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We report on the performance of a fine-grained 13-ton lead /scintillating-fiber calorimeter, in particular on its response to
electrons, pions and multiparticles (reaction products from pions interacting in a target upstream of the detector). The detector
signals were studied for particles in the energy range 5-150 GeV. The energy resolution was measured to be 12.9%/\/11T for
electrons, plus a constant term dependent on the angle 8, between the particle’s direction and the fiber axis. This term, which is
1.2% for 8, =3°, is shown to be due to anomalous sampling in the early shower stage. It is greatly reduced when only electrons
entering the detector in the lead are considered. A 1.7X, thick preshower detector, installed 12 cm 1n front of the calorimeter, only
affected the signal linearnty for electrons at low energy. The effect on the energy resolution was negligible.

Single pions were detected with an energy resolution of ~ 30%/\/E plus a constant term, which turned out to be mainly due to
the effects of light attenuation in the fibers. Knowing the impact point of the particles, these effects could be efficiently removed
for single pions. For jets (multiparticles), the effects of light attenuation are much less important, leading to considerably better
on-line energy resolutions. The e/ signal ratio was measured to range from 1.03 at 80 GeV to 1.10 at 5§ GeV, for a detector with
an effective radius of 49 cm. After correcting for the instrumental effects, we found the intrinsic e /A value of this detector (with
our particular choice of fibers and sampling fraction) to be 1.15+0.02. Detailed results are given on the detector performance
(energy resolution, e/ signal ratio, e/jet signal ratio) as a function of the lateral detector size and as a function of the jet
multiplicity.

1. Introduction challenge for developing detectors that can fruijtfully
operate in experiments with these machines. Calorime-

The advent of the new generation of multi-TeV ters will play a central role in such experiments, since
high-luminosity pp colliders (LHC/SSC) presents a they have to provide the first-level trigger information.
The calorimeter information is the first filter for select-

1 On leave of absence from IHEP Beijing, China. ing the rare interesting events under extreme back-
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ground conditions. Moreover, the calorimeter data is
the basis for studying the production of jets and lep-
tons, the likely messengers of new physics.

Precise energy measurements are a prime task of
detectors in particle physics experiments. New unstable
particles were always discovered from a kinematical
reconstruction of their decay products, the quality of
which is closely linked to the precision of the particle
energy measurements, Therefore, the energy resolu-
tion of calorimeters in LHC/SSC experiments is an
important issue, especially since also the background
from conventional processes to most of the envisaged
new physics signals is expected to be very large.

Good e.m.-energy resolution is considered to be
important in view of the process H® — vy, which is
believed to be one of the most promising channels for
detecting the Higgs particle if my <my <2my [1].
The hadronic resolution is important for the precision
of multi-jet spectroscopy and the missing (transverse)
energy measurements.

The best energy resolutions for hadron detection
are achieved with compensating calorimeters, i.e. de-
tectors that respond with the same signal to the e.m.
and non-e.m. components of hadronic showers (the
e/h =1 condition). If the response to these compo-
nents is different, the large and non-Gaussian fluctua-
tions in the e.m. shower fraction will contribute to the
energy resolution and dominate it at high energies [2].
There are, however other probably even more com-
pelling reasons why LHC/SSC experiments should
preferably be equipped with compensating calorime-
ters. For example, the very steeply falling experimental
distributions of quantities on which one will want to
trigger (E'F*, ET*, etc.) will cause any event sample
selected with the calorimeter data to be strongly biased
with events containing an anomalous fraction of w%’s,
if the e /h ratio deviates from 1. In view of the sensitiv-
ity of the trigger to errors in the energy measurement,
it is important to have a first level trigger signal that is
a direct measure of the particle energies, independent
of the particle type.

In 1987, it was predicted [3] and proven experimen-
tally [4] that the compensation condition could be
fulfilled for a lead/plastic-scintillator sampling
calorimeter. In order to achieve that goal, such a
calorimeter should have a sampling fraction that is
much smaller than usual, around 2%. Bernardi et al.
measured e/ signal ratios of 1.05 + 0.04 at energies
from 3-75 GeV, for a calorimeter consisting of 10 mm
thick lead slabs alternating with 2.5 mm thick plastic
scintillator plates [4]. The energy resolution o/E mea-
sured with this calorimeter amounted to 24% / VE for
electrons and 45%/ VE for pions. The same authors
also measured the contribution of the so<called intrin-
sic fluctuations (fluctuations in the fraction of the
energy converted into a measurable form) to the latter

result and found (13 + 4)%/VE [5,6], thus proving
that the energy resolution of this calorimeter was largely
dominated by the contribution of sampling fluctua-
tions. Therefore, an improvement of the energy resolu-
tion may be expected by reducing the effect of these
fluctuations.

Since the small sampling fraction is imposed by the
compensation requirement, the only way to reduce the
effect of sampling fluctuations is by increasing the
sampling frequency of the showers. This can be
achieved by using scintillating fibers instead of plates.

The Spaghetti Calorimeter (SPACAL) was devel-
oped, in the framework of the LAA project at CERN,
as a detector intended to optimize compensating
lead /plastic-scintillator calorimetry, with application
in an LHC /SSC experiment in mind. It is a longitudi-
nally unsegmented Pb /scintillating-fiber calorimeter
intended for the detection of electromagnetic and
hadronic showers, muons and missing energy.

Among its remarkable properties, we mention two
that are particularly relevant for its performance in an
LHC/SSC environment, namely the very high signal
speed [7,8] and the hermeticity. The latter is achieved
because the fibers that sample the showers are running
(approximately) in the same direction as the incoming
particles, so that all the readout is located at the back
of the detector [9]. Also the position resolution and the
particle—particle separation, which together with the
energy resolution determine the precision with which
the mass of eventual new particles can be measured,
were found to be very good, due to the fine lateral
granularity and the high effective density of the detec-
tor [10].

In this article, we discuss the performance of this
calorimeter concerning the detection of electrons, sin-
gle pions and “jets”. The latter were simulated by the
reaction products of pions interacting in a target placed
upstream of the detector. In section 2, the calorimeter
and the tests in which the experimental data were
obtained are described. In section 3 we discuss the
experimental data and the methods used for analyzing
them. The e.m. energy resolution is the subject of
section 4. Experimental results concerning the hadronic
energy resolution, the e/ signal ratios and the e/h
value are presented in section 5 for single pions, and in
section 6 for multiparticle systems. The results are
discussed in section 7 and summarized in section 8.

2. Experimental setup
2.1. The detector
The measurements were performed with a calorim-

eter consisting of 155 longitudinally unsegmented tow-
ers. Each tower contains 1141 plastic scintillating
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fibers #! with a diameter of 1 mm and a length of 2.20
m.

These fibers form the active part of this sampling
calorimeter. They are embedded in a lead matrix in
such a way that each fiber is equidistant to its 6
neighbors (fig. 1a). The fiber spacing is 2.22 mm
(center-to-center), such as to achieve a volume ratio
lead : fiber of about 4:1, needed in order to make the
calorimeter (approximately) compensating [3,4]. The
detector was constructed by piling up extruded lead
sheets with the appropriate profile (see fig. 1a).

The fibers were grouped to form 155 towers. Each
tower has an hexagonal cross section (86 mm apex-to-
apex). The depth of the lead structure is 200 cm. The
fibers sticking out at the back end of the tower were
bunched together in an hexagonal structure, machined
and polished and coupled through an hexagonal light
guide (79 mm long, 42 mm apex-to-apex) to a photo-
multiplier (PM) #2. The front ends of the fibers were
polished and made reflective by aluminium sputtering,
such as to make the response more uniform as a
function of depth. More detailed information about
the structure of the calorimeter can be found in ref. [9].

The lateral cross section of the detector as a whole
is shown in fig. 1b. The central tower is surrounded by
seven concentric hexagonal rings, with the outer ring
incomplete. The detector has a roughly cylindrical
shape with a diameter of 1 meter.

Because of the large fraction of high-Z absorber
material (77.7% in volume, with 18.4% plastic and
3.9% air), the shower dimensions are relatively small in
this detector. The effective radiation length (X,)

#1 SCSF-38, produced by Kyowa Gas, now Kuraray Co. Ltd,
Tokyo, Japan.
#2 Philips XP 2282, 8-stage.
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Fig. 1. Detail of the front face of the calorimeter (a) and the
lateral structure of the detector as a whole (b).
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Fig. 2. The handling of the photomultiplier signals. See text for details.
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amounts to 7.2 mm, the effective Moli¢re radius (Ry,)
20 mm, the effective nuclear interaction length (A;) 21
cm [11] and the average density 9.0 g/cm3. The sam-
pling fraction for showers is only 2.3%. The detector is,
therefore, 9.6 A; deep and 4.7 A| across.

The PM signals were handled as follows (see fig. 2).
The anode signal was split into two equal parts by
means of a passive splitter inside the 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 the ADC system (LeCroy 2280,
equipped with a 12-bit charge ADC, type 2282E), the
other output was amplified by a factor ~ 10 before
being fed into a charge ADC of the same type. 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 counting room.

The gain in the PM tube was set to deliver ~4
pC/GeV to both parts of the split signal in the central
detector region, gradually going up to ~ 20 pC/GeV
in the outer rings, for the unamplified channels. The
ADC gain was 4 counts/pC. This procedure was cho-
sen to reduce the effects of the insufficient dynamic
range of our PM/ADC system and to be sensitive to
small energy deposits far away from the shower axis.

For the data discussed in this article, the ADC gate
width was 400 ns. Sparse data readout was enabled:
signals smaller than 4 counts above the pedestal value
were not recorded. This corresponds to a cutoff of 5
MeV energy deposits in the amplified channels of the
outer rings, gradually going up to 25 MeV in the
central-detector region. In this way, we could detect
energy deposits ranging from ~ 200 GeV (the full
range of the ADC for the unamplified channels in the

]

target ]
pos 1
<
26
2% [se)
o H H}
~N O
[s:]
155 module [PsD) !
detector
Fibres

il

central region) down to 5 MeV (the cutoff limit in the
amplified channels in the outer rings), which corre-
sponds to a dynamic range of more than four orders of
magnitude. Nevertheless, as will be shown in section 5,
this turned out to be insufficient. In particular, the
hadronic signals at low energy were systematically un-
derestimated by a significant amount.

2.2, The beam line

The measurements were performed in the H2 beam
line of the SPS at CERN. The detector was mounted
on a platform that could move horizontally and verti-
cally with respect to the beam line, with an accuracy of
about 1 mm. Moreover, the detector could be rotated
around its vertical axis, so that the particles could be
sent into the detector at a chosen angle 6, (usually a
few degrees) to the fiber axis. The accuracy of the
angular movement was better than 0.1 mrad. During
the beam tests we found that the detector was slightly
tilted vertically with respect to the beam line, by a few
tenths of a degree.

Behind the detector, a smaller (20-tower) prototype
of the same structure was installed. In practice, we
used this detector to identify and remove muons from
the data samples [12]. About 12 cm upstream from the
SPACAL calorimeter, a preshower detector (PSD) was
mounted. This preshower detector consisted of an ab-
sorber 1.14X,, tungsten + 0.53X,, lead), followed by a
scintillation counter (S6). The signal in this scintillator
provided separation between electron and pion events
[8]. Further upstream from the calorimeters, a trigger
counter telescope was installed. It consisted of five
scintillation counters (S1-85) and two drift chambers
with x, y readout (BC1, BC2). The layout is shown in
fig. 3.

[ target

Not to scale

Fig. 3. Layout of the beam line, as seen from above. Elements that were not always mn place during the beam tests are indicated 1n
brackets. In our convention, the angle 6, shown in the figure has a positive sign
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Beams of electrons and negative pions at 5.0, 9.7,
20, 40, 80 and 150 GeV were sent into the detector at
an angle 8, with the fiber axis. For most of the results
reported here, 8, was 3°. The beam particle rates were
10%-103 events per 2.6 s spill. The spills were repeated
every 14 s. At high energies (> 40 GeV) the beam were
very clean, the contamination of electrons (pions) in
the pion (electron) beam being far below the 1% level.
At lower energies this was different. The event samples
were cleaned up using data from the preshower detec-
tor. At 5 and 9.7 GeV, where the beams were most
contaminated, the PSD signal was part of the trigger.
For electrons, the signal was required to be above a
threshold, set at ~ 7 times the minimum ionizing value,
for pions the signal was required to be below this
threshold.

The pion beams also contained some fraction of
muons, varying from ~ 2% at 150 GeV to ~ 80% at 5
GeV. The elimination of these muons from the pion
event samples will be described in detail in section 3.

As an attempt to simulate jet detection with the
calorimeter, we measured the reaction products of
pions interacting in a target placed upstream of the
detector. The target, a 10 cm thick block of paraffin,
was installed at either 44 cm or 147 ¢cm upstream of the
calorimeter front face. We will refer to these configu-
rations as position 1 and 2, respectively. Interactions in
this target were selected with a scintillator counter (S)
downstream of the target (see fig. 3). For these mea-
surements, the S; signal was required to be at least
twice the minimum ionizing (mip) value and was part
of the trigger. Interaction trigger measurements were
done with 40, 80 and 150 GeV pions. Since the
preshower detector (S6, see fig. 3) covered only an area
of 15 X 15 cm? in the central region of the calorimeter,
it was removed during the interaction trigger measure-
ments.

Off-line event selection required a single track, by
cutting on the pulse height of the scintillation counters
S1, S2 and S3 between 0.5 and 1.7 times the mip value.
The x and y coordinates measured in the two beam
chambers had to agree within 1 cm. Beam halo parti-
cles were removed by cuts on x and y in the beam
chambers.

3. Experimental data and analysis methods

The SPACAL calorimeter was calibrated with 40
GeV electrons. About 1500 electrons were sent into
the central region of each of the 155 individual towers,
at an angle @, of 3° to the fiber axis. In this way, the
electromagnetic showers that developed were on aver-
age ~ 95% contained in the tower concerned. Off-line,
the calibration constants (the relation between pC’s

and GeV’s for each individual tower) could be deter-
mined with a statistical precision of ~ 0.3% from this
data. However, systematic effects like fiber-to-fiber re-
sponse fluctuations, high-voltage instabilities, etc. made
the tower-to-tower calibration much less precisely
known. We will come back to this point in sections 4.1
and 5.3.

The results described in the following sections were
obtained by analyzing the following sets of data:

— Electrons and pions of 5.0, 9.7, 20, 40, 80 and 150
GeV entering the SPACAL calorimeter at an angle
6, = 3° with respect to the fiber axis. Typically, ~ 3000
electron and ~ 5000 pion events were accumulated per
run, except at 5 GeV, where the event statistics were a
factor two lower because of the low beam intensity.

— Pions of 40 GeV entering the SPACAL detector at
angles 6, ranging from 0° to 5°, in steps of 1°. Also
here, ~ 5000 events were recorded at each angle.

-~ Electrons of 80 GeV entering the detector at angles
6, ranging from 0° to 6° and at 90 °. These data were
taken with a prototype of the SPACAL detector, con-
sisting of 20 towers of the same structure.

— Matrix scans for 80 GeV electrons and pions at
0, =12°, entering the SPACAL detector at 49 different
impact points, in contrast to the other mentioned data,
where the pions always hit the SPACAL detector in
the center. The data were taken in the form of a 7 X 7
grid scan, with the electrons covering an area of 12 X 12
em? in the central region of the calorimeter surface
and the pions covering 24 X 24 cm?. For each point,
~ 2000 events were recorded.

— Multiparticle runs where 40, 80 or 150 GeV pions
interacted in a target placed either 44 ¢cm or 147 cm
upstream of the calorimeter. Reaction products of these
interactions were detected with the SPACAL calorime-
ter. Per run, ~ 10000 events were accumulated.

For the analysis described in this article, clean and
unbiased event samples for electrons and pions were
needed. This was easiest to achieve for electrons, since
the electron beams were very clean to start with, in
particular also at low energies, where particle identifi-
cation was most difficult. The few pions were removed
with a cut on the signal in the preshower detector,
requiring at least two mip for the event to be consid-
ered an electron. Muons were removed using the signal
in the backing calorimeter. Any event with more than
125 MeV deposited in this detector was discarded.

At high energies (> 40 GeV), establishing a clean
and unbiased pion event sample was straightforward
too. The beams were very clean and the few contami-
nating electrons and muons produced signals in the
various detectors that were very different from the
pion ones. Electron events were removed with a cut on
the PSD signal, required to be smaller than two mip
for the event to be considered a pion. The muon
signals in SPACAL, well described by a Landau distri-
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bution with a most probable value of 4-5 GeV, could
be efficiently removed by a cut on the total signal.

At lower energies, where the pion signals in
SPACAL were correspondingly smaller while the sig-
nals from muons stayed essentially the same and the
fraction of muons increased, the complete elimination
of muons from the event samples gradually became
more difficult. Also, the e/m separation by means of
the PSD signal worked less well than at high energies.

Muons could be efficiently removed using the back-
ing calorimeter signals. All muons traversing this de-
tector produced a signal of at least 125 MeV. Of
course, in this way one introduces in principle a bias in
the pion samples, since these would be restricted to
events producing less than 125 MeV in the leakage
detector. However, the effects of such a bias on the
hadronic energy resolution and on the average hadronic
signal were marginal, as will be shown in a forthcoming
paper [12]. The fraction of pions showering in the 9.5A,
deep SPACAL detector and producing signals larger
than 125 MeV in the leakage calorimeter ranged from
<1% at 10 GeV to ~14% at 150 GeV. In this
analysis, events with more than 125 MeV deposited in
the leakage calorimeter were discarded.

At the lowest energies (5.0 and 9.7 GeV), where the
fraction of beam muons was very large (because of the
very long distance between the detector and the beam
production target), this cut did not completely remove
all the contaminating events. Some muons may have
missed the leakage detector because of multiple scat-
tering in the big calorimeter. At 5 GeV, some of the
muons were probably even completely stopped in the 2
m of lead. And also some of the electrons deposited
very little energy in the preshower detector and passed
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Fig. 4. The fraction f, of the total signal recorded in the 6

hottest SPACAL towers, versus the total SPACAL signal, for

the events from the 9.7 GeV pion beam (a). The same
distribution for the 9.7 GeV electron beam (b).

the cut on the PSD signal. However, the remaining
contamination could be easily recognized due to the
fine lateral segmentation of the calorimeter. A crite-
rion was developed, based on the energy deposit pat-
tern in the calorimeter. The criterion exploits the fact
that muons, which to first order only lose their energy
through ionization, only produce signals in a very lim-
ited number of towers, contrary to showering pions.
This is illustrated in fig. 4, where the fraction (f,) of
the total signal recorded in the six towers that gave the
largest contributions to it is plotted against the total
signal in the SPACAL calorimeter, for the particles
from the 9.7 GeV beam. From fig. 4a, it can be seen
that for example a cut f, < 98% removes practically all
the muons, while almost all pions pass such a cut. Also
practically all electrons are removed by this cut (fig.
4b). In this way, it was possible to define very clean
pion event samples with minimal bias, also at low
energies. Even at 5 GeV, where electrons, pions and
muons produced on average almost the same signal in
the SPACAL calorimeter, the particles could be effi-
ciently separated through cuts exploiting the differ-
ences in the energy deposit pattern.

In summary, electrons and pions were selected
through the following cuts:
- S6 (PSD) > 2 mip for electrons, S6 (PSD) < 2 mip

for pions,
- longitudinal leakage < 125 MeV for all events,
— f¢ < 98% for pions, f, > 98% for electrons.

The numbers of electron and pion events that were
used for the present analysis are listed in the various
tables.

4. Electron detection
4.1. Energy resolution and signal uniformity

The energy resolution for the detection of e.m.
showers was studied as a function of the energy for
electrons entering the calorimeter at an angle 6, =3°.
The preshower detector was in place for these mea-
surements. A typical signal distribution, for 80 GeV
electrons, is shown in fig. 5. There are no significant
deviations from a Gaussian line shape at the high-en-
ergy or the low-energy side of the peak. This was true
at all energies for which results were obtained. Gauss-
ian fits were performed without restrictions on the
area around the peak value, all events were included.
In table 1 the results of these fits are given.

The signal from fig. 5 was obtained by summing the
signals of 37 calorimeter towers, the central tower plus
the first three hexagonal rings surrounding this tower
(see fig. 1b). Adding more towers did not significantly
change the results. This is illustrated in fig. 6, where a
typical lateral e.m. shower profile is shown. The energy
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Fig. 5. Signal distribution for 80 GeV electrons entering the
Spaghetti Calorimeter at an angle 6, =3°.

density falls very steeply, by three orders of magnitude
over 10 cm. The figure also shows that the noise level
of this calorimeter is very low. Averaging over 1000
events, the lateral shower profile could be measured
over six orders of magnitude. In fact, the results given
in table 1 are not very different from the ones for the
central tower alone. On average, ~ 95% of the energy
was deposited in this tower and the energy resolution
improved only by ~5% on average when the sur-
rounding towers were taken into account as well. Since
the e.m. showers are so narrow, the signal distributions
are very sensitive to fiber-to-fiber response flactuations
[13] and, therefore, one may ask the question how
representative these results, obtained in one point of
the calorimeter, are for the detector as a whole. The
answer is given in figs. 7 and 8. Fig. 7 gives a distribu-
tion of the energy resolution for 40 GeV electrons
measured in each of the 155 individual towers of the
detector. Each entry in this histogram represents the
energy resolution measured at a different point (the
center of a tower). The value obtained for the central
tower and the statistical precision of the measurements

Table 1
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Fig. 6. Lateral shower profile for 150 GeV electrons, averaged
over 1000 events. The energy density (GeV per tower) is
shown as a function of the distance of the tower center to the
center of gravity of the energy deposit profile.
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entering this histogram are indicated in the figure.
While fig. 7 concerns measurements in the centers of
all the different SPACAL towers, fig. 8 shows the
results of a fine scan covering an area of 144 cm? in
the central region of the detector. The scan was per-
formed with 80 GeV electrons, with the beam centered
on 49 different impact points. The results are given as
squares, the sizes of which indicate the numerical
values (note that the chosen scale largely exaggerates
the differences). In fig. 8a the energy resolution is
given, in fig. 8b the average signal.

The spread in the distribution shown in fig. 7 is
clearly larger than one would have expected on the
basis of the statistical errors in the measurements. In
fact, we found that the energy resolutions in the bot-
tom half of the detector were on average significantly
worse than the ones in the top half. This might indicate
that the quality control of the fiber-to-fiber response
fluctuations benefitted from a learning curve and grad-
ually improved during the six months needed for the

The e.m. energy resolution measured in the center of the detector at an angle 8, =3°, with a 1.7X, preshower detector mounted

12 cm upstream of the calorimeter.

E, [GeV] Events {signal) [pC] o [pC] o /E (%] o/ E (lead) [%]
5.0 645 18.65+0.05 1.33+0.04 7.04+0.20 -
9.7 2492 36.73+0.04 2.024+0.03 5.49+0.08 -
20.0 1350 78.90+0.09 3.23+0.06 4.06 + 0.08 3.66+0.39
40.0 2074 158.9+0.1 5.2440.08 3.29+0.05 2.73+0.19
80.0 1924 317.8 +0.2 8.58+0.14 2.72+0.04 2.07+0.15
150.0 1032 579.2 +0.4 12.74+0.28 2.234+0.05 1.48+0.15
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Fig. 7. Distribution of the energy resolutions for 40 GeV
electrons, measured in each of the 155 individual towers of
the calorimeter. Each tower corresponds to one entry in this
histogram. The value measured for the central tower is indi-
cated, the statistical precision of the individual measurement
results distributed in.this histogram 1s shown as well.
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Fig. 8 The energy resolution (a) and the average signal (b) for

80 GeV electrons entering the central region of the calorime-

ter at a large number of impact points. The size of the squares
indicates the numerical value (not proportional!).

production of all the fibers. However, other explana-
tions of this phenomenon cannot be ruled out. The
average signal is even more sensitive to response fluc-
tuations than the energy resolution. In the upper part
of the central tower, the calorimeter response is sys-
tematically, up to ~ 10%, lower than the average value
(fig. 8b). Measurements on the transmission of ambient
light, which were done with a CCD camera after the
beam tests were completed, revealed that the fibers in
the top quarter of the central tower were significantly
darker than the fibers in the rest of this tower. Similar
measurements on six other, randomly chosen towers
showed that the single-fiber response was much more
uniform in these towers than in the central one. This is
illustrated in fig. 9, which shows three of these towers
and the central one. Fig. 8b shows that, apart from the
problem in the upper part of the central tower, the
signal uniformity in the scanned detector area is quite
good. In particular, there are no significant boundary
effects between the various towers. This confirms ear-
lier dedicated measurements intended to study such
effects [9].

The data from fig. 8b are presented as a histogram
in fig. 10. The little bump at the low-energy side of the
distribution represents the area with an anomalously
low fiber response in the upper part of the central
tower. Fig. 10 indicates how representative the calibra-
tion constants, obtained from measurements on elec-
trons whose effective shower width is much smaller
than the lateral tower size (9.3X,; % 9.3X,) and which
impact in one particular location, are for the tower as a
whole. Therefore, the width of the distribution in fig.
10 (ogms ~ 3%) may be interpreted as a measure for
the tower-to-tower calibration accuracy in this region
of the detector. The figure also shows that the electron
response in the center of the detector is within ~ 1%
equal to the average response in this area. This means
that systematic effects, due to signal non-uniformity,
on e.g. the measured e /w signal ratio are very small.

Given the observed atypical imperfections in the
central tower, we conclude that the energy resolutions
measured in the center of the calorimeter and listed in
table 1 are certainly not better than for the detector as
a whole. The results from table 1 are graphically shown
in fig. 11. They are well described with a fit of the
following type:

(12.9 + 0.3)%

VE

(x*=09/df) (1a)

o/E =

+(1.23+0.05)%

where E is given in GeV. One may also fit the data to
an expression that adds the scaling and constant terms
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in quadrature. The result is:
o2 /B2 = (15.7+0.2)%
VE

(x*=4.8/df) (1b)
Qur data is not sufficiently sensitive to distinguish
between these two expressions, one would need elec-
trons at several hundred GeV for that purpose.
Whether the scaling and 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. The scaling term is deter-
mined by sampling fluctuations. The origin of the con-
stant term is also well understood. Fig. 12 shows the
calorimeter signal as a function of the y-coordinate of
the impact point, determined with the beam chambers
(see fig. 3). One sees an oscillating pattern of which the
minima correspond to the situation where electrons

2

) +((1.99 £ 0.05)%)

MOD 1

enter the detector in the lead and the maxima to the
situation in which the particles enter the detector in a
plane composed of fibers and lead. The 1.9 mm period
corresponds exactly to the vertical distance between
two subsequent layers of fibers (see fig. 1a).

The lateral shower dimensions are very small, par-
ticularly in the early part of the shower. There, shower
particles are predominantly emitted in the same direc-
tion as the incoming electron and the lateral shower
dimensions, mainly determined by multiple scattering
[2], are cven small compared to the distance between
two fibers. 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 fiber will
therefore on average produce larger signals than elec-
trons entering in the lead. If one selects only electrons
entering the detector in the lead (using the beam
chamber information), the energy resolution clearly

MOD 6

MOD 47

Fig. 9. Results of light transmission measurements with a CCD camera. Shown are the bunches of fibers from 4 individual towers.
There are 1141 fibers in each bunch. The upper left picture shows the central tower of the detector, the others were chosen at
random.
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improves, to the extent that the constant term is greatly
reduced (see table 1 and fig. 11). At low energies, the
beam dispersion made it increasingly impossible to
determine the impact point of the electrons with suffi-
cient (submillimetric) precision to make this selection
possible. This dispersion is due to the preshower detec-
tor, which spreads the shower products more for low-
energy showers than for high-energy ones, thus wash-
ing out the effects of the fiber spacing on the energy
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Fig. 11. The energy resolution for electrons as a function of
energy, for 8, =3°. The closed circles encompass all events,
the closed squares are for electrons that enter the detector in
the lead. Monte Carlo predictions are shown as open circles
and squares.
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Fig. 12. The calorimeter signal as a function of the y-coordi-
nate of the impact point. Data for 80 GeV e™.

resolution. Therefore, only results for £ > 20 GeV are
given.

We conclude that the process responsible for the
deviations from a pure scaling behavior of the e.m.
energy resolution is a) not completely uncorrelated 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 (weakly) dependent on the energy.
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Fig. 13. The energy resolution o /E as a function of the angle

8, between the particle direction and the fiber axis (open

squares). The constant term c in the e.m. energy resolution as

a function of 8,, assuming that the results scale as o /E =

12.9%/\/E + ¢(8,), is shown as well (full squares). Results are

for 80 GeV electrons, measured in a 20-tower prototype of
the SPACAL detector.
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The latter point is in favour of eq. (l1a), which
includes an energy dependent deviation from E~1/2
scaling. Also, the better x? of the fit suggest that the
two terms should be added linearly. However, neither
(1a) nor (1b) is theoretically completely justified and a
correct formula is probably more complicated.

Fig. 11 also shows the results of Monte Carlo simu-
lations (GEANT). These simulations did not include
the effects of the preshower detector and the fiber
cladding. The shower development was cut off at an
energy of 10 keV. The results confirm the deviation
from a pure scaling behavior, but tend to slightly
overestimate the contribution of the constant term to
the energy resolution. The Monte Carlo simulations
also predict a considerable improvement in the energy
resolution and a smaller sampling fraction (.e.
calorimeter signal) if only electrons entering in the
lead are considered. The predicted improvement is
somewhat larger than the one observed in practice (fig.
11). This difference is probably due to the finite posi-
tion resolution of the beam chambers BC1 and BC2
(see fig. 3) and to the PSD effect mentioned above,
which did not allow to achieve perfect separation be-
tween electrons entering the calorimeter in lead or in a
fiber.

The origin of the constant term being understood, it
is no surprise that it depends very strongly on the angle
0,. Fig. 13 shows the energy resolution for 80 GeV
electrons as a function of 8,. Earlier, more systematic
studies with small prototype modules showed that if
the data were fitted to an expression o /E =a/VE +c,
the scaling term parameter (a) was almost independent
of 8,, whereas ¢ depended strongly on this angle [9].
Assuming that a is independent of 8,, we can derive
c(8,) from the measured energy resolution at 80 GeV.
The results, also given in fig. 13, show that the constant
term has almost completely vanished for 6, = 90°, and
increases strongly below 8, =5°.

The variations in the energy of the incoming elec-
trons, which in principle also contribute to the energy

Table 2

resolution, were neglected in the analysis. During our
measurements, the Ap/p of the electrons ranged from
0.7% at 5 GeV to 0.1% at 150 GeV.

4.2. Effects of the preshower detector

The results discussed in the previous subsection
were obtained with the 1.7X, thick preshower detector
installed 12 cm upstream of the calorimeter. In princi-
ple, this preshower detector will have deteriorated the
energy resolution of the calorimeter, since it absorbed
some fraction of the shower energy, with relatively
large event-to-event fluctuations. In this subsection, we
will investigate to what extent the calorimeter’s energy
resolution has been affected. Also, the preshower de-
tector absorbed a larger fraction of the energy of
electrons than for the pions. In order to be able to
determine the e/h value correctly, this effect has to be
evaluated as well.

The preshower detector was calibrated with the
signals from beam muons, which were assumed to be
minimum ionizing particles for this purpose. From the
composition of the absorber, one can calculate the
most probable value for the energy loss of mip’s in this
preshower detector: 13.7 MeV. This sets the energy
scale for the observed electron signals. However, it
should be realized that e.m. showers are less efficiently
sampled than muons in high-Z calorimeters. Typically,
an e/mip value of ~ 0.6 is found [3,14]. This result
applies to showers that are completely absorbed. The
early part is more efficiently sampled, with ¢ /mip ~ 0.8
for the first few radiation lengths [3]. So in practice we
used an energy scale of 13.7/0.8 = 17.1 MeV /mip for
the electron signals. The average shower energy de-
posited in the preshower detector is listed in table 2.
The fractional energy loss is given as a function of the
electron energy in fig. 14. The step at low energy is
caused by the trigger threshold applied for the mea-
surements at 5 and 9.7 GeV (see section 2.2). Results
of Monte Carlo simulations (GEANT) in which the

The average energy deposited 1n the 1.7X,, preshower detector, and the effect of this detector on the energy resolution measured
with the calorimeter. Column 4 lists the measured energy resolutions ignoring the PSD signals. In column S, the resolutions
obtained by adding the PSD and SPACAL signals event-by-event are given.

E, AE PSD AE/E o/E o/E
[GeV] [GeV] {%] no PSD with PSD
(%] [%]
5.0 0.236 +0.024 4,72+ 0.47 7.04 +0.20 6.92+0.20
9.7 0.298 + 0.030 3.07+0.31 5.49+0.08 5.29+0.07
20.0 0.166 £ 0.017 0.83+0.08 4.06+0.08 3.994+0.08
40.0 0.221 +0.022 0.55+0.06 3.29+0.05 3.24+0.05
80.0 0.274 £ 0.027 0.34+0.03 2.72+0.04 2.71+0.04
150.0 0.296 +0.030 0.2040.02 2.234+0.05 2.28+0.05
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energy deposit in the preshower detector was calcu-
lated, are also shown in this figure. They agree within
~ 10% with the experimental values, except of course
at 5 and 9.7 GeV, where the trigger threshold (Epgp > 7
mip) was applied. Mainly because of the trigger thresh-
old that was applied for the 5 and 9.7 GeV data taking,
the effect of the preshower detector on the e /7 signal
ratio is not negligible at these low energies. Energy loss
in the preshower detector is also partly responsible for
the signal alinearity observed at low energies (see sec-
tion 5.3).

The effect of the preshower detector on the energy
resolution for electrons was determined by adding the
signals from this detector event-by-event to the
calorimeter ones. The results, listed in table 2, show
that the improvement in the energy resolution was
barely significant. This is no surprise, since the
preshower detector absorbed at maximum only a few
percent of the shower energy, and only the fluctuations
in these few percent might affect the energy resolution.
On the other hand, the linearity of response clearly
improved at low energy when the energy loss in the
PSD was taken into account (see section 5.3). For
completeness, it should be mentioned that the fits
describing the measured energy resolutions (eqgs. (1a)
and (1b)) took the energy loss in the PSD into account,
i.e. the 5 GeV point was taken at 4.76 GeV, etc. The
effect of this on the results of the fits was smaller than
the statistical errors in the coefficients.
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Fig. 14. The fractional energy loss 1n the 1.7X, thick preshower
detector as a function of the electron energy. Results of MC
simulations (GEANT) are given as well.

5. Single-pion detection
5.1. Energy resolution

The energy resolution for the detection of hadronic
showers was studied as a function of the energy for
negative pions entering the calorimeter at an angle
6, =3°. Pure samples of pion events were obtained as
described in section 3. The pion signals were obtained
by adding the signals from all calorimeter towers.

Typical signal distributions, for 9.7, 40 and 150 GeV
7, are shown in figs. 15a, 15¢ and 15¢. The shape of
these distributions is not very well described by a
Gaussian curve, especially at 150 GeV, where a clear
high-energy tail is observed. The reason for this is well
understood. Hadronic showers exhibit large fluctua-
tions in their longitudinal energy deposit profile. Be-
cause of light attenuation in the fibers, the calorimeter
response depends on the depth at which the light is
produced. This effect is responsible for the observed
asymmetric signal distributions.

The light attenuation curve of the fibers was mea-
sured in the following way. A beam of 40 GeV elec-
trons was steered into a Spaghetti Calorimeter which
was oriented at 8, =90°, i.e. with the fibers running
perpendicular to the beam line. These measurements
were performed with the 20-tower prototype calorime-
ter. The signal of the e.m. showers was measured as a
function of the distance z between the impact point
and the PM tubes. The results are given in fig. 16. The
experimental points can be described by a sum of
exponentials:

I(2)[pC] = 102[e /110 + 0.85 (= =4 4/110]
+124 /07 @)

(with z in meters), which accounts for two exponential
attenuation processes and the effect of light reflection
at the aluminized open end (reflection coefficient 0.85
[9D in the 2.2 m long fibers. The curve in fig. 16
corresponds to this expression. Far away from the
PMs, where on average most of the light is produced
by a shower, the effective attenuation length measured
over the first meter amounts to 7-8 m, but in the
second half of the detector, the detector response rises
fairly sharply. The short component in the light attenu-
ation curve of scintillating fibers, 77 cm in our case, is
due to light travelling (partly) through the fiber cladding
[15]. Reflection losses at the cladding—air interface are
causing the much stronger attenuation for this light
component. It is clear that especially the response to
high energy hadrons, which may occasionally deposit
quite a large fraction of their shower energy beyond
5A,, may be affected by light attenuation. This is illus-
trated in fig. 17, where the calorimeter signal is shown
versus the longitudinal center of gravity of the light
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production. This effective shower depth was deter-
mined from the displacement of the lateral center of
gravity with respect to the impact point of the particles
(a consequence of the angle 8,) [10], exploiting the
good position resolution of the detector. The effect of
light attenuation is clearly visible, especially at 150
GeV, in that the average pion signal rises at increasing
depth. In fact, figs. 17b and 16 are equivalent, with the
difference that 8, was 3° instead of 90°.

As a consequence of light attenuation, the mea-
sured energy resolution is clearly worse than indicated

UNCORRECTED DATA

by the widths of the bands in fig. 17. This width is
determined by the fluctuations in the shower develop-
ment itself. Moreover, the resulting signal distribution
is non-Gaussian as a consequence of the non-Gaussian
event distribution in depth. All these effects are clearer
at higher energy, because of the following reasons: a)
The energy resolution due to sources other than light
attenuation is much smaller at high energy. b) The
effective depth of the light production is better deter-
mined at high energy because of the better lateral
position resolution. This is illustrated by the fact that
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at 9.7 GeV quite a few points at unphysical values are
found (xcsp —Xpc>0). ¢) The longitudinal dimen-
sions of high energy showers are larger, so that more

D. Acosta et al. / Lead / scintillating-fiber calorimeter

light is produced in the region where relatively strong
light attenuation occurs.

If one knows the effective depth (z) of the light
production event-by-event, one can of course eliminate
the effects of light attenuation by weighting the signals
with a factor 1(2.2)/1(z) (see eq. (2)). The results of
such a procedure are shown in figs. 15b, 15d and 15f.
As may be expected, the relative improvement is much
larger at high energy. As a result of this weighting
procedure, the energy resolution at 150 GeV improves
considerably and the signal distribution is much better
described by a Gaussian.

The results on the energy resolution for single pions
are summarized in table 3, which lists for each energy
the number of events, the average calorimeter signal
and the energy resolutions o /E before and after cor-
recting for the effects of light attenuation. Gaussian
fits were performed without restrictions on the area
around the peak value. The energy resolutions before
and after correcting the effects of light attenuation are
also shown as a function of the pion energy in fig. 18.
When fitting the energy resolutions to an expression of

(z) (m) (z) (m)
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Fig. 17. Scatter plots showing the calorimeter signal versus the longitudinal center of gravity of the light production (top horizontal
axis). This depth was determined from the lateral displacement of the center of gravity of the shower with respect to the particle’s
impact point (bottom horizontal axis). The arrows indicate the precision of the position measurements. Data for 9.7 GeV ©~ (a)
and 150 GeV =~ (b), entering the detector at 8, = 3°.

Table 3

The energy resolution for single pions, before (column 4) and after correcting for the effects of light attenuation in the fibers
(column 5) and of residual non-compensation (column 6).

E_[GeV] Events {signal) [pC] a/E[%]/x? 0/E A yq =) %)/ x? o /E (R, corr) [%)/ x*
5.0 248 16.99+0.20 15.6+0.7,/0.55 148+15/1.2 -
9.7 3213 34.09+0.07 11.73+0.15/1.1 11.05+0.14/1.0 -
20.0 1893 73.25+0.14 825+0.13/1.4 7.50+0.12/0.8 -
40.0 2286 151.6 +0.2 6.96+0.10/2.0 5.75+0.09/1.2 -
80.0 2479 309.2 +0.4 5.58+0.08/2.9 4.40+0.06/1.8 4.08+0.12/1.2
150.0 2208 593.4 +0.6 4.86+0.07/3.7 3.46+0.05/1.9 3.00£0.09/1.2
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Fig. 18. The 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 fibers. The curves are the
results of least squares fits to the data.

the type 0/E=a/\/f+c, we found the following
results:
Before:

(2774 0.6)%

o/E T +(25+£01)%
(X2=4.8/df); (3a)
after:
y (30.6 £ 0.5)% +(1.0£0.1)%
o/E=——F+—r— . 1)%
VE +
(Xz = 2.4/df) (3b)

with E given in GeV. One may also fit the data to an
expression that adds the scaling and constant terms in
quadrature. This gives the following results:

Before:

(339 0.4)%
—
(x?=3.4/df); (4a)

2
0c2/E%= ( ) +((41£0.1)%)°

after:

(333+£04)%
VE

(x?=2.0/df). (4b)

The curves in fig. 18 correspond to egs. (3) and (4). As
in the case of e.m. showers, one may argue whether the
two terms have to be added linearly, in quadrature or
otherwise. The fact that the effects causing a deviation
from a pure scaling behavior are energy dependent
works in favour of eq. (3). But, as for e.m. showers,
neither of the two expressions is theoretically justified
and a correct formula is definitely more complicated
than the ones used here. Fig. 18 shows that only
measurements at much higher energies than the ones
used by us will allow to distinguish experimentally
between the linear and the quadratic curves. It is
interesting to note that the WAS80 Collaboration, who
measured the energy resolution of their uranium/
scintillator calorimeter for energies between 60 and
6400 GeV, obtained results that are favoring the linear
expression [16].

The results given in egs. (3) and (4) show that,
although light attenuation in the fibers is a major
contribution to the term that describes the deviation
from a pure scaling behaviour, it does not explain this
term completely. In an attempt to understand the
origin of the remaining effects, we found that the width
of the signal distributions could be further reduced if
the calibration constants were deliberately changed
with respect to their measured values. This is illus-
trated in fig. 19, which shows the energy resolution
o/E, normalized to its value for the nominal calibra-
tion constants, as a function of the calibration constant
for the central tower. The width of the signal distribu-

02/E2=( ) +((22+£0.1)%)°

7

E ; 80 GeV -

2 15t 0z=0°

)

£ [
IR

13 ;

. ;

g 11#

5 i 1!;!

S i 3gy T
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04 0.6 0.8 10 1.2 14 16
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Fig. 19. The fractional width of the hadronic signal distribu-

tion as a function of the calibration constant for the central

calorimeter tower. The scales are normalized to the values for

the nominal calibration constant, determined from the

calorimeter response to electrons hitting the center of this
tower. Data for 80 GeV w ™.
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tion for 80 GeV pions improved by ~ 5% if the cali-
bration constant for this tower was reduced by ~ 15%
with respect to the value established on the basis of the
response to electron showers. For 9.7 GeV pions the
improvement amounted to at most 1%, for a reduction
of 10% of the calibration constant.

Most likely, these phenomena are a consequence of
the fact that the calorimeter is slightly undercompen-
sating (see section 5.3). By reducing the calibration
constant for the central tower, where most of the w°
production is detected, one reduces the effect of fluc-
tuations in the w° content of the showers on the
energy resolution. Evidence for this assumption comes
from fig. 20, where this phenomenon is dealt with in a
more sophisticated manner. We defined a quantity R
as

LrE"
1

e ®

where E, is the energy deposited in an individual tower
i and r is the distance between the center of tower i
and the center of gravity of the shower energy deposit

profile. This quantity is a measure for the effective
width of the shower. It was developed for e /7 separa-
tion purposes [10]. Fig. 20a shows the total calorimeter
signal versus R,. When the shower is wider (i.e. con-
tains less w° energy), the signal is somewhat smalier.
By weighting the calorimeter signals with an R, depen-
denti factor, in a way similar to figs. 15 and 17, the
energy resolution could be improved. Moreover, the
signal distribution became almost perfectly Gaussian
(see fig. 20b, table 3).

It should be emphasized that such procedures are
very delicate and mainly of academic interest. They
show where the limitations to the energy resolution
come from and what the ultimate achievable energy
resolutions are. But in practice, one would certainly
not want to change the measured calibration constants
deliberately by an energy dependent factor (fig. 19).
Further improvements in the energy resolution should
be pursued by eliminating the causes responsible for
the observed effects, rather than by correcting for
them.

5.1.1. Angular dependence

The angular dependence of the hadronic energy
resolution was studied for 40 GeV pions entering the
calorimeter at an angle of incidence 6, ranging from
0° to 5°. Results, uncorrected for the effects of light
attenuation in the fibers, are given in fig. 21, which
shows that, unlike for electrons, the hadronic energy
resolution is practically independent of 4,.

The absence of any strong angular dependence may
be understood from the fact that the phenomenon that
caused the angular dependence for electron detection
has no equivalent for pions. Unlike electrons, which
lose a large fraction of their initial energy by radiating
photons at almost 0 °, pions only lose a small fraction
of their energy through ionization before undergoing a
nuclear interaction in which the secondary particles are

8 T T T T T T
| 40 GeV 1~ i
TE + 4 g
q t + t y
S ]
wl
N
o 6_ 1
5 1ol | I 1 | |
-1 0 1 2 3 A 5 6

@, (degrees)

Fig. 21. The energy resolution for 40 GeV w~ detection as a
function of the angle of incidence 0,.
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dispersed over an area that is large compared to the
fiber-to-fiber distance. We did not observe any effect
of the type shown in fig. 12, which was responsible for
the (angle dependent) constant term contributing to
the e.m. energy resolution.

5.1.2. The energy resolution as a function of the cluster
size

In the results shown so far in this section, the
hadronic calorimeter signals were obtained by integrat-
ing over the total detector volume, i.e. by summing the
signals of all individual towers. The lateral cross sec-
tion of one tower being 48.7 cm?, this corresponds to a
cylinder with an effective radius r of /155 X 48.7 /7 ~
49 cm. In the practical circumstances of an experiment
(triggering, pile-up), one may want to integrate over a
smaller area to determine the energy of a particle or a
jet, and the question arises to what extent this would
affect the precision of the calorimeter measurements.

We studied this question by integrating the
calorimeter signal over smaller and smaller detector
areas, leaving out one hexagonal ring after the other
(see fig. 1b). The effect on the energy resolution is
shown in fig. 22 for pions at 9.7 and 80 GeV. The
resolution ¢/FE, relative to the resolution obtained
from integration over the full detector volume, is shown
as a function of the effective radius r of the (hexago-
nal) detector area over which the signal was integrated,
in fig. 22a. It turns out that the effect on the hadronic
energy resolution is marginal down to r = 30 cm. The
relative degradation of the energy resolution for fur-
ther decreasing radii is somewhat stronger for higher
energy particles. The same phenomenon is observed in
fig. 22b, where the energy resolution is shown as a
function of the lateral shower leakage fraction (see
section 5.3). For a given (average) lateral shower con-
tainment, the relative degradation of the hadronic en-

ergy resolution due to leakage increases with energy.
We found that the effect of lateral shower leakage on
the hadronic energy resolution is roughly described by

4
1/\/E term, to be added in quadrature to the scaling
term:

ol )
o/L = — | t|—| +c¢
4 2
VE VE
where ¢, and ¢, are the constants given in eq. (3) and

x is the average lateral leakage fraction. An even
better fit to the experimental results was obtained

when the x/ ‘:/E term was replaced by a term of the
form AxE ~®. Fitting all data in the energy range 5-150
GeV simultaneously, we found the best results for
A=090 and b=0.22. When the leakage term was
added quadratically to the total measured energy reso-
lution rather than to the scaling term, the best fit was
obtained for A =0.87 and » =0.17.

5.2. The e / signal ratio

Before entering into the important compensation
question, it should be pointed out that there are two
issues that should be clearly distinguished:

a) The e/ ratio as derived from the signals actu-
ally delivered by the calorimeter. This ratio, which can
be directly determined by comparing the signals from
electrons and pions at the same energy, is important
for the triggering function of the calorimeter in an
experiment. It will be a major advantage if the
calorimeter responds with signals that, irrespective of
the type of particle that caused them, are a direct
measure of the energy involved. In practice, one would
also like the calorimeter to meet this condition for jets.
However, the e/jet signal ratio is not only determined
by the properties of the calorimeter, but also by the jet
definition. Some particles produced in the fragmenta-
tion of a quark or gluon will inevitably pass outside the
area defined to contain the jet. The e /jet signal ratio is
discussed in section 6.3.

Because of the different longitudinal shower devel-
opment for electrons, hadrons and jets, the e/ and
¢/jet signal ratios depend on the attenuation charac-
teristics of the fibers.

b) A quantity that we shall call e/h, which in this
context is defined as the ratio of the amount of scintil-
lation light per GeV of deposited energy produced by
the e.m. and non-e.m. components of hadronic show-
ers. This quantity is an intrinsic property of the detec-
tor. The contribution of the (large and non-Gaussian)
fluctuations in the fraction of e.m. energy generated in
hadronic showers to the hadronic energy resolution
vanishes only if ¢ /h = 1. The determination of ¢/h is
the subject of the next subsection.
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Table 4

The e/« signal ratios measured with a spaghetti calorimeter
with an effective radius of 49 cm, preceded by a 1.7X,, thick
preshower detector.

E_[GeV] <(signale) [pCl (signal w) [pC] e/m

5.0 18.65 +0.05 16.99+0.20 1.097+0.013
9.7 36.73+0.04 34.09+0.07 1.077+0.003
20.0 78.90 1 0.09 73.25+0.14 1.077+0.002
40.0 158.9 +0.1 1516 +0.2 1.048 +0.002
80.0 3178 +0.2 309.2 +04 1.028 +0.001
150.0 5792 +£04 5934 +0.6 0.976 + 0.001

The values of the e/ signal ratio as measured with
our detector system are listed in table 4. The numbers
apply to the signals observed in the calorimeter (tables
1 and 3), with a 1.7X,, thick preshower detector in-
stalled upstream. The signals were integrated over an
area with an effective radius of 49 cm. The e /ar ratio is
plotted against the particle energy in fig. 23, Wherecas
the errors given in table 4 are statistical only, a system-
atic error of 1%, added in quadrature, was included in
the points shown in fig. 23. This error accounts for
instabilities in the PM response (which were never
observed to be larger than 0.5%), for uncertainties in
the beam energies and for the non-Gaussian calorime-
ter response, which leads to small differences between
the mean signal and the mean value of the Gaussian
fit.

As for the hadronic energy, we studied the effect of
a reduction of the area over which the signals were
integrated on the e/ signal ratio. The results are
shown in fig. 24. As for the hadronic energy resolution,
the e/w signal ratio is only marginally affected down
to r = 30 cm. Since electrons are already almost fully
contained in a cylinder with r = 10 cm, the fact that
e/w rises faster at decreasing r if the energy is lower
means that the hadronic containment in a cylinder with
given radius is increasing with energy.

1.2 : .
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Fig. 23. The e/« signal ratio for the Spaghetti Calorimeter as
a function of the particle energy. See text for details.
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integrated. Results for 9.7 and 80 GeV particles entering the
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In earlier tests with the 20-tower prototype of the
SPACAL detector, we removed the yellow filters in-
tended to absorb the most strongly attenuated blue
light component [9]. Since the light attenuation curve
becomes then steeper, and since pion showers develop
closer to the PM, the pion signals were more enhanced
with respect to the yellow-filter ones than the electron
signals. This had the effect of decreasing the measured
e/ signal ratio by 7% at 40 GeV. This illustrates that
the e/ signal ratio is not an intrinsic property of this
detector, but can be tuned to a certain extent through
the light attenuation characteristics of the fibers. As
was pointed out elsewhere [17], radiation damage will
also tend to decrease the e /m signal ratio. Because of
these effects, one might imagine a detector being de-
signed in such a way that eventual effects of radiation
damage on the e/ signal ratio could be compensated
for with filters.

5.3. The e / h ratio

In this subsection, we will try to find out to what
extent the compensation condition is met by our detec-
tor. That is, we will try to determine the relation
between the amounts of scintillation light per GeV of
deposited energy for the e.m. and non-e.m. compo-
nents of hadronic showers. The starting point for this
analysis is the e /v signal ratio measured as a function
of energy (table 4). In order to determine e /h, we have
to account for the following effects that have a differ-
ent influence on the electron and pion signals: a) light
attenuation in the fibers, b) energy loss in the preshower
detector, ¢) suppression of very small signals through
the low-energy cutoff, d) energy leaking out of the
detector.

In table 5, the differences between the e/ signal
ratios that would have been measured in the absence
of these instrumental effects and the actually measured
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e/w signal ratios are listed. By combining all these
numbers, the e/w ratios for this “perfect” detector
can be inferred.

a) Light attenuation in the fibers reduces the elec-
tron signal more than the hadronic signal and, there-
fore, it will lead to an underestimation of the e¢/=
ratio. Since we know both the effective depth at which
the light was produced (fig. 17) and the light attenua-
tion curve of the fibers (fig. 16), the contribution of this
effect could be accurately calculated. It varied between
4.2% at 5 GeV to 5.7% at 150 GeV, the increase with
energy stemming from the fact that hadronic showers
develop on average deeper inside the calorimeter at
higher energies.

b) Energy loss in the preshower detector leads to
an effect of the same sign, since it reduces the electron
signal more than the hadronic signal. The effects on
the electron signals were already quantitatively deter-
mined in section 4.2. Pions were assumed to behave
like minimum ionizing particles and lost, therefore,
only 15 MeV on average in this detector.

¢) As was pointed out in section 2.1, signals smaller
than 4 ADC counts above the pedestal value were
ignored by the readout system. Since the hadronic
showers spread over a much larger area than the e.m.
ones, neglecting the many small contributions to the
calorimeter signal will affect the hadronic response
more than the e.m. one. The result is an overestima-
tion of the e/w signal ratio, especially at low energy.
In order to estimate the contribution of the signals
below threshold to the total calorimeter signal, two
methods were employed. In the first method, we stud-
ied the effect of a further off-line increase of the cutoff
value. Results are given in fig. 25. One sees that an
increase of the cutoff value from 4 counts to, for
example, 60 counts above pedestal reduced the 150
GeV w~ signal by 3%. Assuming that shower shapes
are energy independent, a 10 GeV shower can be
modelled by a 150 GeV shower where all energies have
been scaled by a factor 15. This means that the 9.7
GeV pion response would have increased by 3% if the
data acquisition system were 15 times as sensitive. A
similar conclusion was reached by studying the effects

Table 5
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Fig. 25. The average hadronic signal as a function of the

low-energy cutoff value, given in counts above pedestal, for
pions of 9.7, 40 and 150 GeV.

of raising the cutoff values on the 80 and 40 GeV
signals. In the second method, the signal distribution
was studied tower by tower. Fig. 26 shows a signal
distribution that is not affected by this cutoff (fig. 26a)
and one that is affected (fig. 26b). In the latter distribu-
tion all events below the cutoff threshold end up in the
0-bin. The data were fit to a Poisson distribution, using
the contents of the 0-bin and the observed tail of the
distribution as boundary conditions. The resulting curve
is also shown in fig. 26b. This procedure was repeated
for each tower, and in this way the average total
missing signal could be determined. The results ob-
tained with both methods agreed within 10%, the error
attributed to the correction for this effect. The effects
of the low-energy cutoff on the electron signals were
studied as well. As may be expected, the largest contri-
butions from unobserved signals occurred at low en-
ergy. At 5 GeV, the unobserved component of the
signal was found to be 10% for pions and 4% for
electrons, resulting in a 6% net effect on the e/
ratio. At 9.7 GeV, these numbers were 3% for pions
and 1% for electrons. At higher energies, the net effect
was well below 1%.

The correctness of this procedure was confirmed

Influence of instrumental effects on the measured e/ 7 signal ratio. Listed are differences between the e/ signal ratio that would
have been measured in the absence of these effects (e /w corrected) and the actually measured e/ signal ratio.

E_[GeV] e/w measured Light attenuation [%]  PSD [%] Low-E cutoff [%]  Leakage [%)] e/ corrected
5.0 1.097 +4.22+0.28 +4.72+0.47 —5.96+0.60 —2.59+0.26 1.101£0.017
9.7 1.077 +4.13+0.20 +3.07+0.31 -2.13+0.21 —-2.32+0.23 1.107 +0.006

20.0 1.077 +4.01+020 +0.83+0.08 —0.40+£0.04 —-2.13+£0.21 1.102 4 0.004
40.0 1.048 +4.64+0.22 +0.55+0.06 —-0.13+0.01 —1.82+0.18 1.082 +0.004
80.0 1.028 +5.55+0.24 +0.344+0.03 —0.05+£0.01 —1.68+0.17 1.071 +0.003
150.0 * 0.976 +5.67+0.23 +0.20+£0.02 +0.02+0.01 —1.50+0.15 1.056 + 0.003

2 A correction of +3.6% was made in order to force linearity for electrons (see text).



500 D. Acosta et al. / Lead / scintillating-fiber calorimeter

independently by the experimental data itself. The ring
sum signals, obtained by hardware adding of all the
(small) calorimeter signals from towers in the same
hexagonal ring (see section 2.1, fig. 2) are much less
sensitive to the effects of low-energy cutoff. When
determining the particle response using the ring sum
signals instead of the software sums of all the individ-
ual tower signals, the effects mentioned above were
clearly observed. For example, the pion response in-
creased by 8.9% at 5 GeV and by 2.6% at 9.7 GeV. At
high energies (80 and 150 GeV) there remained small
(~0.5%) differences between the two results, which
are most likely due to the fact that the ring signals are
the sum of a large number of signals with slightly
different calibration constants. This is the reason why
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Fig. 26. Typical signal distributions in towers at different
distances from the shower axis. A signal distribution that is
not affected by the low-energy cutoff at 4 counts above
pedestal (2), and a signal distribution that is affected, together
with the result of the fit accounting for this effect (b). Data
for 10 GeV =~ at 8, =3°.
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Fig. 27. Lateral shower profile for 150 GeV pions entering the
detector at 9, = 3°. The average energy deposited per unit
surface (i.e. per calorimeter tower) is plotted as a function of
the distance between the tower center and the centroid of the
shower. The curve is in fact a set of points obtained by
integrating the function f(r), which describes the radial
shower profile, over the surface of each tower (see text).

we did not use these ring signals as a basis for our
analysis.

d) Energy leakage out of the calorimeter affects the
e/ ratio in the same way as the previous effect. Since
only hadronic showers were subject to some leakage,
the measured e/m signal ratio is an overestimation.
The leakage consists of two components, a longitudinal
and a lateral one. The longitudinal shower leakage is
analyzed in another paper [12] and ranges from 0.1%
at 10 GeV to 0.4% at 150 GeV. The lateral leakage
was determined from the radial shower profiles. A
typical shower profile is given in fig. 27. The experi-
mental points in this figure represent the average sig-
nals, for 150 GeV pion showers at 8, = 3°, measured
in each individual tower, as a function of the distance
between the tower center and the center of gravity of
the shower. The signals were corrected for the effects
of low-energy cutoff, which at this energy were very
small. The shower profiles are well described by an
expression of the following type:

f(r)=B,/r exp(—r/A;) + By/r exp(—r’/A3)  (7)
This formula represents the differential energy deposit,
i.e. f(r) d A is the energy deposited in an infinitesimal
area dA =r dr d6, located at a position (r, #) with
respect to the shower centroid. In order to compare to
the experimental data, f(r) has to be integrated over
the (hexagonal) surface of each tower. The curve shown
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in fig. 27 is the result of this procedure. By integrating
f(r) from r=49 cm to infinity, the lateral shower
leakage is obtained. The result is of course most sensi-
tive to the value of A,. At low energies, the corrections
for low-energy cutoff on the signals in the outer rings
were quite substantial, which means that the value of
A, is strongly affected by these corrections. Therefore,
the value of A, was fixed at 14.5 cm, the value obtained
from a free fit for 150 GeV pions, at which energy the
parameters could be most precisely determined. The
leakage fraction determined in this way ranged from
2.6% at 5 GeV to 1.5% at 150 GeV. Since the produc-
tion of w%s in the shower development increases with
energy, the 150 GeV w~ showers are better contained
laterally than the low-energy ones.

Fig. 27 also offers the possibility to get a realistic
feeling for the precision of the calibration constants
used in this analysis. Due to fiber-to-fiber response
fluctuations (see e.g. fig. 8), PM instabilities, etc. the
tower-to-tower calibration constants are definitely
much less precise than indicated by the 0.3% statistical
error (see section 3). The fluctuations of the experi-
mental points about the curve in fig. 27 are a measure
for these systematic effects. We analyzed these fluctua-
tions and found that the tower-to-tower calibration
accuracy is compatible with the results obtained from
the grid scan (section 4.1, fig. 10). However, these
systematic uncertainties in the tower-to-tower calibra-
tion constants turned out to have very little influence
on the pion signals, probably because these are usually
shared by many towers. The average pion response
measured in the 49 points of the matrix scan (section 3)
had a distribution with a width of only ~ 1%. And
since the electron signals measured in the center of the
calorimeter were very representative for the detector
as a whole (see fig. 10), the possible systematic effect
on the measured e/ signal ratios is of the same
order.

After performing the corrections resulting from a)—
d), we studied the linearity for electron and pion
detection. The results are given in figs. 28 and 29,
respectively. In figs. 28a and 29a, the average signal
per GeV is given as a function of the energy, for the
raw data (the third column in tables 1 and 3). These
results are of course specific for the setup in which
they were obtained, requiring for example a PSD signal
larger than 7 mip, etc. The results obtained after
correcting for the instrumental effects mentioned above
are shown in figs. 28b and 29b. It turns out that the
alinearity that was at first observed for low-energy
electrons (table 1) is completely explained by the ef-
fects of energy loss in the PSD and low-energy cutoff.
After the corrections were applied, the electron signals
were found to be linear within the experimental uncer-
tainties on the beam energy, thus confirming the re-
sults of previous measurements performed without the
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Fig. 30. The e/ = ratio corrected for instrumental effects as a

function of energy. The curves corresponds to fits for e /h =

1.15, 1.16. The point at 150 GeV was not included in the fits.
See text for details.

:
i
[

0.9

preshower detector [9]. On the other hand, the signal
at 150 GeV was significantly too low, by about 3.6%.
This was not observed in the measurements before. We
suspect that this phenomenon was caused by saturation
of the PM tube, due to space charge effects. The PM
gain in these measurements was a factor four larger
than in the ones that showed perfect linearity up to 150
GeV [9], because of the splitting of the anode signals
(section 2.1). This effect did not play a role for the 150
GeV pion signals, since the central tower detected on
average only haif the energy (equivalent to the 80 GeV
electron signals) in this case. Fig. 29 shows that the
detector is slightly alinear for the detection of pion
signals. Over the energy range 5-150 GeV, the signal
per GeV increased by ~ 5%.

In order to correct for the PM saturation, the ¢ /=
ratio for 150 GeV was increased by 3.6%, thus forcing
linearity for e.m. shower detection. The resulting e/
values, corrected for instrumental imperfections, are
shown as a function of energy in fig. 30. As in the case
of the uncorrected e/ values, the error bars in this
figure include a systematic error of 1%, added in
quadrature to the values listed in table 5.

All that we need in addition to be able to determine
the e/h value, is the average fraction of e.m. energy
(f.o) produced in pion showers. The relation between
e/h and the e/w signal ratios as a function of energy
was investigated by Wigmans [3] and by Groom [18],
who assumed for f,_o(E) a logarithmic and a power-law
dependence, respectively. The authors gave the follow-
ing formulae, which globally describe experimental
data:

Wigmans:
e/h
/()= T T Ze/myk m E
with k =0.11; (8a)

Groom:
1
E) =
T T e E Ry
(m =085, E;=1 GeV). (8b)

Using these expressions, our data is best fit by the
value

e/h=1.154+0.02. (9)
The curves in fig. 30 are the results of best fits of eqs.
(8a) and (8b) to our experimental data. The 150 GeV
point was not included in these fits, but is reasonably
well described by the resulting curves. The same for-
malisms also describe the observed signal alinearity for

pion detection well, as illustrated by the curves in fig.
29.

6. Multiparticle detection
6.1. Energy resolution

In an attempt to simulate jet detection with this
calorimeter, we measured the reaction products of
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Fig. 31. Multiparticle signals, integrated over the total

calorimeter, as a function of energy (a) and as a function of

the multiplicity of the interaction (b). Interactions with a
multiplicity > 10 were grouped together in the last bin.
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pions interacting in a block of paraffin installed either
44 cm (position 1) or 147 cm (position 2) upstream
from the front face of the calorimeter. Interactions in
the target were selected and triggered upon using the
signal from the S, counter (see fig. 3). The trigger
threshold was set at twice the minimum ionizing value.
These measurements were performed at 40, 80 and 150
GeV.

One of the problems in interpreting the measure-
ment results comes from the fact that, unlike for single
particles, the energy deposited in the calorimeter was
not precisely known. In the interaction in the (10 cm
thick) target, a certain amount of energy may be spent
in breaking up and recoil of the target nucleus, some
energy may be absorbed in the paraffin and, finally,
secondary particles may have been produced at such
large angles that they geometrically missed the
calorimeter. And since the fraction of lost energy may
wildly fluctuate from event to event, these phenomena
will have contributed to the width of the signal distri-
butions measured with the calorimeter. The first con-
clusion is, therefore, that the energy resolution for jets
with precisely known energy will be better than the one
measured in this way.

Evidence for the phenomena mentioned above
comes from the fact that a) the multiparticle signals
were smaller than the ones for single pions, and the
difference increased with decreasing energy, b) the
signals measured at position 2 were considerably
smaller than at position 1, and ¢) the signals became
smaller when the multiplicity of the interaction in-
creased.

This is illustrated in fig. 31. In fig. 31a, the multipar-
ticle signals, integrated over the whole detector, are
given relative to the single-pion signals as a function of
energy. In fig. 31b, the multiparticle signals for one
energy (80 GeV) are shown as a function of the multi-
plicity of the interaction. This multiplicity could be
inferred from the signal in the S; counter.

There is also another effect that caused the multi-
particle signals to be smaller than the corresponding
single-pion ones. On average, one third of the particles
produced in the interactions in the upstream target
developed e.m. showers (w"’s) and the other particles
were lower in energy than the incoming pions. There-
fore, light production in the multiparticle events took
place further upstream in the calorimeter than for the
single-pion events. The difference in light attenuation
caused the multiparticle signals to be smaller. To esti-
mate this effect quantatatively, one may consider the
multiparticle events as hadron showers with a fixed
starting point, i.c. in the target upstream of the
calorimeter. Single pions detected by the calorimeter
will have traversed on average 1A_ (=314 cm [10,11])
of material before starting the shower. From eq. (2),
one may then infer that the different light attenuation
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Fig. 32. The widths of the multiparticle signal distributions,
measured n positions 1 and 2, compared to the uncorrected
single-pion energy resolution.

will cause the multiparticle signals to be 3-4% smaller
than the corresponding single-pion signals. Analysis of
the lateral displacement of the center of gravity of the
shower with respect to the axis of the incoming “jet”
(cf. fig. 17) confirmed that the light production was
indeed shifted upstream by ~ 1A_ for the multiparti-
cle events.

The 3-4% signal decrease coming from this phe-
nomenon accounts for most of the effect observed for
150 GeV “jets” produced in target position 1 (see fig.
31a). In other cases, e.g. at lower energy, at high
multiplicity, or for interactions in target position 2, the
contribution of missing energy to the observed signal
decrease may be substantial, up to ~ 10%. From fig.
22b and eq. (6) one may infer the effect of such
“leakage” on the width of the signal distributions. But
in spite of this, the measured signal distributions looked
remarkably good, especially at high energy. In fig. 32,
the widths of the signal distributions for the secon-
daries from interactions at positions 1 and 2 are com-
pared to the (uncorrected) single-pion energy resolu-
tions. In position 1, the multiparticle resolution at 80
and 150 GeV was even significantly better than for
single pions. This can be explained from the fact that
light attenuation in the fibers, which played a major
role in the energy resolution for single pions (section
5.1), was much less important for multiparticle detec-
tion. Since several particles entered the calorimeter
simultaneously, the fluctuations in the longitudinal
center of gravity of the light production, which caused
the energy resolution for single pions to deviate from a
pure scaling behavior, are suppressed by a factor de-
pending on the number of particles in the “jet”.

We investigated the energy resolution as a function
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of the multiplicity and did indeed find a dependence.
Fig. 33 shows the multiparticle resolution at 150 GeV
as a function of the multiplicity, or rather as a function
of the signal in the S; counter. The resolution im-
proves at increasing multiplicity, leveling off and then
deteriorating beyond a multiplicity of ~ 8. The latter
effect is probably due to the fact that fluctuations in
the average missing energy start dominating at that
point, in agreement with fig. 31b.

We also found that the multiparticle signal distribu-
tion fit a Gaussian curve much better than the (uncor-
rected) single-pion one. In fig. 34, the 150 GeV single-
and multiparticle distributions are compared. Also
here, the distributions became ‘““more Gaussian” when
the multiplicity increased (fig. 34c).

One problem in the detection of jets in an experi-
ment concerns the definition of the jet, i.e. the detec-
tor area over which should be integrated. In practice,
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one frequently defines a cone with a certain opening
angle around the thrust axis for this purpose. However,
some soft jet components will almost always be ex-
cluded in doing so. In a sense, this situation has some
similarity with our multiparticle detection. No matter
how big the detector, some fraction of the energy may
always escape detection. We studied the width of the
multiparticle signal distribution as a function of the
opening angle of a conc around the beam axis. Since
the particles developed showers over some depth in-
side the calorimeter, the opening angle was calculated
with respect to a plane at a depth of 60 cm (~2.94,)
inside the calorimeter, rather than with respect to the
front surface. This depth corresponds to the average
center of gravity of 80 GeV pion showers in the
calorimeter [10]. The results are given in fig. 35. They
show that in this way,the average signal and the width
of the multiparticle signal distribution measured in
positions 1 and 2 can be related to each other, since
they lie both on approximately the same smooth curves.
From the curve in fig. 35b, we conclude that the energy
resolution does not improve significantly for opening
angles beyond ~45°,

6.2. The e /jet signal ratio

In section 5.1, we argued that the e /w signal ratio is
an important quantity for triggering purposes. In prac-
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tice, the e/jet signal ratio is probably equally, if not
more, important. The accuracy with which the jet en-
ergy can be measured, determines largely the accuracy
of the mass measurement of, for example, the top
quark.

In the previous subsection, we already gave the
arguments why the multiparticle signals are on average
smaller than the single-pion signals: differences in light
attenuation, missing energy for a given jet definition.
As a consequence, the e /jet signal ratios are somewhat
larger than the e/ signal ratios. In fig. 36, the e /jet
signal ratios are given for a “jet” with an opening angle
of 45°, as a function of multiplicity. The values range
from 1.00 to 1.05 for 150 GeV jets with a multiplicity of
at least three, and from 1.11 to 1.18 for 40 GeV jets. If
the opening angle is decreased, the ¢ /jet signal ratios
increase further,

7. Discussion
7.1. Compensation

The result on the e/h ratio (9) shows that the
calorimeter is not completely compensating. Other data
obtained in this analysis confirm this conclusion, e.g.
the signal alinearity for pion detection [3] (fig. 29) and
the fact that the width of the signal distributions may
be improved by deliberately using the wrong calibra-
tion constants (fig. 19). The constant term in the en-
ergy resolution left after eliminating the effects of light
attenuation, i.e. 1.0% when added linearly to the scal-
ing term (3b), is in agreement with predictions. In ref.
(3], a 1% constant term, to be added linearly to the
scaling term, was predicted for a calorimeter with an
e/ signal ratio of 1.1 at 10 GeV.
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The question arises of how it is possible that our
calorimeter, which has the same sampling fraction as
the Pb/scintillator sandwich calorimeter built by ZEUS
[4], has an e /h value that is larger by about 10%. First
of all it should be mentioned that the 1.05 + 0.04 value
reported by Bernardi et al. [4] was an average e¢/w
signal ratio and not an e/h value. Moreover, their
error bar is quite large compared to the difference that
we are talking about, but even so there might be a 2o
effect. There are several factors that may contribute to
the difference between the e/h ratios measured by
ZEUS and by us. We mention the most important
ones: 1) Our fibers have a plastic cladding with a
thickness of 29 pm. This corresponds to 11% of the
total plastic volume. Neutrons interacting in the plastic
cladding will in general not be detected. Our detector
is, therefore, less efficient in sampling neutrons than
the plate calorimeter. 2) When the distance between
subsequent sampling layers is decreased below ~ 1X),
the ¢ /mip ratio tends to increase, as was shown in ref,
[3]. Therefore, in our detector the e.m. shower part is
more efficiently sampled than in the case of the plate
calorimeter.

Both cffects work in the same direction, i.e. they
increasc ¢/h. Knowing the precise e /h value for this
calorimeter is very important, since it makes it possible
to predict the effects of changes in the composition of
the calorimeter and to design an instrument that is
completely compensating to within a few percent. There
arc several ways in which this goal may be achieved,
e.g. 1) the cladding could be made thinner, or its
hydrogen content might be reduced, 2) a very thin layer
of material with Z < 82 could be inserted in between
the lead and the fiber, thus selectively reducing the
e.m. response [19], 3) the sampling fraction could be
decreased, for the same sampling frequency, and 4) the
sampling frequency could be decreased, for the same
sampling fraction, or by a combination of several of
these methods.

7.2. Dynamic range

Our results clearly demonstrate that if one wants to
fully exploit the potential of this type of calorimeter, a
light-detection /data-acquisition system with a very
large dynamic range is needed. The 4.5 orders of
magnitude available to us were insufficient. Our mea-
surements concerned particles in the range of 5-150
GeV, detected with the same gain settings at all ener-
gies. This factor 30 is still at least an order of magni-
tude below the range of energies at which precise
calorimetric measurements will be needed in LHC/
SSC experiments. But even for this factor 30, the
shortcomings of our PM/ADC system were apparent
(see section 5.3). At the highest energy, signal satura-
tion due to space charge effects in the last acceleration

stage of the PM affected the results of the measure-
ments, at the lowest energies pedestal fluctuations in
the ADC formed the limit. This is one of the reasons
why we are developing a new type of light detector,
which is expected to have a larger dynamic range of
operation than a photomultiplier [20].

7.3. Energy resolution and signal uniformity

Our results show that the fiber quality is the main
factor that limits the performance of the calorimeter:
1) Fiber-to-fiber response fluctuations cause a signal
nonuniformity for e.m. showers that is larger than the
energy resolution beyond 100 GeV, and 2) light attenu-
ation in the fibers deteriorates the energy resolution
for pions and leads to non-Gaussian response func-
tions, especially at high energy.

The first point is probably more serious than the
second one. As was shown in our analysis, light attenu-
ation can be corrected for in the case of single pions
and its effects are strongly reduced for jets, especially
at high multiplicity.

Because of the small Moliére radius, the number of
different fibers that effectively contribute to the shower
signal is small as well. It was estimated that fiber-to-
fiber response fluctuations of ~ 6% lead to a 1%
nonuniformity for e.m. shower signals [13]. In practice,
the fluctuations were a factor 2-3 larger (fig. 10).
Further improvement of the fiber quality, and in par-
ticular of the reproducibility of the fiber response, is
therefore needed.

It should be noted that a more frequent shower
sampling would reduce the sensitivity to fiber-to-fiber
response fluctuations. If the fiber diameter were re-
duced to 0.5 mm, the tolerable level of such fluctua-
tions would increase to 12%, if 1% nonuniformity is
the design goal. Such a reduction of the fiber diameter
would also improve the e.m. energy resolution. The
scaling term is expected to be reduced by a factor V2.
Based on our understanding of the origin of the con-
stant term (section 4.1), we also expect a considerable
reduction of this term. Of course, such an increased
sampling frequency would make the detector more
difficult to build and also more¢ expensive.

The longitudinal uniformity would greatly benefit
from a suppression of the short component in the light
attenuation curve (eq. (2)). Preventing the reflection of
light at the interface cladding/air is the recipe for
achieving this goal. All these topics require further
R & D.

8. Summary and conclusions

We have studied the detection of showering parti-
cles with a 13-ton lead/scintillating-fiber calorimeter
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(SPACAL) designed to be compensating (lead: fiber
ratio 4.2:1 in volume). The detector roughly had the
shape of a 9.6A, deep cylinder with a diameter of
4.7A,. It was subdivided in 155 longitudinally unseg-
mented towers, in which the fibers were running
(roughly) in the same direction as the incoming parti-
cles, such as to achieve the best possible detector
hermeticity. The detector signals were studied for par-
ticles in the energy range from 5 to 150 GeV.

For electrons, the energy resolution o/E was mea-
sured to be 12.9% / \/E, plus a constant term depend-
ing on the angle 6, between the particle direction and
the fiber axis. This term, which amounts to 1.2% for
6,=3°, was shown to be due to anomalous sampling
in the early stage of the shower development. It was
greatly reduced when only electrons entering the de-
tector in the lead were taken into account. The effect
on energy resolution and signal linearity of a 1.7X,
thick preshower detector, installed 12 cm upstream
from the detector, was measured to be small. Only for
energies below 20 GeV was more than 1% of the
shower energy absorbed by this detector, and its effect
on the energy resolutions measured with SPACAL was
negligible in all cases. Energy loss in this preshower
detector caused some signal alinearity for electrons at
low energy, which could be recovered by using the
signals from the preshower detector. The e.m. energy
resolutions achieved with SPACAL were slightly better
than predicted with Monte Carlo simulations.

Single pions were detected with an energy resolu-
tion of ~ 30% / VE plus a constant term, which turned
out to be mainly due to the effects of light attenuation
in the fibers. Light attenuation also caused deviations
from a Gaussian response function. With knowledge of
the impact point of the particles, these effects could be
efficiently removed for single pions. The energy resolu-
tion for pions was found to be practically independent
of the angle 6,. Measurements of the hadronic energy
resolution as a function of the cluster size showed that
the results obtained for a cylindrical region with a
radius of 30 cm around the particle’s impact point were
practically equal to the ones obtained for fully con-
tained showers. The e/ signal ratio was measured to
be smaller than 1.10 in the energy range from 5 to 150
GeV. When the cluster size was limited to a cylindrical
region with a radius of 30 cm around the particle’s
impact point, these values increased by ~ 4%. By
removing the yellow filters, which changed the light
attenuation characteristics of the fibers, the e /w signal
ratios decreased, by 7% at 40 GeV. After removing the
instrumental effects, caused by light attenuation, by
absorption in the preshower detector, by the insuffi-
cient dynamic range of our PM /data acquisition sys-
tem and by shower leakage, we found the intrinsic ¢ /h
value of this detector to be 1.15 + 0.02. The reasons

why the compensation goal was not completely achieved
are qualitatively understood and several recipes exist
for designing completely compensating lead/fiber
calorimeters, using our experimental results as a start-
ing point.

The properties for jet detection were studied with
particles originating from nuclear interactions in a tar-
get upstream from the calorimeter. The effects of light
attenuation in the fibers were found to be much less
important than for single-pion detection. At increasing
multiplicity, the measured signal distributions became
more Gaussian and the energy resolution improved.
Especially at high energy, the multiparticle resolution
was found to be considerably better than the single-pion
one. The e/jet signal ratios were slightly larger than
the e /= signal ratios, due to energy leaking out of the
region defining the jet and to the increased effect of
light attenuation. For a cone with an opening angle of
45°, the e /jet signal ratio was measured to range from
1.18 at 40 GeV to 1.05 at 150 GeV for high-multiplicity
“jets”.
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