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Abstract

In the framework of the LAA project, prototypes for a new type of calorime-
ter, intended for the detection of both electromagnetic and hadronic showers,
muons and missing energy (e.g. neutrinos) at high-luminosity multi-TeV pp col-
liders, were tested. The detector consists of scintillating plastic fibres embedded
in a lead matrix at a volume ratio 1:4, such as to achieve compensation. The
optimization of the construction of the detector modules is described, as well as
the performance concerning e.m. shower and muon detection and e/n separation.
We used electron, pion and muon beams in the energy range 10-150 GeV for this

purpose.

For the energy resolution of electrons we found 13%/+/E, with a constant
term of 1%. The signal uniformity was better than 3% over the total surface of
projective modules. The signal linearity for e.m. shower detection was better
than 1%, and the e/m separation was better than 5.10~* for isolated particles.
Channeling effects are negligible, provided that the angle between the incoming

particles and the fibre axis is larger than 2°.

(Submitted to Nuclear Instruments and Methods in Physics Research)



1. INTRODUCTION

In the framework of the LAA project, a detector R&D project set up to
develop detector technology that may allow meaningful experiments at future
high-luminosity multi-TeV pp colliders, we are developing a new type of calorime-
ter intended for detection of both electromagnetic (e.m.) and hadronic particle
showers, muons and missing energy (e.g. neutrinos).

The detector, based on large numbers of scintillating plastic fibres embed-
ded in a lead matrix, is called the Spaghetti Calorimeter (SPACAL). The chosen
technique is expected to provide important advantages compared to the currently
used calorimeter techniques, advantages that may turn out to be of crucial im-
portance in the Supercollider era. These are mentioned in sect. 2. The rest of
this paper is devoted to prototype studies that were performed in the past year

and a half.

The detectors were tested with electron, pion and muon beams in the energy
range 10-150 GeV. The main emphasis was on the electromagnetic performance
{energy resolution, signal linearity, uniformity). Moreover, some results on the
e/w separation capability and muon detection were obtained. The tests did not
yet include the detailed performance concerning hadronic shower detection. The
detectors constructed up to now were not large enough to contain such showers
at a level sufficient for obtaining meaningful results.

In sect. 3, the construction of the detector modules is described. Results of
test beam measurements are presented in sect. 4 and discussed in the concluding
sect. 5.

2. LEAD-SCINTILLATING FIBRE CALORIMETRY

For a long time, it was thought that the best possible hadron calorimetry
requires the use of depleted uranium (?**U) as absorber material. Several exper-
iments (HELIOS™ D0® , ZEUS™ , L3" and UA1"™ ) have built or are building
large uranium calorimeters. Two arguments are frequently used to justify this
choice. Firstly, because of its high density, uranium allows the construction of
very compact detectors. And secondly, the calorimeters may be made compensat-
ing in this way, which is crucial for the hadronic performance. However, neither
of these arguments make uranium a unique option. Calorimeters using other
absorber materials, and in particular lead, may yield equally good or better per-
formance concerning the two mentioned points. Moreover, lead absorber offers
some crucial advantages compared to uranium.

It is now well known that compensation (e/h = 1, i.e. the calorimeter gives on



average equal response to the e.m. and non-e.m. components of hadron showers)
is not a unique property of 233U absorber, nor does the use of this material guar-
antee compensa.tion[sl . In fact, a variety of absorber/readout combinations can
be made compensating, provided that the response to the neutron shower com-
ponent is adequately amplified with respect to the charged shower components.
This may be achieved with hydrogenous active material.

It was predicted theoreticallym , and confirmed experimentally[al , that a
lead/plastic-scintillator sampling calorimeter can be made compensating if the
passive and active calorimeter components are used in a volume ratio 4:1. This
condition implies that the effective nuclear interaction length of such a calorime-
ter is about 20 cm, i.e. equally long as for compensating uranium/scintillator
detectors, which need a much larger fraction of low-density plastic scintillator
(optimal ratio 1:1){9] . In other words, compensating lead/scintillators and com-
pensating uranium/scintillator calorimeters are equally compact.

Another remarkable experimental finding concerns the fact that the hadronic
energy resolutions achievable with compensating lead/scintillator calorimeters
are better than for compensating uranium/scintillator calorimeters. Measure-
ments by the ZEUS Collaboration indicate an intrinsic limit to the hadronic
energy resolution of 11%/ VE for lead, vs. 19%/+E for uranium"” .

Apart from the obvious advantages of using lead as absorber material (it is
easy to machine, cheap, abundantly available and non-radioactive), we mention
two points which are particularly relevant for applications at high-luminosity
machines. The first one concerns the time structure of the calorimeter signals. In
compensated plastic-scintillator calorimeters, a considerable fraction of the signal
comes from neutrons produced in the shower development. These neutrons, most
of which are generated with kinetic energies of the order of 1 MeV, may contribute

to the calorimeter signal in two ways'

a) Through processes in which they lose their kinetic energy, the most impor-
tant one being elastic scattering off hydrogen nuclei in the plastic.

b) Through capture by an atomic nucleus, in which nuclear binding energy is
released as few-MeV +'s.

The first process occurs on a time scale of 10 ns, whereas the second takes
typically 1 ps, since its cross section becomes only considerable at thermal ener-
gies” . The contribution of the latter process to the signal of lead calorimeters
is practically absent, in contrast to uranium. The cross section is only 0.1b
(compared to 2.7b for 2387) which corresponds to a mean free path of several
meters. Therefore, the signals of compensating lead/scintillator calorimeters are
much faster than for uranium: they don’t exhibit microsecond tails b2



The second point concerns radiation damage. Several studies have shown that
neutron-induced damage of electronics is among the most serious problems for
doing experiments at the SSC"” . Hadronic shower development in the calorime-
ter is the source of these neutrons. Because of the absence of nuclear fission,
the neutron production in lead calorimeters is about a factor of 3 lower than in

depleted uranium" .

Summarizing this discussion, we conclude that compensating lead calorime-
ters, compared to uranium, are as compact, can deliver a better energy resolution,
give faster signals and cause less radiation damage.

Having given the arguments why we have chosen lead as absorber material,
we now come to the reasons for using scintillating fibres. This choice has nothing
to do with the excellent position resolution that can be achieved with these fibres,
which has made them popular in tracking devices. The submillimetric precision
that can be obtained with fibres is largely irrelevant for shower detection because
of the lateral shower dimensions, which amount to at least several centimetres.
On the other hand, the arbitrarily fine calorimeter segmentation achievable with
fibres is a valuable feature, which eliminates some of the problems encountered
in the classical structures with wavelength shifter (WLS) readout.

The original reason for considering fibres was the very frequent shower sam-
pling that they permit to achieve, thus minimizing the contribution of sam-
pling fluctuations to the energy resolution. For compensating lead/scintillator
calorimeters, reducing these fluctuations is very relevant, since the contribution
of other factors (i.e. a constant term and intrinsic fluctuations}) is very small, so
that the sampling frequency tends to dominate the energy resolution. Based on
measurements of the contribution of intrinsic and sampling fluctuations to the
energy resolution of a more crudely sampling lead/scintillator calorimeter " one
may expect resolutions of 13%/vE and 25 — 30%/+/E for detection of electrons
and jets, respectively, in a compensating lead calorimeter using 1 mm fibres
as active material (fig. 1). In sect. 4 we will show that this expectation is
experimentally confirmed for electromagnetic showers.

The fibre technique offers, in addition to what was stated above, some ad-
ditional major advantages, that are crucial for applications at high-luminosity
colliders. We mention three:

i) Thanks to the absence of external wavelength shifters, the fibre signals
may be extremely fast: rise times of less than 1 ns and fall times below 2 ns
have been measured"” . The total duration of realistic shower signals from
hadron calorimeters may be as short as 20 ns, comparable to the bunch
spacing of the proposed multi-TeV pp colliders. In a recent paper[u] we
showed that, thanks to these extremely fast time characteristics, electrons



and pions can be distinguished because of subtle differences occurring in
the time structure of the signals from e.m. and hadronic showers. We will
come back to this point in sect. 4.

12) The use of fibres makes it possible to construct an essentially perfectly
hermetic calorimeter. In order to achieve this goal, it is necessary that
the fibres are oriented longitudinally, i.e. they are running (approximately,
in order to avoid channeling, see sect. 4) in the direction of the particles
to be detected. This technique has the additional advantage that all the
readout elements (light detectors) are located at the downstream end of the
detector and, therefore, are easily accessible.

112) The use of fibres has advantages concerning the calibration and gain moni-
toring, probably one of the most difficult problems to be solved in commis-
sioning and operating a very large detector system based on light as the

U1t is of crucial importance that the whole optical
chain can be tested regularly: the production of scintillation light, the light
transmission, the optical coupling between the components, the stability of
the readout device and the ADC. The fibre detector offers the possibility
to insert radioactive wires in the same way as the fibres. All the active
elements (the fibres) are accessible by 4’s from a radicactive source in this
way.

source of information

3. THE CONSTRUCTION OF THE DETECTOR MODULES.

3.1 The mechanics of the SPACAL modules

For the tests described in this paper, we have constructed in total 16 mod-
ules. All modules used fibres with 1 mm diameter and lead absorber and had a
hexagonal shape. The lead-to-fibre volume ratio was 4:1 (see sect. 2). This made
the detector extremely compact, with an effective radiation length of 7.5 mm,
and a nuclear interaction length of 21 cm.

The fibres are arranged in such a way that each one of them is at equal dis-
tance from its (6) neighbours (fig. 2a). The lateral size of the hexagonal modules,
i.e. the granularity of the detector, was determined by many considerations, such
as the typical lateral dimensions of e.m. and hadronic showers, and the segmen-
tation requirements for a calorimeter at a supercollider. Also, the useful surface
of standard photomultiplier (PM) photocathodes, the weight of the modules and
the possibility of calibrating them with a radioactive %°Co source replacing one



of the fibres were important criteria. It should be stressed that the lateral gran-
ularity can be freely chosen for this type of detector, since one can connect any
number of fibres to one readout element.

We finally chose a design that contains 1141 fibres and has a lateral cross
section of 48.7 cm? (86 mm apex-to-apex). For specific e.m. shower studies some
of the modules were made smaller, containing 397 fibres {51 mm apex-to-apex).
The longitudinal dimensions depended on the intended purpose (e.m. or hadronic
shower detection). Electromagnetic modules were made with a length between
24 and 28Xy; hadronic modules were either 7.5 or 9.5\in: deep.

For the construction of the modules, three different techniques were used.
In one technique, the modules were built using a method in which liquid lead,
or rather an alloy that contained a small fraction of antimony for improving the
mechanical properties, was cast around very thin stainless steel tubes (50um wall
thickness). The tubes were held together by spacers, in a matrix corresponding
to the desired fibre positions. After casting, the module ends were machined,
and the fibres were inserted in the tubes.

In the other two techniques, the modules were constructed from grooved
layers of lead plates, produced either by extrusion or by machining.

The extruded plates were tinned and soldered together, producing a lead
structure with many parallel channels into which the fibres were inserted later, as
in the previously mentioned technique. Both methods have the major advantage
that the use of glue can be completely avoided, which makes it easy and fast to
replace the fibres if one wants to do so. Moreover, systematic or aging effects
that may be due to the glue are absent.

In another technique, only used for producing small e.m. modules, the ma-

chined lead plates were epoxied together, with the fibres already in place. This
is the method by which other groups built e.m. calorimeters of this type"” .

The fibres were ~ 15 cm longer than the lead structures. The parts that were
sticking out at the back end of the modules were bundled together, machined,
polished and coupled to a PM via a plexiglass light guide, avoiding direct optical
contacts (fig. 3).

3.2 The optics

The quality of the optics determines to a large extent the quality of the
calorimetry achievable with this type of detector. The final design of our detector
was the result of several iterations of improvements. The crucial issues are:

i) The attenuation length of the fibres.
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1) The fibre-to-fibre response fluctuations.
112) The coupling to the PM.
iv} The uniformity of the photocathode response.

3.2.1 The fibres

In a previous paper" " , the requirements on the performance of the fibres for
this type of detector were already discussed. These requirements concern:

i) The mechanical tolerances on the fibre diameter, because of the way the
modules are constructed: ¢ = 1.0 mm 4 2%.

i1) The attenuation length. In order to limit the contribution of fluctuations
in the starting point of the (hadronic) shower on the energy resolution to
1%, Astt should be larger than 6 m for single hadrons, and at least 3 m for
jet detection.

iti) The fibre-to-fibre fluctuations in the response at 2 m from the PM, which
should be smaller than 6% in order to limit the contribution of systematic
effects to the e.m. energy resolution to 1%.

iv) Mechanical properties like robustness, polishability, etc.

These requirements were met by the fibres named SCSN-38, produced by
Kyowa Gas Inc. (Japan), which were selected for our detector. They consist of
a polystyrene core surrounded by a 29um thick acrylic cladding, and emit in the
blue region, with a maximum around 420 nm. The required attenuation length
could be achieved with a filter, absorbing the light with A < 450 nm (which
is most strongly attenuated), and by equipping the open front end of the fibre
with a high quality mirror. For individual fibres, the required attenuation length
could be largely exceeded in this way. For entire modules, this was more difhicult
to achieve.

This is illustrated in fig. 4, which shows the effect of filter and mirror on
the light attenuation curve for a 2 m long module. The module was exposed
to a collimated #?Co ring source surrounding it. The beneficial effects of filter
and mirror are obvious. By sacrificing (with the filter) about half of the light,
a considerable improvement in the longitudinal uniformity of the response is
obtained. The average effective attenuation length of the 1141 fibres in the
module amounted to 5.1 m. The actual light attenuation curves are not exactly
exponential because of, among other reasons, the use of a mirror. The effective
attenuation length is defined as the result obtained from an exponential fit to the
points in the first metre of the detector, a region where the showers produce in
practice more than 95% of their light, on average.



As can be seen from fig. 4, the effective reflection coeflicient achieved with
the mirror, an aluminized glass plate covering the whole detector surface, was
only ~ 40%. This is not due to a poor quality of the mirror surface, but rather
to the fact that it was difficult to bring simultaneously a large number of fibres
in sufficiently close contact with it. Because of the small fibre diameter and
the large index of refraction (1.59), air gaps as small as 0.1 mm are already
intolerable. The 40% reflection is therefore rather a measurement of the flatness
of the calorimeter front face than of anything else.

This is a very undesirable situation. Firstly, an increase of the effective reflec-
tion coefficient would further improve the attenuation length. More importantly,
the fibre-to-fibre fluctuations in the reflection coefficient and thus in their re-
sponse, are very large. This is very bad, mainly for the e.m. performance (signal
uniformity, energy resolution).

Much better results were obtained by giving each fibre its own individual
mirror, by aluminium-plating their exit surface using a sputtering technique. This
method gave excellent results for the reflectivity, for the fibre-to-fibre fluctuations
in the response and for the quality of the aluminized surface (e.g. robustness).

Figure 5 shows the distribution of the reflection coeflicients measured on a
large sample of fibres treated in this way. The reflection coefficient was found to
be 85% -t 4%. The measured effective attenuation lengths increased correspond-
ingly.

The fibres are delivered in batches which correspond to the preform (and even
the part of the preform) from which they were drawn. The optical characteristics
(light yield, Ags) of fibre samples (5 — 10%) are measured, and modules are filled
with fibres from batches that show similar characteristics, in order to further
reduce the fibre-to-fibre fluctuations within each module.

3.2.2 The light collection

The quantum efliciency of common PM photocathodes may typically vary
by a factor of 2 over the sensitive area. In order to distribute the light over the
photocathode area, the fibres were coupled to the PM through a plexiglass light
guide. By avoiding direct optical contacts, large emittance angles from the fibre
are suppressed.

In initial tests, we used circular cylindrical light guides with an aspect ratio
3:1 for this purpose. It turned out, however, that these light guides themselves
introduced an important lateral non-uniformity, in the form of a signal reduction
for the fibres located near the edge of the light guide. The light from fibres



located close to the edge undergoes on the average several reflections at the
interface plexiglass-air (helical light path), with some loss of light. The light
from the fibres facing the central part of the light guide suffers less from this
phenomenon. This results in a non-uniform response.

The mentioned effect is typical for a circular cylindrical light guide. Other
shapes (square, hexagonal) were found to improve the uniformity considerably.
In fig. 6 the results are shown of scans with a fibre across the surface of light
guide/PM combinations. The light guide was a cylinder with either a circular or
a hexagonal cross section, the PM was always the same one. The edge effects are
considerably more pronounced for the circular one.

Also the length of the light guides can be optimized (fig. 7). For short
lengths, the photocathode inhomogeneities strongly determine the response; for
lengths beyond the optimum value an inverted, smoothed image of the photo-
cathode inefficiencies was observed. Figure 7 shows that in the optimal case the
PM response is constant to within 1% over the full light guide surface covered

by the fibres.

The PM used for all these tests was particularly non-uniform: The photocath-
ode efficiency varied by more than a factor of 3 within the sensitive area. This
amplified possible non-uniformity effects, and allowed us to cure them. The ac-
tual PM’s used for our detector were selected on uniformity of the photocathode
efficiency. We used custom-selected 8-stage Philips PM’s (XP2282) with a gain
between 10% and 10° in the linear regime. This relatively low gain is adapted to
the large light yield of the detector (~ 1000 photo-electrons/GeV), a consequence
of the fact that no external wavelength shifters are needed.

In order to check the uniformity of the response over the calorimeter surface,
we measured the signal of a strongly collimated 3-source (*°Sr), which was moved
in small steps between the centres of two adjacent calorimeter modules. The
results are shown in fig. 8, and are considered very satisfactory.

4. TEST BEAM RESULTS.
4.1 Experimental setup

The experimental results described in this section were obtained with particle
beams from the Super Proton Synchtotron at CERN. We used negatively charged
electrons, pions and muons in the energy range 10 - 150 GeV for our tests.

The following detector configurations were studied:
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a) A stack of three e.mn. modules, 26.6Xy deep, each containing 1141 SCSN-
38 fibres of 1 mm diameter. Each two modules had one common face (fig.
9). These modules were made with the casting method (sect. 3).

b) A similar stack, with one of the three modules having a projective geometry.
This module was made pyramidal in one plane by machining two opposite
faces under 2° with the fibre axis (fig. 10). As a consequence, the fibres near
these machined faces start only after a certain depth inside the calorimeter.
Omne of the faces was machined such that the fibre density is maximized
near the shower maximum, in the other one the fibre density is minimized.
This module, made with the extrusion method, was studied in view of the
application in a 47 geometry, which requires a pyramidal module structure.

c) A stack consisting of 7 small e.m. modules, 24.6 X, deep, each containing
397 SCSN-38 fibres of 1 mm diameter. The stack had one central module,
surrounded by 6 identical ones (fig. 11). It was made with the epoxy
technique (sect. 3).

d) One long hadronic module, containing 1141 SCSN-38 fibres of 1 mm di-
ameter. During the tests, these fibres were replaced by slower, but more
radiation-hard 3-HF ones, an operation which took less than one day. The
module was made with the casting method (sect. 3). Its length amounted
to 2 m (9.5A;nt, the length of the full hadronic calorimeter under construc-
tion) in some of the tests described, and 1.6 m (7.5A;:) in other tests.

The various detector configurations were mounted on a table that could move
in the plane perpendicular to the beam (x-y directions} and rotate in the hori-
zontal plane, thus varying the angle 8, between the fibre axis and the beam.

The measurements were performed with or without a preshower counter in-
stalled a few centimeters upstream of the detector to be tested. The preshower
counter consisted of a lead absorber, 2.6 X thick, followed by a scintillation
counter.

The readout of the detector signals was triggered by a scintillator telescope.
Proportional wire chambers installed in the beam line made it possible to locate
the impact point of the beam particles with an accuracy of about a millimetre.

The beam intensity amounted to typically 100-1000 Hz, sufliciently low not
to worry about a rate-dependent PM gain.

The telescope counters and the beam chambers were also used to make sure
that the detector was hit by single particles. Apart from that, no other off-line
cuts were applied in the data analysis.
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4.2. Angular scans

A crucial feature of the spaghetti calorimeter, its hermeticity, is achieved
because of the fact that the fibres are oriented longitudinally, i.e. they are running
in the same direction as the particles that they should detect. This makes it
possible to mount all the readout at the back end of the detector, thus avoiding
the cracks that are inherent to sandwich structures. However, because of this
feature, the showers are sampled in a way that at first sight may scem extremely
non-optimal and maybe even dangerous, since large differences in signal might
occur depending on the impact point of the particle (lead or fibre).

We measured the calorimeter response as a function of the angle 8, between
the incoming particle and the fibre direction, in order to investigate its influence
on the energy resolution.

4.2.1 Electrons

In fig. 12 the signal distributions are given for 40 GeV electrons, measured
in one of the 26.6Xy deep e.m. modules at various angles §,. For angles of
29 and above, the signal distribution is perfectly gaussian, but when the angle
approaches 0° deviations from a symmetric shape rapidly increase. At 8, =1.5°,
a high-energy tail starts appearing, which becomes more pronounced at smaller
angles. At angles below 0.5%, we also see signals with a small pulseheight.

These anomalous signals are entirely due to particles impacting on the calori-
meter surface at a fibre position. This is illustrated in fig. 13. With the aid of
the beam chambers a circular region of 1 mm diameter was defined within the
beam spot for the measurements done at 8, < 0.159. This region was moved
across the calorimeter surface in steps of 1 mm. The figure shows the signal
distributions measured for a sequence of 3 such steps. In the left and right hand
diagrams, the beam particles enter the calorimeter surface in the lead. The signal
distributions are narrow and symmetric. In the middle diagram, the electrons
enter the module at a fibre position. Having isolated the process that generates
them, all the anomalies observed for 0° in fig. 12 now appear amplified.

The anomalous signals can be explained as follows. The radiation length of
polystyrene is ~ 40 cm and, therefore, electrons that enter the calorimeter at a
fibre position under 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 will leak out at the
rear end. For example, at 8, = 1°, electrons may travel up to 5.7 cm (or 8Xo)

12



in the plastic before entering the lead, which makes the effective length of the
module considerably shorter.

Contrary to what one might expect, shower leakage will produce 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% (EGS4
simulations). However, particles leaking out at the back traverse a region with
only fibres, which are bunched towards the light detection system, and are there-
fore sampled at essentially 100%. In other words, shower leakage is considerably
amplified and leads to anomalously large signals.

At extremely small angles, this channeling effect may also cause anomalously
small signals, namely if the electron traverses the whole length of the calorimeter
(26.6X0) without starting a shower. This effect is indeed only observed for angles
of at maximum a few milliradians.

Although longitudinal shower leakage is an important effect contributing to
the small-angle phenomena shown in fig. 12, it is not the only source of signal
anomalies that occur when 8, is close to zero. This is illustrated in fig. 14, which
compares electron shower signal distributions at small 8, values for a 26.6Xy
and a 266Xy deep module. Longitudinal shower leakage should be completely
negligible for the latter detector.

Indeed, the signals with small pulse height observed for very small angles
in the short module are completely absent in the long one, confirming shower
leakage as the unique origin of their occurrence. However, at the high-energy
side deviations from a syminetric line shape are also observed in the long module,
although the gaussian response is maintained down to smaller 8, values than for
the short module.

This asymmetric response was also confirmed by EGS4 calculations for in-
finitely deep modules. Such calculations also explain the at first sight amazing
fact that these calorimeters work so well at angles . only slightly different from
zero. Fig. 15 shows the angular distribution of the particles (e* and 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 cosfl, which means that they have completely "forgotten” the direction of the
incoming particle. They are numerously created by Compton- or photoelectric
processes in the last generations of the shower development and (the fluctuation
in) their contribution to the signal of a sampling calorimeter is independent of
the orientation of the active calorimeter material with respect to the direction of
the incoming particles.

A small fraction of the particles through which the shower energy is deposited
show up near cos = 1, i.e. their direction is the one of the particle that initiated

13



(apex-to-apex).

In order to determine to what extent channeling effects at small angles play
a role for u-detection, we determined the signal distributions for various angles
8, and for muons impacting in different regions of the detector. The relation
between the calculated path length in the module and the measured signal (the
most probable value obtained from the Landau fit) is given in fig. 17. There
is a strong correlation between both quantities, which has to be expected if the
differences observed in the signal distributions have a purely geometric origin.
The fact that the width of the Landau distribution at 0° is significantly larger
than at 1° (at which angle the muons are also almost fully contained in the
module) might be an indication that some channeling does occur at very small
angles (see fig. 16). More detailed studies are needed for this.

Figure 16 also shows that the signal/noise ratio of this detector is such that
an accurate measurement of the energy loss by muons is possible. For this, one
needs however first to determine the e/mip signal ratio, which requires a careful
analysis of muon signal distributions at different energies™ . This will be the
subject of a future study.

4.3. Energy resolution for e.m. showers

Signal distributions for 40 GeV electrons incident on a 26.6X¢ deep module
were already given in fig. 12, as a function of ,. For 8, > 2°, excellent fits to
a gaussian distribution were obtained. As a standard procedure, we fitted the
signal distributions over the range < mean value + 2¢ >.

The energy resolution ¢/FE obtained in this way for 40 GeV electrons is given
in fig. 18, as a function of §,. The resolution varies only a little with 8, down to
~ 4% For smaller angles, the energy resolution deteriorates quite rapidly.

Measurements of electron signal distributions were also done at 10, 20, 80
and 150 GeV. In fig. 19 the energy resolution ¢/ is given as a function of the
electron energy, at three different 8, values (3%, 5% and 8°). The energy is given
on a scale linear in E~1/2, If the energy resolution were only dependent on purely
statistical factors, i.e. if systematic effects would not contribute, the measured
points should follow a straight line which extrapolates to a resolution of 0% at
infinite energy in this graph. Several examples of such lines, corresponding to
energy resolutions of 10%/+v/E, 15%/+E, etc. are included in the figure. It turns
out that systematic effects are not completely absent. They manifest themselves
as a constant term contributing to the energy resolution. The value of this term

15



can be estimated by extrapolating the fitted curves through the experimental
points to infinite energy.

The experimentally measured energy resolutions were fitted to curves of the
type 0/E = a +b/VE. Such fits gave excellent x? values. The results are shown
in fig. 20, where the values of a (the constant term) and b (the statistical term)
are given as a function of §,. It turns out that the term scaling with E~1/2 is
only very slightly dependent on 8, with values for b of 13 - 14%.

On the other hand, the contribution of systematic effects to the energy res-
olution (the value of a) was found to be rather sensitively dependent on 8,. For
8, > 5°, the contribution of such effects was found to be 1% or less, but for
smaller angles a rises, reaching ~ 1.5% at 2°.

At energies above ~ 100 GeV, the energy resolution for e.m. showers is,
therefore, dominated by systematic effects. We have identified at least one source
of such effects: the casting method (sect. 3.1). Lead has a considerable thermal
expansion coefficient, so the forces that are active during the solidification and
cooldown over a temperature trajectory of more than 400°C may lead to non-
negligible displacements of the stainless steel housing of the fibres.

This is illustrated in fig. 21a, where a lateral cross section of a module made
in this way is shown. It is clear that the effects mentioned above have caused
the tubes (and thus the fibres) to be distributed according to a very irregular
pattern. As a consequence, the number of fibres in a given volume will depend on
the position of this volume inside the detector. Therefore, the sampling fraction
and thus the signal of e.m. showers detected in this module will depend on the
volume in which the shower develops.

We also did measurements on a module made with the extrusion method. A
cross section of such a module is shown in fig. 21b. Here, the fibre pattern is
very regular. The value of a obtained from a fit to the 3° data obtained with this
detector was significantly lower than with the cast module (fig. 20).

Also among the various cast modules we found differences in the values of
a. In the case of the module for which the experimental results are shown in
figs. 18-20, the stainless steel tubes were kept together by 3 spacers, one in
the center of the module and one at each end. Therefore, the distance between
places where the tubes were held in a fixed position amounted to 10 cm. For
other modules, the central spacer was omitted and, therefore, the amplitude of
potential displacements was quadrupled. The constant term a in the e.m. energy
resolution was found to be considerably larger for these modules.

The fluctuations in the sampling fraction will not only affect the achievable
energy resolution, but also the signal uniformity across a module (see sect. 4.4).

16



Since they dominate the calorimeter performance at high energy, they should be
avoided and, therefore, we have decided to build our final detector with modules

made with the extrusion method.

There are several other factors that contribute to the constant term a, which
limits the e.m. calorimeter resolution at high energies. Among these, we mention
noise in and stability of the PM and readout electronics, stability of the high-
voltage supply, etc. Another important factor is the variation in the response
from fibre to fibre. It was shown in a previous paper"” that, in order to limit
the contribution from this source of fluctuations to the e.m. energy resolution
to 1%, the fibre-to-fibre response should not vary by more than ~ 6%. This
rather severe requirement is a consequence of the relatively small number of
different fibres contributing to the signal for a given shower. When the angle
8. is increased, more fibres participate in the signal, and the contribution of
fibre-to-fibre response fluctuations to ¢ decreases. This i1s in agreement with
the experimental observations (fig. 20) which show a decreasing value of ¢ for
increasing 4.

4.4 Signal uniformity

Signal uniformity and energy resolution go hand in hand. High local energy
resolution does not help if the signal variations with the impact coordinates are
much larger.

Several factors that limit the e.m. energy resolution, in particular the high-
energy performance (i.e. the constant term), also affect the signal uniformity.
Among these we mention the fluctuations in the sampling fraction and in the
fibre-to-fibre response. Such effects may be particularly harmful if they are not
random. An example is the non-uniformity in the light collection, which we
solved by properly choosing the shape and dimensions of the light guide (sect.
3.2.2). Also, the variations in sampling fraction occurring in the cast modules
turned out to have non-random aspects, for example the fact that the fibres tend
to cluster in groups of 3 in certain regions (fig. 21a).

In fig. 22a, results are shown of a scan with 40 GeV electrons between the
centres of two adjacent modules, called C and A. The figure shows the average
signal in both modules and their sum as a function of the beam position. Both
modules were made with the casting method, the difference being that module C
had a central spacer, which limited the amplitude of tube diplacements during the
production process (see sect. 4.3). The figure shows that the signal uniformity
in this module is considerably better than in the other one, as is the energy
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resolution (fig. 22b).

These results are not in contradiction with the ones shown in fig. 8, which
were obtained for a similar scan with a 3-source. The electrons from this source
only penetrated a few millimetres into the module, in the immediate vicinity of
the spacer, i.e. in the region where the sampling fraction was guaranteed to be
constant in any case.

Considerably better results were obtained with modules that were made with
the extrusion method. In fig. 23 the signal and the energy resolution are shown
for a scan with a 40 GeV electron beam moving in small steps between the centres
of two adjacent modules, one of which had a projective structure (stack b, see
sect. 4.1). The signal is very uniform and, even in the region where the beam
hits the boundary between the 2 modules, it is hardly affected (variation less
than 3%). We did not see any significant difference between the results for the
2 different surfaces of the projective modules (see sect. 4.1}. Also the energy
resolution is very constant over the full scanned region, so that one may conclude
that the electrons virtually don’t notice that they are being detected with a
modular device.

4.5 Signal linearity

The linearity of the response to e.m. showers was measured for both long
(1.6 m, 7.5Xn¢) and short (20 em, 26.6X¢) modules, using electrons with energies
from 10 - 150 GeV. The results were compatible, indicating that the effect of lon-
gitudinal shower leakage in the short modules on the signal linearity is negligibly
small.

The results are shown in fig. 24, where the signal per unit energy is given as
a function of the energy for e.m. showers measured in a 1.6 m long calorimeter
module. Since we are looking for small effects, we tried to determine the energy of
the beam particles as accurately as possible, rather than using the nominal values.
As a basis, we used the actual current in the last (momentum-defining) bending
magnets of the beam line. (Small) corrections for the loss due to synchrotron
radiation were made. The data points were obtained as the ratio of the average
ADC values of the electron signals and the calculated beam energy. Deviations
from linearity were found to be smaller than 1%.

The beam energy also depends, apart from on the magnet current, on hys-
teresis effects and, therefore, on the history of the magnet settings. For accurate
measurements, one should in fact demagnetise all the magnets before changing
the energy. Since this was not done, the beam energy suffers from an intrinsic
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uncertainty, which is of course relatively largest at low energies (low magnet cur-
rent). This uncertainty is represented by the 2 dashed lines in fig. 24, which
include apart from the hysteresis effects (184 MeV) also a 0.2% uncertainty in
the linearity of the current/energy relationship.

We conclude from these measurements that the calorimeter is linear for de-
tecting e.m. showers, at the level of the accuracy with which the electron beam
energy is known.

4.6 Electron/pion separation

One of the most important tasks of modern calorimeters is the identification
of leptons, both at the trigger level and off-line. The classical method to identify
electrons with calorimetric information is based on exploiting differences in the
energy deposition profiles of e.m. and hadronic showers. Both the longitudinal
and lateral shower profiles can be used for this purpose.

The structure of our detector makes a subdivision into various longitudinal
segments a rather unelegant, although not impossible, option.

In a previous paper' " we demonstrated that, thanks to the extraordinary
signal speed of our detector, a completely new method for e-identification could be
used. This method is based on exploiting subtle differences in the time structure
of e.m. and hadronic shower signals, which occur on a 5-10 ns time scale and
allow e¢/m separation at the 1% level.

In fact, the time structure of the signals contains longitudinal shower infor-
mation. This is illustrated in fig. 25, where some typical 80 GeV pion signals
are shown. The signal displayed in fig. 25a reveals a double-hump structure,
characteristic for a hadronic shower that starts developing at some depth inside
the calorimeter. The signal of the light trapped in the direction of the PM (the
first peak) and of the light going in the opposite direction and being reflected at
the aluminized open end of the fibres (second peak) are separately visible. For
showers that start developing more upstream in the module, the second hump
follows more and more closely the first maximum (fig. 25b). This results in a
decrease of the corresponding signal width (expressed e.g. in terms of the full
width at a certain fraction of the amplitude). Some signals show, within the res-
olution of our digitizing oscilloscope (1 ns), no distinguishable second hump at all
(fig. 25c), indicating pions that start showering very early in the module. The
latter signals are harder to distinguish from electron shower pulses, especially
also because at 80 GeV a large fraction of the energy goes into 7 production,
mostly close to the shower axis, i.e. inside the module whose signal is displayed
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here. When moving away from the axis, the energy will be deposited, on average,
more deeply inside the detector. Moreover, the relative contribution of neutrons,
which are also expected to stretch the signal, will increase. Therefore, we expect
to be able to further improve the e/m separation through the time structure of the
signals if signals from a larger radial area around the shower axis are analysed.

This type of data has great potential for very fast triggering on e.m. showers,
which is, in our opinion, more important than the longitudinal shower informa-
tion it provides. The information can in principle be acquired on a time scale
compatible with the signal duration itself, i.e. ~ 20 ns, thus avoiding the time-
consuming processing of energy deposit patterns needed when the electron iden-
tification is based on shower profile data. We are developing special electronics
for this purpose.

Disregarding the signal shape, measurements were also performed to study
the identification power for isolated electrons with a 1.6 m long unsegmented
module, preceded by a 2.6 Xy lead converter read out with a scintillation counter.

In fig. 26, the signal distributions for 40 GeV electrons and pions measured
in this preshower counter are given, illustrating the discriminative power of this
device.

In fig. 27, the signal distributions for high-energy (150 GeV) electrons and
pions in the fibre calorimeter are given. It is interesting to note that even this
pencil-type detector works already as a reasonable calorimeter for high-energy
hadron detection. If we assume that the detector is compensating, ~ 50% of
the pion energy is deposited in this module (a 48cm? cell). The width of the
distribution (¢/E ~ 20%) is probably reflecting the spread in the fraction of the
energy carried by 7%’s. The remaining ~ 50% of the pion energy is deposited in
neighbouring cells.

A very small fraction of the pions give a signal equal to that of an electron
at the same energy, which is laterally contained in the module. This fraction of
the pion events can, therefore, be confused with electrons.

We used these sources of information, i.e. the preshower signal and the lateral
shower containment, to determine the e/r separation capability of our detector
setup. In total, ~ 2.10%7~ and ~ 10%~ at 80 GeV were used for this purpose.
We determined which fraction of the pions gave rise to a signal in both the
preshower counter and the calorimeter that could be confused with that of an
electron. The results depend of course on the cuts applied. These cuts may also
have the consequence that a certain number of genuine electrons do not pass the
selection.

In fig. 28, the fraction of pions that pass the selection criteria for an electron
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is plotted versus the fraction of electrons passing the same cuts. It turns out that
while, for example, only 5.107% of the pions are identified as electrons, 98% of
the genuine electrons are retained. We found that the inclusion of time structure
data only marginally improved the e/m separation capability. This may either
mean that this data is strongly correlated to the shower profile information, or
that the pion beam contained some electron contamination.

In order to investigate the latter possibility, we also took data with the pion
beam passing through 5 cm of lead, placed ~ 300 m upstream from the detector.
From a comparison of the signals, we determined an upper limit on the electron
contamination of the pion beam, which was compatible with the e/n separation
capability obtained from the previous analysis. Therefore, the results shown
in fig. 28 should be interpreted as an upper limit: the actual e/n separation
achievable for isolated particles with our longitudinally unsegmented calorimeter
plus the preshower counter system is equal or better than indicated in this figure.

On the other hand, it should be emphasized that the chosen experimental
setup, with the particles entering the module at its axis so that e.m. showers are
(almost) fully contained, represents a favourable situation. In general, also the
e.m. shower energy will be shared by several modules. Moreover, the present
study was done with only one module, which requires using the known beam
energy and assuming compensation in order to obtain results. More detailed
studies with a multi-module detector, where criteria based upon energy sharing
between neighbouring modules can be used, are needed for determining the full
e/m separation capability of this technique.

5. CONCLUSIONS.

We have tested in detail the performance of prototype modules for a new type
of calorimeter, intended to be used as an integrated 47 e.m./hadronic calorimeter
in a high-luminosity environment. The detector comsists of lead as absorber
material and scintillating plastic fibres with 1 mm diameter as active material.
Passive and active material are mixed in a volume ratio 4:1, such as to achieve
compensation.

Our goal is to be able to measure jets, electrons and missing energy with an
accuracy of ~ 1%. Strangely enough, it may turn out that this goal is hardest
to achieve for electrons, the subject of the investigations described in this paper.
Because of the small sampling fraction (required because of compensation} and
the very short radiation length of the detector (7.5 mm), the area in which the
shower develops, and thus the number of different fibres contributing to the signal,
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is small. And, therefore, the performance is very sensitive to factors like fibre-
to-fibre response fluctuations, uniformity of the light collection and variations in
the sampling fraction. We have encountered all these problems, and have found
adequate solutions.

The results achieved to date, with some room left for further improvement,
are as follows:

i) Energy resolution for e.m. showers 13%/+/E, with a constant term of ~ 1%
for 6, = 3°.

it) Signal non-uniformity and boundary effects smaller than 3% for projective
modules that are realistic for application in a 47 geometry.

i11) Signal linearity for e.m. shower detection better than 1%.

iv) Electron/pion separation for unsegmented detector modules (but with the
use of a preshower counter) better than 5.107%, with 98% of the electrons
passing the cuts, for isolated particles.

The problems that we had to solve in order to obtain these performance
figures are expected to be much less important for hadron detection, simply
because the area over which the shower develops, and the number of different
fibres contributing to the signal, are so much larger. With the aid of optical
filters and mirrors (see sect. 3.2.1) we obtained light attenuation lengths of 8-10
m, which is important for hadron showers.

The signal amplification phenomena resulting from longitudinal shower leak-
age, observed for e.m. showers (sect. 4.2, 4.3), are expected to be unimportant
for hadron showers. The reason is that particles that leak out after 10 interaction
lengths are almost exclusively neutrons. These are very efliciently (50%) sampled
inside the detector volume, unlike charged particles.

This type of detector has some very powerful features: Hermeticity and signal
speed. Hermeticity can be achieved because the fibres are oriented in the direction
of the incoming particles. We found that channeling effects, which disturb the
performance, can be avoided if the detector is designed such that the particles
enter it at an angle of at least 2° with the fibre axis. This can be achieved in
practice, with negligible effects on the accuracy with which the shower position
can be determined"” .

The response of this detector is extremely fast. Figure 25 shows that we are
close to the ultimate limits set by the speed of light. Apart from the fact that
signal speed is crucial to handling the event rates envisaged in future hadron
colliders {> 100 MHz), this feature also offers a possibility of very fast triggering
on e.m. showers, which may lead to an important reduction of the data.
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And finally, the fact that our design allows very fast and easy replacement
of the active material (as proven in practice) is important in view of possible
radiation damage problems. This feature, together with the progress in the
development of radiation-hard plasticsm , where stability at 10 MRad is now
considered feasible, makes us confident that radiation damage is a manageable
problem for this detector operating at a supercolider.

Summarizing, we believe that the detector that we are developing should be
considered a serious candidate for any experiment at such a machine.
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FIGURE CAPTIONS

. An evaluation of the energy resolution for e.m. and hadronic showers in

compensating lead/scintillator calorimeters. The energy resolution is given
as a function of the sampling frequency, for a fixed (compensating) sampling
fraction. The experimental points were taken from ref. 10 and from this
paper.

The structure of a spaghetti calorimeter module (a), and of a large detector

* built with such modules ().

3. The mechanical structure of a SPACAL module and its readout.

10.
11.
12,

13.

14.

The calorimeter response to v’s from a ®2Co ring source surrounding the 2 m
long module, as a function of the distance to the PM. The measurements

were done without a filter/mirror (curve a), with a yellow filter (b), and -

with a filter and a (static) mirror (¢).

Distribution of the reflection coefficients, measured on aluminium-plated
fibres. '

. Response to a fibre scanning the surface of a light guide/PM combination.

Results for circular and hexagonal cylindrical light guides with the same
length, using the same PM. Note the blown-up vertical scale.

Response to a fibre scanning the surface of a hexagonal light guide/PM
combination, for various lengths of the light guide.

Calorimeter response to a collimated A-source scanning the boundary be-
tween two SPACAL modules.

Detector configuration with 3 e.m. modules (26.6Xy deep).
Longitudinal cross section of the pyramidal module.

Detector configuration with 7 e.m. modules (24.6 Xy deep).

Signal distribution for 40 GeV electrons in a 26.6Xy deep module, for dif-
ferent angles 4.,.

Signal distributions for 40 GeV electrons hitting a 26.6Xy deep module
oriented at an angle §; < 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.

Signal distribution for 40 GeV electrons entering a fibre calorimeter under
small angles 6, with the fibre axis. Data for a 26.6Xy deep module (left)
and a 266Xy deep module (right).
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15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Angular distribution of the particles (electrons and positrons) through
which the energy of a showering high-energy electron is absorbed.

Signal distribution for 150 GeV muons in a 2 m long module, for different
angles @,. '

The path length of muons in a 2 m long fibre detector module vs the
resulting signal, for various values of the angle 4,.

‘The energy resolution for 40 GeV electrons, incident on a 26.6Xp fibre

detector module, as a function of the angle of incidence 4,.

The energy resolution for electrons incident on a 26.6Xo deep fibre detector
module, as a function of the electron energy. The abcissa is linear in ¥ =172,

The energy resolution for electrons. Shown are the results of fits of the type
o/E =a+b/ V'E, for measurements over the energy range 10 - 150 GeV, for
various values of the angle of incidence 8,. The left ordinate gives the values
of a (circular points), the right ordinate the values of b (square points). The
results were obtained from measurements on modules produced with the
casting method (closed points) or with the extrusion method {open points).

Lateral cross section, at a certain depth, of fibre modules made with the
casting method (a) and with the extrusion method (b). The length of the
arrow is a measure for the transverse e.m. shower size (Moliére radius).

Results of a scan with 40 GeV electrons between the centres of 2 adjacent
modules named A and C. The beam is moved in steps of 5 mm. In a) is
plotted the average signal in both modules, and their sum, as a function
of the beam position. Module A was made with the casting method, with
20 cm distance between the spacers holding the stainless steel tubes. In b)
the energy resolution with which the electrons are detected is given.

Results of a scan with 40 GeV electrons between the centres of 2 adjacent
modules with small or no sampling fraction fluctuations. One of the modules
is cylindrical, the other pyramidal, with a projective geometry. In a) is
plotted the average signal in both modules and their sum, as a function of
the beam position. In b}, the energy resolution with which the electrons
are detected is given.

The signal per unit energy as a function of energy, for e.m. showers mea-
sured in a 1.6 m long fibre calorimeter module. The dashed curves reflect
the uncertainty in the beam energy.

Typical shower signals from 80 GeV 7~, measured with a 1.6 m long fibre
module (1 ns/bin
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26.

217,

28.

The signal distribution in the preshower counter for 40 GeV electrons (a)
and 40 GeV pions (b).

Signal distribution for 150 GeV ™ (a) and 150 GeV 7~ (b) in a 2 m (9.5 in:)
deep module.

The e/ separation capability of the calorimeter/preshower counter system.
The fraction of pions that pass the selection criteria for an electron is plotted
versus the fraction of electrons passing the same cuts. The abcissa gives
the cut-off value in the signal from the preradiator counter. Data taken at
80 GeV.
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