mm 2 wide. To illustrate 
the performance of this calorimeter, fig. 78 shows the invariant mass distribution 
of reconstructed 7r°'s produced in the experiment. The ir° signals are used for an 
absolute calibration of the calorimeter cells. The width of the peak amounts to 
a/M^o ~ 0.11. 
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Figure 78 : Invariant mass from reconstruction of two photons in the array of 240 towers 
of the JETSET calorimeter. The peak is centered at the TT° mass. From ref [10]. 

8.3 KLOE 

The KLOE [21] experiment at the DAPHNE <j> Factory is primarily designed 
with the goal of studying CP violation in K° decays. A 4vr electromagnetic fibre 
calorimeter is being built to perform three main tasks: Determine the vertex of 
110 MeV/c K° -»• v r V decays, reject efficiently K° -> TTVTT 0 events, and provide 
the trigger for the experiment. As an added bonus, the use of fibres gives an 
extremely good time resolution, allowing a measurement of the K° flight path 
with a precision of a few millimetres. The barrel section of the calorimeter has a 
length of 3.75 m and a diameter of 4 m, with the fibres running parallel to the beam 
line In the two end-caps, the fibres run orthogonal to the beams. The construction 
technique is similar to the one used by JETSET, with a fibre:Pb:glue volume ratio 
of 48:42:10 giving a sampling fraction of - 14% for a minimum-ionising particle. 

Prototype tests were performed in a tagged photon beam at energies between 
20 and 80 MeV [22]. The energy resolution at these low energies was measured 
to be ajE = (4.81 ± 0.06)%/v^l (E in GeV). Photoelectron statistics contribute 
2%j\[E~ to this result. Using both muon and electron beams, a time resolution 
a ~ 50 ps/ v

/ i?(GeV) was obtained. 
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8.4 C H O R U S 

The CHORUS experiment [58] searches for u^ —> vT oscillations in the CERN 
SPS wideband neutrino beam. The experiment uses a large (800 kg) nuclear emul
sion target, followed by scintillating-fibre trackers, an air-core magnet, e.m. and 
hadron calorimeters, and a muon spectrometer. The main task of the calorime
ters [59] is to isolate r-decay candidates through kinematic constraints and thus 
reduce the number of events to be scanned in the nuclear emulsions as much as 
possible. The calorimeter system is longitudinally segmented to allow the inser
tion of limited streamer tube chambers that track through-going muons and match 
their trajectories with those determined in other detectors. This longitudinal seg
mentation is achieved by placing the fibres transverse to the beam direction. The 
large size of the neutrino beam requires modules of considerable length (2.6-3.3 m). 
Because of the transverse orientation of these long modules, the light attenuation 
characteristics of the fibres have to be precisely known and monitored, since small 
changes in these characteristics will directly translate in a shift in the energy scale. 

The calorimeter (see fig. 79) consists of three sections with decreasing granular
ity, called EM, HAD1 and HAD2. The first section measures the electromagnetic 
component of the showers from the neutrino-induced events, while the other two 
sections complete the measurement of the hadronic component. The total depth of 
the calorimeter is 5.2 Ajnt- The first two sections are made of lead and scintillating 
fibres, the third section of lead and scintillating strips. The fibre modules have a 
Pb:fibre volume ratio of 4:1 and are built using the pile-up technique. The struc
ture of the detector allows light collection by PMs on both sides of each module 
and this is exploited to reduce the possible effects of light attenuation. 

The e.m. energy resolution was measured by exposing calorimeter modules to 
beams of electrons with momenta between 2.5 and 10 GeV/c, with the following 
result* 

. Q 3 . 9 ± 0 . 3 ) % ^ 

E yfË 

The scaling term is in good agreement with results obtained for similar calorimeters 
(see Table 1). The constant term is very small due to the fibre orientation with 
respect to the incident particles (see section 3.2). 

8.5 H I 

The HI experiment at the e-p collider HERA plans an extension of their calo
rimeter system in the backward p-scattering region [60]. For this purpose, they will 
build a fibre calorimeter with an electromagnetic section made out of 0.5 mm fibres 
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with a Pb:fibre ratio of 2:1, followed by a 1 Ai n t deep hadronic section with 1 mm 
fibres and a Pb:fibre volume ratio of 4:1. The envisaged technique is similar to 
the one used by RDI. Preliminary results on energy resolution and ej-n separation 
obtained with existing RDI prototypes are reported in ref. [61]. 

Figure 79 : Isometric view of the CHORUS calorimeter. From ref. [59]. 

8.6 Other applications 

The first experiments that made use of scintillating fibre calorimeters were 
the Omega Spectrometer and the heavy-ion experiment NA38, both at CERN. 
Unfortunately, very little experimental information [7,8] is available about the per
formance of these detectors. 
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Figure 80 : The difference between the mass of the T,^ particle and the invariant mass 
of nir± combinations, measured by the WA89 Collaboration (in MeV/c2). The energies and 
positions of the neutrons were measured with the SPA CAL calorimeter. Data from ref [62]. 

The large, integrated e.m./hadronic calorimeter built by the Spacal Collabora
tion was, after completion of its test programme, installed in the WA89 experiment 
at CERN. This experiment, which studies hyperon interactions, uses the calorime
ter mainly to detect and measure the properties of fast neutrons, for example 
neutrons from the decay E~ —• nir~. This is the only way in which £~ particles 
reveal themselves. Figure 80 shows the invariant mass distribution of E~'s from 
WA89, with the neutrons measured in a calorimetric way and the 7r~'s through 
deflection in a magnetic field [62]. Also the invariant mass distribution of the E + 

(through its decay into rnr+) is shown in this figure. The peak value of the mass 
distributions is located within 1 MeV/c 2 from the established mass value of the E 
and the width of the distributions amounts to ~ 13 MeV/c 2. 



9. C A L I B R A T I O N A N D M O N I T O R I N G 

9.1 Introduct ion 

In previous sections, we have shown that fibre calorimeters are capable of 
energy measurements with a precision at the few per cent level. However, in order 
to take advantage of this excellent intrinsic performance in real life, one needs 
a system to calibrate the absolute and relative energy scale and to monitor all 
detector components with a precision at the 1% level. In small-scale prototype 
tests of detectors containing at maximum ~ 100 signal channels, lasting typically 
one week, this is a relatively easy task. However, in a full-scale detector system— 
often comprising several tens of thousands of channels—that will have to operate 
during a period of the order of a decade, this task quickly acquires Herculean 
proportions. 

Nevertheless, the success of the calorimeter (and the experiment) depends, 
more than on anything else, on the accuracy and reliability of this calibration and 
monitoring system. It is extremely important that the calibration and monitoring 
system be designed into the calorimeter system from the very beginning and be
comes an integral part of it. The system should also be sufficiently redundant, so 
that adequate information can be obtained concerning all possible problems that 
may occur in practice. 

9.2 Scinti l lator-based calorimeter systems 

Among the problems that have to be dealt with for scintillator-based calori
meter systems, we mention: 

• Instability of photomultipliers that require frequent checking and adjustment. 

• The scintillation light is attenuated on its way to the PMs. Therefore, the 
calorimeter response may depend on the impact point of the particle (CHO
RUS, KLOE), on the angle of incidence (HI), and, for hadron showers, on 
the depth at which the shower starts developing (WA89). 

• The production of scintillation light and the attenuation of this light on its 
way to the PMs may be time-dependent, due to radiation damage, chemical 
ageing, etc. These effects may be very different in different parts of the 
detector. 

• The absolute signal-to-energy conversion depends on the type of particle 
(electron, muon, hadron). 

In spite of these difficulties, there are several examples of experiments exploit
ing large, scintillator-based calorimeter systems, that have managed to maintain 
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long-term stability (in their knowledge of the signal-energy relationships) at the 
1-2% level. We mention in particular the HELIOS [51], UA2 [63] and ZEUS [64] 
experiments. 

The system that provides the signals for this type of detector is an optical chain 
with many components, each of which may suffer from (short-term or long-term) 
instabilities: The production of scintillation light, light attenuation in the fibres, 
in the filters and in the light guides, the quantum efficiency of the photocathode, 
the gain of the light-detecting device, and eventually of the electronic amplification 
stage. In order to assure stability at the required level, this whole chain has to be 
monitored. In addition, one needs to know the absolute relationship between the 
signal (expressed in number of photoelectrons or picocoulombs) and the deposited 
energy (in GeV) for each and every detector channel. 

In UA2, the latter requirement was fulfilled by exposing each and every calori
meter module to beam particles of known energy, thus establishing these relation
ships. ZEUS and HELIOS tested only a subset of their modules in this way and 
relied for the remaining ones on the DC currents created by the radioactive 2 3 8 U 
absorber material in their photomultipliers. It turned out that the uranium signals 
were correlated at the 1-2% precision level with the absolute detector response. 

For the monitoring of the stability of the optical chain beyond the active ele
ments (the scintillators), one usually uses a system based on Light Emitting Diodes 
(LEDs). In the case of a fibre calorimeter, the LED signals are usually fed into a 
clear optical transmission fibre that joins the bunch of scintillating fibres right in 
front of the light guide [62]. 

The monitoring of the properties of the scintillating elements (production and 
attenuation of the scintillation light) is usually done with radioactive sources, which 
may provide a signal that is sufficiently precisely known to serve as a reference. 
Also, signals from particles produced in the interactions at the accelerator (Z°, 
J/ty, 7T°) may be used for this purpose, although the production rates of these 
particles are usually too low to be relied upon exclusively. 

In another method, used by the CDF Collaboration [65] at Fermilab, the mo
menta of electrons, measured in the magnetic field of the experiment, are used to 
calibrate the e.m. calorimeters. This so-called E/p method can make use of any iso
lated electron. However, the measurement is often impaired due to bremsstrahlung 
losses by the electrons. A cut around E/p = 1 may cure this problem, at the ex
pense of a loss in efficiency. 

The RDI Collaboration studied the applicability of some of these calibra
tion/monitoring methods for an LHC experiment [66]. They found that the relative 
precision of the determination of the calibration constants with the E/p method 
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deteriorates when the cell sizes become smaller, so that more events are needed 
to achieve the required precision. They concluded from their (Monte Carlo) study 
that the process Z —*• e + e ~ offers a better perspective in this respect. At a lu
minosity £ = 10 c m - 2 s~l, only 13 days of running are sufficient to measure the 
calibration constants of all e.m. calorimeter cells with a precision of 1%. 

9.3 Fibre calorimeters 

Fibre calorimeters offer some specific advantages, which make the calibration 
and monitoring problems easier to deal with than in sandwich-type calorimeters 
(alternating metal and scintillator plates, as in HELIOS, UA2 and ZEUS). These 
advantages are: 

• The light yield, or rather the number of detected photoelectrons per GeV 
of deposited energy is considerably larger, for the same sampling fraction. 
Sandwich calorimeters lose a lot of light in the wavelength-shifting process 
needed to get the signals to the outside world. This means that cosmic 
rays may be successfully exploited for calibration purposes, thus considerably 
alleviating the burden on precious beam time at the accelerators. We saw 
in section 6 that the SPACAL detector produced typically more than 1000 
photoelectrons when traversed by a muon, with a noise at the level of one 
photoelectron. This is largely adequate for calibrations at the 1% precision 
level. The Spacal Collaboration actually used muons to intercalibrate the 
towers of their leakage calorimeter, which for this application were less than 
10 X0 deep (see fig. 54). 

Only one tower was calibrated with electrons in order to determine the absolute 
energy scale. Also RDI relied on muon signals to intercalibrate the e.m. and 
hadronic sections of their projective modules [26]. 

The RDI Collaboration also made a dedicated study of the possibility to use 
cosmic muons for the relative calibration of fibre modules. They chose a particu
larly unfavourable case for this purpose, i.e. muons traversing calorimeter modules 
with a diameter of only 4 cm. The muons lost typically 40 MeV in this process 
and produced ~ 60 photoelectrons [67] (see fig. 81). 

The peaks of the Landau distributions accumulated in 24 hours of running 
were compared with the calibration factors found from an exposure of the same 
modules to a 40 GeV electron beam. The rms variation of the calibration ratios 
was 3.4% in this case. 
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The monitoring of changes in the specific light production and attenuation 
with radioactive sources is easier and potentially more reliable in fibre calo
rimeters. One could, for example, replace one fibre in a detector module by 
an activated cobalt wire. In that case, all the active elements of the mod
ule would see the 7's from this source, in contrast to UA2 where the 6 0 Co 
source used for this purpose excited only the first few scintillator layers of 
each module and the success of the method thus depended on the extent to 
which these layers were representative for the module as a whole. In the case 
of the fibre calorimeters, one could even activate the cobalt wire according 
to a profile equal to the typical longitudinal shower profile of the particles 
responsible for radiation damage. The DC current created by such a wire 
could then serve as a reference signal, monitoring eventual changes in the 
signal/energy relationships with time. 

Entries 1070 
Mean 2 J 2 7 
RMS 0.9179 
xVndf 13.04 / 27 
P1 1.836 ± 0.2341E-01 
P2 0.3571 ± 0.1448E-02 
PJ 440.9 ± 17.73 

S/l att corr CH 3 

Figure 81 : Signal distribution for cosmic muons traversing RDI calorimeter modules per
pendicularly. The muons lose typically only 40 MeV in the 4 c m of material. RDI managed 
to intercalibrate their modules in this way with a precision of 3.4%, after 24 hours of event 
accumulation. From ref. [67]. 
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Figure 82 : The light attenuation curves of fibres measured with a moving-source system 
before and after irradiation of the RDI calorimeter modules with a large flux of 1.1 GeV electrons. 
From ref. [67]. 

In a variant of this method, RDI tested the monitoring capabilities of a moving-
source system [67]. They used a tiny 1 3 7 C s source that could move inside a steel 
tube inserted in an empty fibre hole of their calorimeter modules. This system 
allowed them to measure the fibre response as a function of the depth inside the 
module, with a precision of ± 1 mm. The reproducibility of these measurements 
was about 0.5%. They used this system to measure the effects of radiation damage 
on the fibre response, something that one would want to use such a system for in 
a running experiment. Calorimeter modules were deliberately exposed to a large 
flux of 1.1 GeV electrons. Electromagnetic showers of about this energy (caused 
by 7's) are believed to be the dominant cause of radiation damage in calorimeters 
at LHC experiments. Figure 82 shows the results of response measurements before 
and after this irradiation was carried out. The response ratio is shown as a function 
of depth in fig. 83. This ratio behaves fairly well as expected on the basis of the 
typical energy deposit profile of the 1.1 GeV electrons, which is also shown in 
the figure. The fact that also a response reduction is observed beyond the area 
which is supposedly damaged is most likely due to increased absorption of the light 
component that is reflected against the mirrors covering the front face of the fibres. 
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Figure 83 : The ratio between the source responses of RDI calorimeter modules before and 
after irradiation with a large flux of 1.1 GeV electrons, as a function of the depth inside the 
modules. The typical energy deposit profile of the electrons is also shown. From ref. [67]. 



10. SHOWER DEVELOPMENT PROCESSES A N D 
THE PRINCIPLES OF CALORIMETRY 

Studies of the performance of fibre calorimeter prototypes, in particular the 
ones carried out by the Spacal and RDI Collaborations at CERN, are among the 
most detailed sources of calorimetric information. The papers published by these 
collaborations contain not only very detailed and complete data concerning the 
calorimetric performance of the tested detectors, but they also provide a wealth of 
information concerning details of shower development processes. Moreover, using 
all the information available, the relations between a variety of detector param
eters (e.g. sampling fraction, sampling frequency, shower containment) and the 
calorimetric performance have become clear. In this section, we review what has 
been learned from detector R&D about these fundamental issues. 
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10.1 Spatial shower development 

10.1.1 Orientation of active calorimeter material 

The first generation of sampling calorimeters used in particle physics experi
ments consisted almost exclusively of instruments of the 'sandwich type', detectors 
composed of alternating layers of absorber and active material, oriented perpen
dicular to the direction of the particles to be detected. Although this, from an 
intuitive point of view, may seem to be the only right choice, the R&D with fi
bre calorimeters has proven that there is absolutely no need for such a geometry. 
When a fibre calorimeter is rotated with respect to the beam line, the signals and 
the energy resolution are practically unaffected, except when the angle between 
the beam particles and the fibre direction gets very close to zero (channelling, see 
section 3). This property is explained by the fact that the shower particles con
tributing to the calorimeter signal are to a large extent isotropically distributed, 
i.e. they have completely 'forgotten' the direction of the incoming particle that cre
ated the shower. This is true both for hadronic and electromagnetic showers and is 
illustrated in fig. 26, which shows the angular distribution of the particles (mostly 
e~ and a few e + ) through which the energy of a high-energy electron showering in 
a block of dense matter is deposited. A large fraction of these particles have an an
gular distribution flat in cose*. The electrons are numerously created by Compton 
and photoelectric processes and their contribution to the signal of a sampling calo
rimeter is independent of the orientation of the active calorimeter elements. This 
data also illustrates the fact that calorimeter signals are for all practical purposes 
largely dominated by extremely soft particles (E < 1 MeV), which is, for example, 
also important for understanding the compensation mechanism [11]. 

The notion that the active calorimeter layers do not necessarily have to be 
oriented perpendicular to the direction of the incoming particles has had a consid
erable impact on the design of detectors for new experiments. Other orientations 
may offer considerable advantages in terms of detector hermeticity, readout, gran
ularity, etc. Apart from the 'spaghetti' type of calorimeters that are being built for 
a number of new experiments, this development is also illustrated by the liquid-
argon calorimeters with an 'accordion' geometry [53] and the tile/fibre calorimeter 
being developed for the ATLAS experiment at the LHC [68]. 

10.1.2 Lateral granularity 

The Spacal Collaboration have exploited the very fine lateral granularity and 
the extremely low noise level of their calorimeter to obtain detailed information on 
the lateral development of showers. 
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An example is given in fig. 84, which shows an event display of a hadronic 
shower developing in this calorimeter. The effective radius of the hexagonal SPA
CAL cells is only 19% of the parameter Ain t, with which the lateral shower devel
opment is believed to scale. Yet we see that in spite of this very fine granularity, 
a major fraction (~ 50%) of the shower energy is deposited in a single calorimeter 
cell. This is due to the e.m. shower component caused by 7r°'s and 7/'s produced in 
the shower development. We conclude from this that such a fine lateral granularity 
is by no means an overkill, especially for experiments at very high energy, where 
the average fraction of the shower energy contained in the e.m. component is very 
large. Improved position resolution and particle-particle separation capability are 
among the practical advantages of this approach, as illustrated by fig. 85, which 
shows an event display of a 'jet' detected by SPACAL. Several individual particles 
can be clearly recognised in this event. To put this figure in perspective, we men
tion that a typical cell size of hadronic calorimeters currently in use for particle 
physics experiments is equivalent to 25 SPACAL cells. 

Figure 84 : Display of a typical hadronic event in SPACAL. The numbers (in GeV) corre
spond to the energy deposited in the individual towers. From réf. [43J. 

10.1.3 Lateral shower profiles 

The structure of the SPACAL detector is well suited to the study of the lateral 
distribution of the energy deposit from pion and electron showers because of its 
small lateral cell size. The average lateral shape of electromagnetic showers has 
been examined by many others in a variety of materials (see for example Bathow 
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et al. [69] for measurements made in lead, copper, and aluminium at 6 GeV) 
and has been shown to agree quite well with Monte Carlo calculations spanning 
three orders of magnitude in the energy deposit. Similarly, attention has been 
focused on the measurement of the lateral profile of hadronic showers, by the ZEUS 
Collaboration [70] who used a uranium/scintillator calorimeter in the energy range 
between 10 and 100 GeV, and by the WA80 Collaboration [71] who used an iron/gas 
calorimeter at energies below 25 GeV. Comparisons with Monte Carlo simulations 
are attempted in ref. [70], but the significance of these is limited by the coarse 
granularity of the detectors. 

Figure 85 : Event display of a pion interacting in an upstream target, the reaction products 
being detected by the SPACAL calorimeter. From ref. [43]. 

When combining a large number of events of the type shown in fig. 84, a very 
detailed average iateral shower profile is obtained. This is illustrated in fig. 86, 
for showers induced by 80 GeV n~. This profile is remarkably well described by a 
combination of an exponential and a Gaussian curve: 

dE B] „/\ Bo r

2/\2 /™\ 
— = — e ~ r / A l + — e" r / A a . (23) 
dA r r 
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Figure 86 : Lateral shower profile for 80 GeV pions entering the SPACAL calorimeter at 

an angle of 2° with the fibre axis. The solid curve is a best fit of the displayed equation to the 

experimental data. From ref. [46]. 

These two curves represent the non-e.m. and the e.m. shower component, re
spectively. The exponentially decreasing halo fits precisely the expectation for a 
collection of isotropically distributed shower particles interacting on average after 
one nuclear interaction length (Ai = 14 cm = A i n t (cos0)), while the Gaussian 
e.m. core has a width of ~ 2 Molière radii. 

The lateral profile of purely e.m. showers was measured in the same way 
(fig. 87), spanning six orders of magnitude in energy density. This profile scales 
with the Molière radius (20 mm in the SPACAL detector). The fact that the 
e.m. core of hadronic showers is broader (2RM) reflects the fact that 7r°'s may be 
produced at several stages of the shower development, at non-zero angles with the 
direction of the incoming particle. 
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Figure 87 : Lateral shower profile for 150 GeV electrons m SPACAL, averaged over 1000 

events. The energy density (GeV per tower) is shown as a function of the distance of the tower 

centre to the centre of gravity of the energy deposit profile. From ref [32]. 

10.1.4 The e.m. core of hadron showers 

Fits of the lateral hadronic shower profiles to expressions of the type (23) allow 
determination of the average fraction of the shower energy carried by the e.m. core 
component. This fraction ranges from ~ 30% at 5 GeV to almost 60% at 150 GeV, 
and is reasonably described by simple-minded models (fig. 88). 

The very fine granularity of the SPACAL calorimeter also made it possible 
to estimate the event-to-event fluctuations in this e.m. shower fraction, from the 
energy deposited in the central calorimeter tower, which is almost exclusively elec
tromagnetic in nature (see fig. 84). These fluctuations are quite substantial (fig. 89) 
and decrease only logarithmically at increasing pion energy (fig. 90). These fluctu
ations are directly responsible for the deviations from E~ll2 scaling in the hadronic 
energy resolution of non-compensating calorimeters (see section 10.5). 
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Figure 88 : The average 7r° fraction of hadronic showers in the SPACAL calorimeter as a 
function of pion energy. From ref. [46J. 
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Figure 89 : Distribution of the fraction of electromagnetic energy for 150 GeV pion showers 
in the SPACAL calorimeter. From ref. [46]. 
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Figure 90 : The relative width of the distribution of the fraction of e.m. energy contained 
in pion showers as a function of the shower energy. From ref. [46]. 

10.2 T i m e structure of the shower development 

In order to obtain acceptable event rates for interesting processes in the new 
particle physics experiments, the machine luminosity has to be increased to very 
high levels, which in practice requires multi-bunch operation of the colliding beam 
accelerators and correspondingly small time intervals between bunch crossings. 
The signal speed of the detectors in experiments at such machines is therefore an 
important issue. Ideally, all the charge associated with events occurring during a 
certain bunch crossing should be collected before the next event(s) arrive(s). Often, 
e.g. in liquid-argon calorimeters, the signal duration is determined by the charge 
collection time. Drifting of charge in such calorimeters is an intrinsically very slow 
process, although it is apparently possible even here to assign events unambiguously 
to the bunch crossing in which they are produced in an LHC experiment [53]. 

Calorimeters based on scintillation light are considerably faster. In such calori
meters, fluctuations in the transit time in the photomultipliers give a contribution 
of a few nanoseconds to the width of the signals. Ultimately, the signal duration 
is limited by the physics of the shower development process itself. The Spacal 
Collaboration have shown a clear example of this. 

In calorimeters aiming for compensation, a considerable fraction of the signal 
is on average due to neutrons [73]. In SPACAL, about 40% of the non-e.m. com-
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ponent of hadron showers is caused by these particles. The overwhelming majority 
of these neutrons are produced by nuclear evaporation, and their energy spectrum 
at production peaks at a few MeV. These extremely non-relativistic particles prop
agate at a speed of ~ 10 9 cm/s, and the mean free path between two interactions 
(at these low energies almost exclusively elastic scattering off protons in the plas
tic scintillator) is typically 10 cm. The time constant for the contribution of these 
neutrons to the hadronic calorimeter signal is therefore ~ 10 ns. 

The Spacal Collaboration recorded and analysed individual shower signals with 
a fast digitising storage oscilloscope. Examples of e.m. and hadronic shower signals 
are shown in figs. 91a and 91b, respectively. In contrast with the e.m. showers, 
the hadronic ones are not well described by a simple Gaussian shape, late tails 
are present. When the Gaussian component of the hadronic signal is subtracted, 
the resulting tail is well described by an exponential fit of the form exp(—t/T n) 
(fig. 91c). From the analysis of a number of hadronic signals of the type shown in 
fig. 91b, a mean value Tn = 9.9 ± 1.7 ns was found, in excellent agreement with 
the expectation mentioned above. 

The Spacal Collaboration have exploited this feature of the calorimeter signals 
for developing a new, very fast and very efficient method to identify electrons. 
By measuring the width of the calorimeter signals at 20% of the amplitude, e/w 
separation could be achieved with less than 1% contamination (fig. 65). 

The fact that hadronic signals take more time to develop than e.m. ones has 
consequences when the calorimeter is operated at short charge-collection times 
(gate widths), as needed for example in LHC experiments. The neutrons contribute 
to the shower halo and truncating their signal therefore causes the hadronic shower 
profile to shrink. Also, the e/h ratio will increase for short gates. Both effects were 
observed by Spacal (figs. 92 and 76). However, these effects only become noticeable 
at very short gates, less than 30 ns (3T n ) . 

It should be stressed that the effects of neutrons on the time structure of 
the SPACAL signals are fundamentally different from the ones observed by the 
ZEUS Collaboration in their 2 3 8 U/p la s t i c scintillator calorimeter [74]. In uranium 
calorimeters, 10-15% of the hadronic signal comes from 7's produced in thermal 
neutron capture. This is a process on a time scale of ~ 1 fj,s. In calorimeters using 
lead as absorber material, this process is negligible, first because of the small cross 
section for thermal neutron capture (a factor 20 smaller than in 2 3 8 U ) and second 
because the neutron production rate is about a factor 3 smaller in lead, due to the 
absence of nuclear fission. 
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Figure 91 : An example of a digitised, filtered 150 GeV electron signal (a) and pion signal 
(b) in SPA CAL, together with the results of Gaussian fits to the data points. After subtraction 
of the Gaussian component for the pion signal, an exponential tail remains (c). The bin size is 
1 ns and the t = 0 point is arbitrary. From ref. [72]. 

10.3 Shower leakage 

Calorimeters are instruments for measuring the properties of particles by means 
of total absorption. However, in practice 'total' means 99.9%, or 99%, or even less. 
When designing a calorimeter system for an experiment, and in particular for a An 
experiment, the choice of the calorimeter depth has important consequences, espe
cially for the cost of the experiment. Therefore, it is important that the decision 
concerning the degree of shower containment be based on accurate information. 

There are two aspects to this problem. First, incomplete shower containment 
leads to event-by-event fluctuations in the shower leakage, which will affect the 
energy resolution with which the particle energy can be measured. Second, incom-
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plete shower containment means that shower particles will escape the calorimeter 
and may cause signals in other detectors, e.g. the muon system, which may disturb 
the performance of these detectors, e.g. in terms of triggering. 
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Figure 92 : Lateral shower profiles of 80 G'eV pions in the SPACAL calorimeter, measured 
for gate widths of 358 ns and 30 ns. From ref [54]. 

10.3.1 Effects of shower leakage on the energy resolution 

In assessing the effects of shower leakage on the energy resolution, it is im
portant to realise that both longitudinal and iateraJ shower leakage will produce 
these effects. In practice, the lateral effects will often dominate. In determining 
the particle's energy, one always tends to limit the area surrounding the impact 
point of the particle over which the calorimeter signals are integrated to such an 
extent that lateral losses are easily an order of magnitude larger than the longitu
dinal ones. From this point of view, one might conclude that many calorimeters 
are probably deeper than necessary. 

To quantify this argument, we mention that longitudinal leakage from the back 
of the 9.5 A i n t deep SPACAL detector was on average less than 0.5%, even at the 
highest energies at which the calorimeter was tested (150 GeV, see fig. 93). Even 
when integrating over the full calorimeter, i.e. when summing the signals from 
all 155 readout cells (a cylinder with a diameter of 4.7 A i n t), the lateral leakage is 
four times as large at this energy (fig. 94). At lower energies, the ratio between 
lateral and longitudinal shower leakage rapidly increases, and reaches a factor 30 
at 10 GeV [75,46]. 
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Figure 93 : The fraction of energy leaking on average out of the back of the 9.5 Aj n t deep 
SPACAL detector, as a function of the energy of the incoming pions. From ref. [75]. 
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Figure 94 : The estimated lateral shower leakage outside of the SPACAL calorimeter for 
pion showers as a function of beam energy. From ref. [46]. 
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The effects of (lateral) shower leakage on the hadronic energy resolution were 
measured in great detail by the Spacal Collaboration [32]. Figure 95 shows the 
energy resolution for 10 and 80 GeV pions, normalised to the ones measured when 
integrating the signals over the full calorimeter, as a function of the radius of the 
area over which the signals are integrated (fig. 95a) and as a function of the average 
lateral leakage fraction (fig. 95b). Shower leakage has a relatively larger impact on 
the calorimeter resolution at higher energy. It turns out that the effect of lateral 
shower leakage on the hadronic energy resolution is roughly described by a 1/yfÊ 
term, to be added in quadrature to the scaling term: 

a/E + C2 , (24) 

where c\ and c<i are the constants describing the calorimeter resolution in the 
absence of leakage, and x is the average leakage fraction. 
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Figure 95 : The hadronic energy resolution as a function of the effective radius of the area 

over which the calorimeter signals are integrated. The energy resolutions are normalised to the 

value for the complete SPA CAL detector. Results for 9.7 and 80 GeV TT" entering the calorimeter 

at an angle of 3° with the fibre axis (a). The same data as a function of the lateral shower leakage 

fraction (b). From ref. [32]. 

Although the longitudinal shower leakage is on average much smaller than the 
lateral one, the event-by-event fluctuations are much larger. This may be concluded 
from the effect of longitudinal shower containment cuts on the hadronic energy 
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resolution. Figure 96 shows that at 150 GeV, where the average leakage fraction 
is only 0.4%, event-by-event fluctuations in the leakage have a 10-20% effect on 
the energy resolution. In order to achieve a similar effect with lateral leakage, the 
average leakage fraction should be of the order of 5% (fig. 95). Because of the event-
by-event fluctuations, longitudinal and lateral shower leakage thus have a very 
different effect on the hadronic energy resolution. These data make it possible to 
quantify the earlier statement that calorimeters are possibly overdesigned in depth. 
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Figure 96 : The effects of a containment cut (less than 25 MeV measured in the leakage 
calorimeter) on the energy resolution of the SPACAL calorimeter. Shown are the ratios of the 
energy resolutions for the contained events and for the unbiased event samples, as a function of 
the pion energy. From ref. [75]. 

10.3.2 Escaping shower particles 

Even if the calorimeter depth were adequate to make the effects of longitudinal 
shower fluctuations on the energy resolution negligible, it might still be too thin in 
view of the rate at which shower particles escape from the rear and cause triggers 
in the muon system. In such a situation, one might choose to leave the last few 
interaction lengths of the calorimeter passive, i.e. not instrumented. 

The particles escaping a calorimeter after ~ 10 Aj n t can be subdivided in 
three classes: neutrons, soft charged hadrons, and muons. The latter class of 
particles should be a source of worry. One of the tasks of calorimeters in an 
experiment is to absorb all particles except muons (and neutrinos). This feature is 
the basis of identifying particles that do penetrate as muons. It is therefore very 
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disturbing if the calorimeter itself acts as a source of muons. This phenomenon, 
which is mainly caused by secondary and higher-order pions and kaons that decay 
before they (strongly) interact, was clearly identified and quantified by the Spacal 
Collaboration. The initial evidence gathered for this process from the SPACAL 
data is given in fig. 97a, which shows the energy spectrum measured in a leakage 
calorimeter backing up the main SPACAL calorimeter. The bump observed at an 
energy of ~ 0.4 GeV occurs at the same place where muons traversing the leakage 
calorimeter give their signal (fig. 97b). Events in which muons are produced were 
recognised on an individual basis from the hit patterns produced in the main and 
leakage calorimeters. 
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Figure 97 : The energy spectrum measured in the leakage calorimeter for 80 GeV n~ 
entering the SPACAL calorimeter at an angle of 2° with the fibre axis (a), compared with the 
spectrum of the energy deposited by low-energy muons in the leakage calorimeter. From ref. [15]. 

Both calorimeters had the same structure, but the leakage calorimeter was 
oriented with the fibres running perpendicular to the direction of the beam line. 
In this way, the hit pattern in the leakage calorimeter made it possible to distinguish 
muons (fig. 98a) from charged hadrons (fig. 98b) and neutrons (fig. 98c). Some of 
the muons found in this way turned out to be muons contaminating the pion beam 
line and depositing an anomalously large amount of energy in the main calorimeter, 
but such events could be easily recognised on the basis of the energy deposit profile 
in the main calorimeter (fig. 99). 
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Figure 98 : Characteristic energy deposit profiles for muons (a), charged hadrons (b) and 
neutrons (c) detected in the leakage calorimeter backing up SPACAL. From ref. [75]. 
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Figure 99 : Energy deposit profiles in the SPACAL calorimeter and in the leakage calo
rimeter. Typical examples of a pion shower in which a muon is produced (a) and of a muon 
contaminating the beam (b) are shown. From ref. [75]. 

As may be expected, the probability that an escaping muon is produced in the 
hadronic shower is proportional to the shower energy and reaches a level of about 
2% at 150 GeV (fig. 100). The Spacal Collaboration also measured the energy 
distribution of these escaping muons. Figure 101 shows the signal distributions in 
the main calorimeter for contained pion showers [curve (a)] and for pion showers 
in which a muon is generated [curve (b)]. The latter signal distribution shows a 
clear low-energy exponential tail, from which the average muon momentum was 
inferred to lie in the range 2.0-3.7 GeV/c, depending on the relative importance 
of 7T and K decay as sources of these muons. 
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Figure 100 : The probability that an escaping muon is created in hadronic shower develop

ment in the SPACAL detector, as a function of the energy of the incoming pion. From ref. [75]. 
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In a follow-up study, the RDI Collaboration used a dedicated leakage calorime
ter consisting of 10 cm thick iron slabs interleaved with thin-gap wire chambers [76] 
to detect escaping shower particles. They confirmed the muon production rates 
and also identified events in which two muons were produced in the hadronic show
ers [26]. 

Such events occurred at a rate of 6% of the single-^ production rate and were 
presumed to be due to p° decay (see fig. 102). If this is true, these muons may 
be expected to be considerably more energetic than the ones from -K and K decay, 
which is most likely to occur for the softest particles. Spacal also measured the rate 
at which neutrons and soft charged hadrons produced in hadronic showers escaped 
the calorimeter. The results are shown in fig. 103. These particles outnumber the 
escaping muons by an order of magnitude, for the full energy range at which the 
calorimeter was studied. However, they are potentially much less of a disturbing 
factor. 

4 6 
Signal (GeV) 

10 

Figure 102 : Signal distribution in the leakage calorimeter for events in which muons 
are produced in 80 GeV pion showers developing in the RDI fibre calorimeter. The dotted line 
represents the Landau response for one muon the dashed one the response to a second muon and 
the solid one the response for two produced muons. From ref. [26]. 
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Figure 103 : The rates of soft neutrons and hadrons escaping the 9.5 Ajnt deep SPACAL 
calorimeter, as a function of the energy of the incoming pion. The rates are normalised to the 
rate for muon production (see fig. 100). No acceptance corrections were made. From ref. [75]. 

10.4 Sampl ing fraction and sampling frequency 

If one wants to improve the e.m. energy resolution of a calorimeter, one has to 
understand the factors that limit this resolution. These factors are: 

• The effects of sampling fluctuations, i.e. the fact that the fraction of the 
shower energy deposited in the active calorimeter layers varies from event to 
event, and 

• Photon (or rather photoelectron) statistics, i.e. the effect of variations in the 
signal for a fixed energy deposit in the active material. 

In a well-designed sampling calorimeter, the latter effect is much smaller than 
the contribution of sampling fluctuations. There are two ways to reduce the sam
pling fluctuations [77]: 

• By increasing the sampling fraction 

• By increasing the sampling frequency 
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In the first case, the amount of active material in the volume in which the show
ers develop is increased. In the second case, the number of independent sampling 
layers is increased, for a fixed sampling fraction. 

Traditionally, at tempts to construct high-resolution e.m. calorimeters have fo
cused on the first method. Most of the calorimeters with a resolution better than 
10%/yE have a large sampling fraction. As examples, we mention crystal calori
meters (sampling fraction 100%) and the recently developed LAr/LKr calorimeters 
with a so-called accordion geometry (sampling fraction larger than 20%) [68,78]. 

One of the disadvantageous consequences of this approach is the relatively low 
detector density that results. The e.m. calorimeter proposed by the GEM Collabo
ration [78] occupies about 70 cm in depth (for 25 Xç>). To put this into perspective, 
we mention that fibre calorimeters that achieve the same energy resolution would 
need half that space, for the same number of radiation lengths. Apart from the 
cost (radial space in 4/T experiments is very expensive), a low effective calorimeter 
density also has physics implications. The lateral shower development is governed 
by the Molière radius, which depends on the effective radiation length. In a low-
density calorimeter, the showers require more space to develop in ail directions and, 
therefore, overlapping showers and the resulting difficulties for applying the isola
tion criteria needed to select certain physics processes will occur more frequently 
than for high-density calorimeters. 

Another consequence of a large sampling fraction is the large e/h value of the 
calorimeter. Compensation generally requires a small sampling fraction [73] and 
is, therefore, hard to combine with ultimate e.m. energy resolution. 

Fibre calorimeters explore the second road to high e.m. energy resolution, i.e. 
through a high sampling frequency. In order to understand the effects of sampling 
fraction and sampling frequency on the energy resolution (sampling fluctuations), 
it is important to realise that the energy of a showering photon or electron is 
primarily deposited in the absorbing medium through a very large number of very 
soft electrons [77]. These electrons, with energies far below the critical energy, 
have a range that is typically much smaller than the distance between subsequent 
sampling layers. Especially when the Z of the absorber material is much higher 
than the Z of the active layers, the overwhelming majority of these electrons are 
produced in the absorber, because of the favourable cross sections for Compton 
scattering and photoelectric effect [11]. 

Most of these electrons will thus, in general, not contribute to the calorimeter 
signal at all and sampling fluctuations may be interpreted as the statistical fluctu
ations in the number of different electrons that do contribute. This number can be 
increased by increasing the total surface of the boundary between the active and 
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passive material in the calorimeter volume. This can either be achieved by incor
porating more active layers of a given type, say with thickness d, in the calorimeter 
volume (increased sampling fraction / s a m p ) , or by reducing the thickness d for a 
given total amount of active material (increased sampling frequency). 

To a first approximation, the number of different electrons contributing to the 
calorimeter signal is expected to be proportional to the total surface of the bound
ary between the active and passive components and, therefore, the e.m. energy 
resolution is expected to scale as 

°/E = c^Jd/fsamp . (25) 

Evidence for the validity of this relationship is given in fig. 104. In the top part of 
this figure, the energy resolution is shown as a function of the sampling fraction 
for a large number of calorimeters using scintillating-plate readout, with different 
absorbers. The thickness of the scintillating plates is typically 3-5 mm in these 
detectors. One sees that the experimental energy resolution is indeed roughly 
inversely proportional to the square root of the sampling fraction. The scales 
in this figure are chosen in such a way that the relation (25) is represented by 
straight lines through the origin (vertical scale linear in resolution at 1 G e V - 1 , 
horizontal scale linear in y /7sâmp)- The bottom part of the figure shows results for 
calorimeters using scintillating plastic fibres as active material. The figure shows 
that for detectors using the same fibre thickness, the resolution is again inversely 
proportional to the square root of the sampling fraction and that the resolution 
for a given sampling fraction improves when thinner fibres are used. For example, 
when lead and plastic are used in the ratio 4:1 (chosen to achieve compensation), 
the resolution is (12.9 ± 0 .3)%/ \ /Ë for 1 mm fibres [32] and (9.2 ± 0.3)%/y/Ë for 
0.5 mm fibres [38]. The latter result corresponds to an improvement that is within 
experimental errors equal to the value of V2 expected on the basis of eq. (25). The 
same data is also shown in fig. 105. Here, the energy resolutions are plotted as 
a function of the variable \/d/fsamp. Figure 105a contains data only from fibre 
calorimeters, together with the results of a fit of the type (25). In fig. 105b, data 
from a variety of other types of sampling calorimeter are also included. We see 
that the experimental data are well described by this expression. The sampling 
fractions used in figs. 104 and 105 are the ones for minimum-ionising particles, 
which are usually somewhat different from the ones for showers (e/mip ^ 1). 
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Figure 104 : The e.m. energy resolution as a function of the sampling fraction, for various 
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It should be remarked that improvement of the e.m. energy resolution through 
an increased sampling frequency has its limits. Some of these limits are purely prac
tical. Working with increasingly thinner fibres becomes rapidly very cumbersome. 
Moreover, one gains relatively slowly in resolution. The 0.5 mm fibre calorimeter 
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mentioned before contained four times as many fibres per unit volume as the 1 mm 
one, yet the energy resolution improved only by a factor y/2. In other words, the 
resolution scales with the fourth root of the number of components that have to 
be handled. Also, compensation will be harder and harder to achieve when the 
sampling frequency is increased, because of the increasing electromagnetic response 
(e/mip value [50]). 

In section 3.2, we saw that the e.m. energy resolution of fibre calorimeters also 
contains an energy-independent term that depends sensitively on the angle between 
the incident particles and the scintillating fibres (and the angle with the fibre 
planes). This constant term originates from the fact that the sampling fraction, 
and therefore the calorimeter response, varies with the impact point of the particles 
(see fig. 27). By increasing the sampling frequency for a given sampling fraction, 
this effect is reduced. When 0.5 mm fibres are used instead of 1.0 mm ones, a given 
area contains four times as many fibres and the distance between the positions of 
two neighbouring fibres is reduced by a factor 2. Therefore, one may expect the 
amplitude of the oscillations observed in fig. 27, and thus the constant term in the 
e.m. energy resolution, to be reduced by a factor 2 as well. This is in agreement 
with experimental observations. The constant term in the e.m. energy resolution 
of the 0.5 mm fibre calorimeter built by RDI was measured to be 0.63% (at 2°), 
while SPACAL (1.0 mm fibres) found 1.23%, at 3° (see Table 1). 

10.5 Compensa t ion 

Compensation, the property that the calorimeter response (i.e. the average ca
lorimeter signal per GeV) to e.m. energy deposit equals the one for non-e.m. energy 
deposit, depends on a subtle interplay between many different factors [73]. The 
SPACAL calorimeter was designed to be compensating. It used the same sam
pling fraction as the lead/plastic-scintillator plate calorimeter for which Bernardi 
et al. [15] measured e/h = 1.05 ± 0.04. The fact that the SPACAL calorimeter 
is less compensating (e/h was found to be 1.15 ± 0.02) is most likely due to the 
fact that the electromagnetic response increases with the sampling frequency. The 
measured e/mip values (0.67 ± 0.03 for ref. [15] vs. 0.72 ± 0.03 for SPACAL [50]) 
support this conclusion. 

One of the consequences of non-compensation is a deviation from 1/yE scaling 
of the hadronic energy resolution. This deviation is generally treated as an energy-
independent term, which amounts to ~ 1.0% for the degree of non-compensation 
found for SPACAL. Clearly, the deviation from \/\fË scaling is closely related to 
the event-by-event fluctuations in the e.m. shower component of hadron showers. 
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In general, the hadronic calorimeter signal S can be written as 

S = [femSe + (1 - fem)Sh}E , (26) 

where Se and Sh are the e.m. and non-e.m. calorimeter responses, respectively, 
and /em is the (energy-dependent) e.m. energy fraction. Since e/h = Se/Sh, this 
translates into 

S/E = c[feme/h + (1 - /em)] = c[l + fem(e/h - 1)] . (27) 

When e/h ^ 1 and all sources of fluctuations except the ones in / e m &i"6 eliminated, 
the fluctuations in S/E are exclusively determined by those in / e m . Since the 
fluctuations in / e m were found to decrease logarithmically as the energy increases 
(see fig. 90), this means that the 'constant term' resulting from non-compensation 
is not truly energy-independent, but decreases (logarithmically) with increasing 
energy. 

10.6 Calorimetric m u o n measurements 

Muon detection is an important ingredient of modern experiments in particle 
physics. Accurate measurements of the muon momenta require a high-precision 
magnetic spectrometer. The muons always lose some fraction of their energy in 
the absorber (calorimeter) preceding the muon spectrometer. 

This fraction may fluctuate quite strongly from event to event, especially at 
high energies. In order to accurately measure the muon momentum at the produc
tion vertex, it is therefore imperative to measure this energy loss too. Measure
ments of muons at different energies, made by the Spacal Collaboration, yielded 
useful information in this respect [50]. Figure 106 shows signal distributions from 
10, 20, 80 and 225 GeV muon beams in the SPACAL calorimeter. The distributions 
clearly change with energy, owing to the increasing cross sections of higher-order 
QED processes, such as hard bremsstrahlung and e + e ~ pair production. Such 
processes lead to a considerable broadening of the rms width of the energy loss dis
tribution. It turns out that the rms spread of the fractional energy loss AE^/E^ 
levels off at ~ 6% in this 9.5 A,nt deep calorimeter (fig. 107). 

119 



20 

0 
200 

> 
IT) 60 
d 
-t-J 

l 20 
Ld 

300 

200 

100 

: , r, 

i 0z = 3-

\ \ 1 0 GeV /i, 
i 1 
i n 
i . . S i , , , i , , , i , , 

[j 
il 
1 L 

! L 20 GeV/A 
i 
1 !—-, 
1 L 
1 . 1 - 1 1 . . . 1 . . . 1 . . . 1 . . . 1 

1 
1 

L, 80 GeV /z 

I J 
! U 225 GeV/i 

12 16 20 24 
AE/i (GeV) 

Figure 106 : Signal distributions for muons of 10, 20, 80 and 225 GeV traversing the 
9.5 A i n t deep SPACAL detector at 9Z = 3°. From ref. [50]. 

Therefore, unless the calorimeter offers the possibility of measuring this energy 
loss event-by-event with adequate precision (~ 10-20% in the high-energy tail of 
the distribution), it will be this factor that limits the precision of muon momentum 
measurements, rather than the quality of a muon spectrometer placed downstream. 
The mentioned effect may be expected to be smaller if the calorimeter is made from 
a lower-Z absorber material. 

Moreover, the ability to trace the muons through the absorber allows the linking 
of track information obtained from measurements made upstream and downstream 
from the calorimeter. In this way, muons generated in the calorimeter itself may 
be recognised and discarded (see section 10.3.2). 
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Figure 107 : The rms spread in the fractional energy loss A£^/' E^ by muons traversing 
the SPACAL calorimeter. From ref. [50]. 



11. CONCLUSIONS 

Since the moment when fibre calorimeters were first introduced, less than ten 
years ago, they have rapidly gained a reputation as one of the most attractive 
detectors available for modern particle physics experiments. This reputation is 
due to a combination of the following factors: 

• Fibre calorimeters are among the fastest particle detectors available today. 
Given the extremely high luminosities, and the correspondingly small time 
intervals between events, needed to extract envisaged new physics phenom
ena, this is an important feature. 

• The excellent resolution in energy and position measurements that can be 
achieved with a very compact instrument is a property characteristic of fi
bre calorimeters. As pointed out in section 10.4, this resolution is achieved 
through very frequent shower sampling and in this way, e.m. energy resolu
tions of the order of 6%/y/Ë can be achieved with sampling fractions as low 
as 10% (fig. 104). Depending on the absorber material that is used, the ef
fective density of such a detector will be in the range of 5-10 g/cm 3 , with an 
effective radiation length of 1 cm or less and a Molière radius of 2 cm or less. 
Given the high cost of radial space in Air experiments and the high particle 
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density, which makes pencil-like showers very desirable, these are invaluable 
detector properties. 

• The fibre structure of the active calorimeter material has solved the her-
meticity problem inherent to all scintillator-based calorimeters used in the 
past. Since the fibres both generate the light and transport it to the outside 
world, no separate wavelength-shifting devices, with the corresponding non-
hermeticity introduced by these, are needed. As an aside, we mention that 
separate wavelength-shifting fibres, used to convert and transport light from 
a classical sandwich type calorimeter in some modern designs, may solve the 
hermeticity problem too. 

• The high light yield makes it possible to achieve energy resolutions compati
ble with the ones obtained with homogeneous calorimeters. The KLOE Col
laboration (section 8.3) found that the contribution of photoelectron statis
tics to the energy resolution of their calorimeter was only 2%j\[Ë. The 1500 
photoelectrons per GeV found by RDI for their calorimeter [67], which had a 
sampling fraction of less than 5% for e.m. showers, limit the contribution of 
photon statistics to the resolution to only 2.6%/y/Ë. Combined with the ex
traordinarily low noise levels achieved with PM readout, this high light yield 
makes the dynamic range of fibre calorimeters very large (at least 6 orders 
of magnitude). As a result, small energy deposits, for example in the tails of 
hadronic showers or from traversing muons, can be accurately measured. 

• Last but not least, fibre calorimeters are cheap devices. Depending on the 
complexity of the readout, high-resolution e.m. fibre calorimeters are up to 
an order of magnitude cheaper than crystal calorimeters (BGO, BaF2, CeF3, 
PbWO-4, HfF 4 , etc.). 

Some of the advantages listed above are especially important for the detec
tion of electromagnetic showers. For example, the energy resolution of hadron 
calorimeters is also determined by factors other than sampling fluctuations and, 
therefore, does not benefit from choosing fibres to the same extent as e.m. calori
meters. Also, hermeticity requirements are usually less stringent in the hadronic 
section of the calorimeter system. Obviously, as illustrated by SPACAL, one can 
also make excellent hadron calorimeters with scintillating fibres as active elements, 
but the advantages over other techniques are somewhat less striking than in the 
case of e.m. shower detectors. 

On the negative side, we should mention the issue of radiation hardness. This 
is of course not a problem specific to scintillating fibres, it affects many materials 
used for particle detection. Plastic scintillators are affected by ionising radiation 
in two different ways. The production of scintillation light may be reduced and 
the transportation of this light to the light detector (PM) may be affected by 

122 



increased light attenuation. In assessing these problems, one has to be quantitative. 
Radiation damage is a quantifiable problem that can be monitored and sustained 
at a certain level, depending on the physics goals of the experiment. An example 
of such a quantitative analysis can be found in ref. [79]. In this paper, the authors 
state that the best fibres that were available to them at the time of their study 
(1991) were acceptable for high-performance calorimetric applications up to dose 
levels of 7 Mrad. This level corresponds to four years of running at the LHC, 
operating at a luminosity C = 10 3 4 c m - 2 s^ 1 , at pseudorapidity 77 = 2.7 (polar 
angle 8°). 

From the point of view of radiation damage, fibre calorimeters are therefore safe 
for a very large fraction of the phase space that has to be covered in a 4-rv experiment 
at LHC. Because of the improved understanding of the details of the radiation 
damage mechanisms and the emphasis that is placed on radiation hardness in 
scintillating fibre research, one may reasonably expect these limits to increase in 
the future. 

It is important to realise that the excellent intrinsic energy resolution of a fibre 
calorimeter is in practice only meaningful if great care is taken to assure that the 
relationship between the signals and energy, and the evolution of this relationship 
in time, are known at the required level of precision, ~ 1%. As we have indicated in 
section 9, fibre calorimeters offer some advantages compared to sandwich structures 
in this respect, but a lot of work remains to be done to exploit these advantages. 
We have the feeling that these calibration/monitoring issues should be given the 
highest priority in any further R&D work. 

Based on the results of the extensive and detailed R&D that we have tried to 
summarise in this paper, we believe that scintillating-fibre calorimeters are a very 
powerful addition to the arsenal of ingenious tools that physicists investigating the 
innermost secrets of nature have at their disposal. We hope that the information 
provided in this review will turn out to be helpful, both for those who want to 
contribute to the further development of this elegant experimental technique and 
for those who want to better understand a detector with which they are studying 
physics. 
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