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Abstract

Simultaneous measurement of the scintillation and the Cherenkov light produced in hadronic shower development
makes it possible to eliminate the effects of fluctuations in the electromagnetic shower fraction, which dominate and
spoil the performance of non-compensating calorimeters. In this paper, we report on a study to separate the light signal
produced by an optical calorimeter into its scintillation and Cherenkov components. To this effect, we use differences in
the time structure of these two signals, as well as differences in the angular distribution of these two types of light. Both
methods give useful results, especially when the numbers of scintillation and Cherenkov photons are comparable.
r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In a previous paper, we have demonstrated the
beneficial effects of simultaneous measurements of

the scintillation and the Cherenkov light produced
in hadronic shower development [1]. In the
development of showers initiated by hadrons and
jets, Cherenkov light is only produced by the
relativistic charged shower particles. Since the
latter are predominantly produced in the electro-
magnetic (em) shower components of hadrons or
jets, a comparison of the Cherenkov signal with
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the scintillator signal, to which all charged shower
particles contribute, makes it possible to measure
the energy fraction carried by the em component,
f em, event by event. As a result, the effects of
fluctuations in this component, which are respon-
sible for all traditional problems in non-compen-
sating calorimeters (non-linearity, poor energy
resolution, non-Gaussian response function), can
be eliminated. This leads to an important im-
provement in the hadronic calorimeter perfor-
mance.

These results make it not only possible to design
excellent calorimeter systems for future experi-
ments, for example at the proposed Linear
Collider (ILC), but they also point the way to
improving the hadronic performance of existing
calorimeters. Especially experiments that use
crystals to measure the energy carried by electrons
and photons tend to have a rather poor
performance for jets and hadrons, because of the
large e=h ratio of these homogeneous calorimeters
[2]. If, however, one were able to separate the light
produced by these crystals into its scintillation and
Cherenkov components, then the techniques from
Ref. [1] could be used to improve the hadronic
performance of such detectors too.

The study described in the present paper was
carried out to investigate possible techniques to
separate the two types of light from a medium that
generates both. It focuses on techniques that
exploit differences in the time structure of these
two signals, and differences in the angular
distribution of the two types of light. Other
features in which the two signals differ concern
the optical spectra and the polarization. However,
the latter characteristics do not (yet) lend
themselves easily to a practical method for
separating the light produced by a calorimeter
into its two components. In order to judge the
effectiveness of the used techniques, it is of course
crucial to know, event by event, how many
photons of each type were produced. The detector
used for these studies was uniquely suited to
provide that information.

In Sections 2 and 3, we describe this calori-
meter and the experimental setup in which it was
tested. In Section 4, we discuss the experimental
data and the techniques used to separate the

scintillator and Cherenkov signals produced by
the calorimeter. Experimental results are pre-
sented in Section 5 and conclusions are given in
Section 6.

2. The DREAM detector

The measurements described in this paper were
performed with a calorimeter that has become
known by its acronym DREAM, for Dual-REAd-
out Module. This detector is based on a copper
absorber structure, equipped with two types of
optical fibers, which measure the scintillation and
the Cherenkov light produced by the shower
particles.
The basic element of this detector (see Fig. 1) is

an extruded copper rod, 2m long and 4! 4mm2

in cross-section. This rod is hollow, the central
cylinder has a diameter of 2.5mm. In this hole are
inserted seven optical fibers. Three of these are
plastic scintillating fibers,1 the other four fibers are
undoped fibers, intended for detecting Cherenkov
light. We used two types of fibers for the latter
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Fig. 1. The basic building block of the DREAM detector is a
4! 4mm2 extruded hollow copper rod of 2m length, with a
2.5mm diameter central hole. Seven optical fibers (4 undoped
and 3 scintillating fibers) with a diameter of 0.8mm are inserted
in this hole.

1SCSF-81J, produced by Kuraray Co. Ltd, Tokyo, Japan.
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purpose. For the central region of the detector,
high-purity quartz fibers2 were used, while the
peripheral regions of the detector were equipped
with acrylic plastic fibers.3

The DREAM detector consists of 5580 such
rods. The fibers were grouped to form 19 towers.
Each tower consists of 270 rods and has an
approximately hexagonal shape. The towers are
longitudinally unsegmented. The readout structure
is shown schematically in Fig. 2. The fibers
sticking out at the rear end of this structure were
separated into 38 bunches: One bunch of scintillat-
ing fibers and one bunch of Cherenkov fibers for
each of the 19 hexagonal towers. In this way, the
readout structure was established. Each bunch was
coupled through a 2mm air gap to a photomul-
tiplier tube (PMT).4 Many more details about this
calorimeter and its performance characteristics are
given in Refs. [1,3–5]. One performance character-

istic that turned out to be particularly important
for the present studies concerns the light yield of
the Cherenkov fibers. This light yield was
measured with 40GeV em showers. It was found
to be 8 photoelectrons (p.e.) per GeV for the
towers equipped with quartz fibers, and 18 p.e./
GeV for those equipped with plastic Cherenkov
fibers [3].
For the purpose of the studies described in this

paper, we equipped in addition the rods in the
areas indicated with T (top) and B (bottom), which
were initially only intended as fillers, with fibers.
Each of these areas measured 5:8 cm2. Each fiber
was used in two rods, one rod in the T area and the
corresponding (mirror image) rod in the B area.
These fibers were about 6m long, and were bent
over 180" upstream of the calorimeter. In this way,
both extremities of these fibers ended up in the
readout area located at the downstream end of the
calorimeter.
The fibers from the T and B areas were split

into 3 bunches. One bunch contained 2 scintillat-
ing fibers from each rod, namely the fibers
numbered 3 and 5 in Fig. 1. A second bunch
contained 2 (plastic) Cherenkov fibers from each
rod, numbers 2 and 6 (Fig. 1). The third bunch
contained the remaining fibers (1 scintillating
and 2 Cherenkov fibers from each rod, numbers
1, 4 and 7).
This splitting was done in the same way for the

T and B areas, so that a bunch from the T area
contained exactly the same fibers as the corre-
sponding bunch from the B area. Each of these 6
bunches was coupled to a PMT in the same way as
the 38 other bunches. These 6 PMTs were thus
detecting light from both sides of the 3 fiber
bunches.
The reason for this 3-way splitting was the

following. The bunches containing only one type
of fiber provided for each event the relative
strengths of the scintillator and Cherenkov
signals. The third bunch produced a signal from
a mixture of these two types of light. The
separation of this mixture into its components
could thus be verified, event by event, by this
arrangement. By reading out the same fibers from
both ends, it became possible to study forward/
backward asymmetries in the light production,
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Fig. 2. Schematic layout of the DREAM calorimeter (front
view). Each square represents a copper tube, shown in detail in
Fig. 1. The subdivision into hexagonal readout towers is shown,
and the areas used for the study described in this paper are
marked by 1, T and B.

2Polymer-clad fused silica fibers, produced by Polymicro,
Phoenix, Arizona, USA.

3Raytela PJR-FB750, produced by Toray, Japan.
4Hamamatsu R-580, 10-stage, 1.5-in. diameter.
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which were expected to be quite different for the
two types of light.

The PMTs reading out the scintillating fibers
were equipped with a yellow filter5 between the
fiber ends and the photocathode. This filter
increased the attenuation length ðlattÞ of the
scintillating fibers and reduced the overall scintil-
lation light level to the point where the PMTs
could accommodate both types of fibers. The same
filters were also used for the scintillating fibers in
the mixed bunches from the T and B areas. The
latter fibers were for some of the measurements in
addition equipped with neutral-density filters,
which reduced the number of scintillating photons
with a factor of 4, and changed the mixture of the
two types of light in these bunches accordingly.
Equipped with these filters, the attenuation length
of the scintillating fibers was measured to be 5m.
For the plastic Cherenkov fibers, we found
latt ¼ 8m.

3. Experimental setup

3.1. The beam line

The measurements described in this paper were
performed in the H4 beam line of the Super Proton
Synchrotron at CERN. The DREAM calorimeter
was mounted on a platform that could move
vertically and sideways with respect to the beam.
The detector was oriented in such a way that the
fibers were running parallel to the beam trajectory,
i.e. the angles y and f between the fibers and the
incident particles in the vertical and horizontal
planes were both 0".

We used several auxiliary detectors in these
beam tests. These detectors served to obtain clean
samples of the desired type of events and to
measure the impact point of the particles in the
calorimeter event by event.

Two small scintillation counters provided the
signals that were used to trigger the data acquisi-
tion system. These Trigger Counters were 2.5mm
thick, and the area of overlap was 6! 6 cm2.

A coincidence between the logic signals from these
counters provided the trigger.
The impact point of the beam particles in the

DREAM calorimeter was measured with a fiber
hodoscope, which was installed about 3m up-
stream of the front face of the calorimeter. This
hodoscope consisted of ribbons of scintillating
fibers oriented in the horizontal or vertical
direction, thus providing the y and x coordinates
of the beam particles. Details about this hodo-
scope, and examples of its excellent performance,
are given in [3].
It was important to generate calorimeter signals

that consisted of a mixture of Cherenkov and
scintillation light that varied substantially from
one event to the next. This was achieved by means
of interaction products of nuclear reactions in an
upstream target. For this purpose, a 10 cm thick
polyethylene target ð&0:1lintÞ was installed in front
of the calorimeter. Scintillation counters placed
upstream and downstream of this target made it
possible to recognize and select the desired events.
Nuclear interactions of beam pions in the target
could be selected, by requiring a mip signal in the
upstream detector (indicating the passage of a
single pion) and a much larger signal in the
downstream counter. The latter signal could also
be used as a measure for the multiplicity of the
nuclear reactions.
For the measurements of beam electrons, this

setup was replaced by a preshower detector,
consisting of a 5mm thick lead plate followed by
a scintillation counter. This device was an efficient
tool to remove contaminating pions and muons
from the electron beam [3].

3.2. Data acquisition

The various detector signals were transported
through RG-58 cables with (for timing purposes)
appropriate lengths to the counting room. All
signals, except those from the trigger counters and
the fiber hodoscope, were digitized by 11-bit
Lecroy 2249W charge-sensitive ADCs. These
had a gain of 4 counts/pC. The ADC gate width
was 120 ns, safely long enough to capture the
signals in their entirety. [We show in Section 5.1
that the scintillator signals had decreased to less
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5Kodak, Wratten #3, nominal transmission 7% at 425 nm,
90% at 550 nm.

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 550 (2005) 185–200188



than 4% of their amplitude after 50 ns and that
the Cherenkov signals were even smaller than
that.]

The signals from the fiber hodoscope were
digitized by TDCs. Eight TDCs were used, four
for the horizontal and four for the vertical fiber
ribbons, respectively. The time information was
converted into the ðx; yÞ coordinates of location of
the point where the beam particle traversed the
hodoscope.

The data acquisition system was based on
CAMAC, interfaced via a VME bus to a Linux-
based computer. A maximum of 2000 events were
recorded in the 2.6 s SPS spill. The typical event
size was &150 bytes. All calorimeter signals and
the signals from the auxiliary detectors were
monitored on-line.

3.3. Calibration of the detectors

Using the high voltage, the gain in all PMTs was
set to generate &2 pC=GeV. The 38 PMTs reading
out the 19 towers, as well as the 6 PMTs reading out
the T and B areas, were calibrated with 40GeV
electrons. The showers generated by these particles
were not completely contained. The (average)
containment was found from EGS4 Monte Carlo
simulations to be &93% for the hexagonal towers
and&70% for the T and B areas. These factors were
taken into account in determining the calibration
constants.

4. Experimental data and methods

4.1. Methods to separate Cherenkov light from
scintillation light

The fluorescent light produced in molecular
de-excitation processes (scintillation light) differs
in a number of characteristic ways from
that generated by charged particles traveling
faster than the speed of light (c=n) in a detector
medium with an index of refraction n (Cherenkov
light):

(1) The time structure of the signals is different.
The generation of Cherenkov light is an

instantaneous process. On the other hand, the
emission of scintillation light is characterized
by one or several time constants, which are
typical for the molecular de-excitation pro-
cesses that are taking place. In practice, other
factors also contribute to the time structure of
the calorimeter signals, in particular dispersion
in the transit time of the PMTs and the
difference between the speed of light in the
fibers and the speed of the particles that
generate the signals. However, for a given
shower, the fraction of the Cherenkov light
that is collected in a time interval (Dt) starting
with the arrival of the first photons at the
photocathode is larger than the fraction of
the scintillation light collected in the same
time interval. This difference also appears in
the charge signals generated by this light. In
this paper, we explore this feature by mea-
suring the fraction of the calorimeter signal
recorded in the ‘‘tail’’ of the shower, i.e.
beyond Dt.

(2) The angular distributions of the light generated
by both mechanisms are different. Scintillation
light is emitted isotropically, the excited
molecules have no memory of the direction
of the particle that excited them. On the other
hand, Cherenkov light is emitted at a char-
acteristic angle by the shower particles that
generate it. This Cherenkov angle, yC ¼
arccosðnbÞ'1, amounts in acrylic plastic to
&48", for particles with b ( 1. The relativistic
shower particles have a non-isotropic angular
distribution, with a preference for the direction
of the incident particle that initiated the shower.
As a result, the response of a fiber calorimeter
that uses Cherenkov light as the source of its
signals depends on the angle of incidence (y) of
the particles. This has been measured by several
groups for electromagnetic showers [3,6]. As
expected, the response reaches a maximum for y
close to yC. For angles of incidence y&0, the
response is lower by a factor of ( 2 and for
angles y&90" by a factor of ( 5. For an-
glesy490", the response decreases further.
The signals observed for beam particles entering
the calorimeter at an angle that falls outside the
acceptance cone, defined by the numerical
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aperture of the fibers,6 are predominantly
caused by relativistic shower electrons produced
in Compton scattering [7]. For parallel inci-
dence ðy ¼ 0Þ, signals observed at the upstream
end of the Cherenkov fibers are caused by
relativistic Compton electrons traveling at
angles around 132" (i.e., 180" ' yC) with the
beam direction, while the signals observed at the
downstream end are caused by relativistic
shower electrons traveling at angles around
&48" (yC) with the beam direction. Since
the angular distribution of these relativistic
shower electrons strongly favors the latter
ones, the backward/forward ratio was expected
to be small (0.1–0.2) for the Cherenkov signals.
For this reason, we believed a measurement
of the ratio between the light emitted in the
backward and forward directions to be a
good tool for distinguishing scintillation and
Cherenkov light. Reading out both ends of
the optical fibers in which the calorimeter
signals were generated provided the means to
do this.

(3) The optical spectra of the light generated by
both mechanisms are different. The Cherenkov
light exhibits a characteristic l'2 spectrum,
while scintillation spectra are very crystal-
specific and typically concentrated in a rather
narrow wavelength range.

(4) Unlike scintillation light, Cherenkov light is
polarized. Because of the directionality of the
Cherenkov light, and because of the prefer-
ential direction of the shower particles emitting
Cherenkov light (in the early shower compo-
nent), this polarization is also expected to be
observable in the calorimeter signals generated
by em showers.

The latter two phenomena may be demonstrated
by means of filters, which would have a different
effect on the two types of light. In the studies
described in this paper, we concentrated on (1)
and (2).

4.2. Experimental data

Events were triggered by coincident signals in
the scintillation counters upstream of the calori-
meter. Only events for which the (x; y) coordinates
of the beam particle in the fiber hodoscope were
measured were retained for the analyses described
in this paper.
The following data sets were used for these

analyses:

(1) Electron data at 80GeV, in which the beam
was sent into the center of the areas T and B.
Because of the limited size of the T and B
areas, the impact points of the beam particles
were limited to a 3! 3mm2 region in this
analysis.

(2) Multiparticle events produced by interactions
of 150GeV pþ in the polyethylene target. The
pion beam was moved in six steps of 1 cm from
the center of the T region to a point located
6 cm lower. Some data were also taken in the T
center with 300GeV pþ. In each run, 100K
events were collected.

(3) Electron data at 80GeV, in which the beam
was sent into the center of the calorimeter
(Tower 1). The signals from the 2 PMTs
viewing this tower were split into two parts,
one of which was delayed with respect to the
other. The delay time, Dt, was varied from 1 to
52 ns.

(4) Multiparticle events produced by interactions
of 100GeV pþ in the polyethylene target. The
pion beam was steered to the center of Tower 1
for these measurements. As in data set 3, the
signals from this tower were split into 2 parts,
one of which was delayed with respect to the
other. The delay time was varied between 1
and 60 ns.

(5) A high-statistics data set of type 4, with
Dt ¼ 12 ns. About 2 million events were
collected.

The measurements from data sets 1 and 2 were
carried out twice, with and without the neut-
ral-density filters that reduced the number of
scintillation photons in the mixed signals by a
factor of 4.
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6For the plastic Cherenkov fibers used in this calorimeter
(numerical aperture 0.50), this acceptance cone covers angles of
incidence y ¼ 48" * 30".
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5. Experimental results

5.1. Measurements using the time structure of the
signals

In this subsection, we describe our exploration
of the fact that, for a given shower, the fraction of
the Cherenkov light produced in a given time
interval is different from the fraction of the
scintillation light produced in that same interval.
The experimental results are based on data sets 3, 4
and 5, and concern signals from the central
calorimeter tower.

The PMT signals from this tower were split at
the base into two equal parts. These signals were
digitized by separate ADC’s. One ADC (ADC1)
was timed such that the start of the gate
corresponded to the start of the signal (i.e., the
arrival time of the first electrons that constituted
this signal). The start of the gate of the other ADC
(ADC2) was delayed by a time Dt with respect to
the first one. By subtracting the digitized ADC2

signals from the ADC1 ones, it was thus possible
to determine the fraction of the total signal that
was recorded in the first Dt seconds after the start
of the signal.
Fig. 3 shows results of this procedure, separately

for the Cherenkov and the scintillator signals
generated by 80GeV electrons showering in this
tower. The Cherenkov signals were indeed faster:
In 10 ns, 53% of the total Cherenkov signal was
recorded, versus 39% of the scintillator signal.
After 20 ns, the fractions were 75% and 63%,
respectively.
From the measured increments in these frac-

tions, the average time structure of the two types
of signals could be inferred. The result is shown in
Fig. 4 (note the logarithmic vertical scale). The
time structure is indeed distinctly different.
Whereas the scintillator signal rises in a few
nanoseconds to its maximum and then decreases
exponentially with a time constant of &14 ns, the
time structure of the Cherenkov signal exhibits a
narrow early peak ðFWHMo5 nsÞ, followed by an
exponential tail with approximately the same time
constant as that of the scintillator signal. However,
this tail seems to have some oscillation super-
imposed on it. The origin of the latter phenomen-
on is not understood.
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Fig. 3. Fraction of the total signal recorded in the first Dt
seconds after the start of the signal, as a function of Dt. Results
are given separately for the scintillator and Cherenkov signals
from 80GeV electron showers.

Fig. 4. The reconstructed (average) time structure of the
Cherenkov and scintillator signals from 80GeV electron
showers in the DREAM calorimeter. The lines are drawn to
guide the eye.
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The observed differences provided a tool to
discriminate between the two types of light and
thus unravel a mixed signal into its components.
Either the early or the late part of the observed
signals could be used for this purpose. In order to
maximize the sensitivity, the time cut should be
made such that the selected part represents
typically about half of the total signal.

We used the late part, or ‘‘tail’’, of the
calorimeter signals, for this purpose. The ratio of
the average signals from ADC2 and ADC1
corresponds to the average fraction of the signal
that was recorded after the first Dt nanoseconds
had passed. In the following, we refer to this
fraction as f Dt. Fig. 5 shows the average ratio of
the Cherenkov and the scintillator ADC2 signals,
as a function of the time Dt, for 80GeV electron
showers. The oscillations observed in the tail of the
Cherenkov signals propagate into this distribution
as well, but the overall tendency shows this ratio
decreasing with time, leveling off after Dt ¼ 20 ns.
However, as Dt increased, the ADC2 signals also
became rapidly smaller (see Fig. 3). As a result, the

event-to-event spread in the ratio increased. There
was thus an optimal Dt value, where the average
ratio of the ADC2 signals was substantially
different from 1, with relatively small event-to-
event fluctuations. We chose Dt&12 ns for this
purpose. Typically about half of the signal charge
was collected in that time, with a difference of
20–25% between the average ADC2 signals from
the two types of light.
Fig. 6 shows distributions of the fraction of the

signal contained in the tail beyond 12 ns ðf 12Þ, for
the Cherenkov and the scintillator signals from
80GeV electron showers. On average, 42% of the
Cherenkov signal and 55% of the scintillator
signal was contained in that tail. Fig. 6c shows
the distribution of the ratio of these two tail
signals. Its average value, R !CS ¼ hf 12ð !CÞ=f 12ðSÞi is
0.78 and the distribution has a relative width
ðs=meanÞ of &5%.
Next, we investigated if and to what extent this

ratio reveals something about the ratio of Cher-
enkov and scintillation light produced in a random
event. We used 100GeV ‘‘jet’’ events (data set 5)
for this purpose, because in such events a much
larger variety of Cherenkov/scintillator signal
ratios occurred than in electromagnetic showers.
In extreme cases, the ‘‘jet’’ might consist exclu-
sively of photons (from p0 decays), in another
extreme case, there would be no em shower
components at all. In the first case, one would
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Fig. 5. Ratio of the average Cherenkov and scintillator signals
from 80GeV electron showers, digitized by ADC2. Only the
fraction recorded beyond a time Dt after the start of the signals
is thus taken into account. Results are given as a function of Dt.

Fig. 6. Distribution of the fraction of the signals from 80GeV
electron showers recorded more than 12 ns after the start of the
signal. Results are given for the scintillator (a) and Cherenkov
(b) signals, and also for the ratio of both signals (c).
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expect the value of R !CS to be the same as for em
showers, in the second case, it would be zero.

In order to estimate the discriminating power
that in practice may be derived from the time
structure of the signals, we did the following. For
each event, we added the scintillator and Cher-
enkov signals from Tower 1, and we determined

the fraction f 12 for this summed signal. This
fraction was compared with the actually measured
ratio of Cherenkov and scintillation light. The
results, shown in Fig. 7, reveal a correlation
between these two variables. This means that the
fraction of the total signal recorded in the tail is
indeed a measure for the ratio of the two types of
light.
More quantitative information about this cor-

relation can be derived from Fig. 8. Fig. 8a shows
the projection of the data points from Fig. 7 on the
vertical axis, for a particular f 12 bin, 0.60–0.61 in
this case. The average ratio of the Cherenkov and
scintillator signal components was 0.89. In Fig. 8b,
the relationship between f 12 and the average ratio
of the Cherenkov and scintillator signal compo-
nents is given for the entire range of measured
values. The relative precision with which this ratio
could be determined varied, event by event, from
10% to 15% (see Fig. 8a).
The event-to-event fluctuations were dominated

by the effects of the low light yield in the (quartz)
Cherenkov fibers (8 photoelectrons per GeV for
em showers [3]). This can be seen as follows. For
80GeV electron showers, the ADC1 and ADC2
signals consisted typically of 600 and 300 photo-
electrons, respectively. Based on statistical fluctua-
tions in these numbers, one should thus expect a
fractional width of &7% for the f 12 distribution of
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Fig. 7. The measured ratio of the Cherenkov and scintillator
signals from 100GeV ‘‘jets’’ versus f 12. This signal ratio is
normalized to that for (80GeV) electron showers.

Fig. 8. The measured ratio of the Cherenkov and scintillator signals from 100GeV ‘‘jets’’, for events in which 60–61% of the signal
was recorded more than 12 ns after the start of the signal (a). The relationship between this signal ratio and the percentage of the signal
recorded in the tail (b). The vertical bar indicates the event-to-event spread in this relationship, i.e. the rms width of distributions such
as the one in Fig. 8a. The asterisk represents the result for 80GeV electron showers.
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these events, in good agreement with the experi-
mental result (Fig. 6b). Because of the much larger
side leakage, the signals from 100GeV ‘‘jets’’ in
Tower 1 were typically a factor of 2 smaller than
those from 80GeV electrons. The f 12 fluctuations
resulting from photoelectron statistics were thus
correspondingly larger.

One clarification is needed at this point. The
relationship depicted in Fig. 8b is, in first
approximation, not dependent on the type or
energy of the particle(s) that generated the signal,
or the selected shower region. The relationship is
solely based on the fact that the (charge) signals
resulting from scintillation light generated in the
detector have a different time structure than the
signals resulting from Cherenkov light. In first
approximation, it does not matter how these
signals were generated. This may be illustrated
by the fact that the relationship shown in Fig. 8b,
which was derived from the signals generated by
100GeV ‘‘jets’’ in a narrow hexagonal tower
surrounding the jet axis, also describes the data
point for 80GeV electrons. However, as illustrated
in the following, this first approximation is in some
respects an oversimplification.

Further studies of the time structure of the
signals from this calorimeter revealed several other
interesting details. Fig. 9 shows the ADC1 and
ADC2 scintillator signals from 80GeV electron
showers. Remarkably, the high-side tail that

characterizes the total (ADC1) signal distribution
is absent when we look at the signals from ADC2,
i.e. the signals to which the charge collected in the
first 12 ns did not contribute. The origin of this
phenomenon can be understood from Fig. 10,
which shows y distributions of the impact points of
the particles generating the events. Fig. 10a depicts
the y distribution for all events, whereas Fig. 10b
shows the y distribution of the impact points for
the events that produced a signal of more than
1400 ADC counts in Fig. 9a. Clearly, the latter
event sample consists almost exclusively of events
in which the beam particles entered the detector in
one of the holes filled with fibers. It is well known
that the calorimeter response, in the scintillator
channel, is larger than average for such particles
[3]. Since the radiation length of plastic amounts to
&40 cm, these particles developed showers much
deeper inside the calorimeter than particles that
entered in the copper absorber matrix. And since
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Fig. 9. Distributions of the measured scintillator signals from
80GeV electron showers. Shown are the entire signals (a) and
the portion recorded more than 12 ns after the start (b). The
dashed lines represent the most probable signal values.

Fig. 10. Impact point distributions of events induced by
80GeV electron showers. Shown are the y-distributions for all
events (a) and for events from the high-side tail of the
scintillator spectrum (more than 1400 ADC counts, (b)).
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they traveled at a speed close to c, while the light
produced in the fibers traveled at a speed c=n, their
signals started 1–2 ns earlier. Therefore, the Dt ¼
12 ns delay translated for these events into a delay
that amounted to &13–14 ns. As a result, a larger
than average fraction of the signal was cut and the
high-energy tail is more or less absent from the
distribution in Fig. 9b.

As we showed and explained in previous papers
[3,5], the broadening observed in Fig. 9a was absent
for the Cherenkov signals. It also disappeared in the
scintillator signals when the incoming electrons
traveled at a small angle (a few degrees) with the
fiber direction. Since this effect also broadened the
distribution of the ratio of the Cherenkov and
scintillator signals, one might wonder why this
angle was chosen to be zero in these measurements.
Because of the small instrumented (T,B) area, we
wanted to minimize the effects of shower leakage on
our calibration measurements. Also, a narrow
distribution of the Cherenkov/scintillator signal
ratio would not have served any essential purpose
for the present studies. And only because we
decided to choose for parallel incidence ðy ¼ f ¼
0Þ did we observe the unexpected phenomena
shown in Figs. 9 and 10.

5.2. Measurements using the directionality of the
light

The second method we studied in light of its
potential discriminating power between Cheren-
kov and scintillation light is based on differences
in the directionality of these two different types of
light. For reasons discussed in Section 4.1, the
measured ratio of light emitted in the backward
and forward directions was believed to be a good
parameter for distinguishing scintillation and
Cherenkov light. Our experimental setup was
designed to study the discriminating power of this
parameter. By reading out the fibers from both
ends, the backward/forward ratio could be mea-
sured in a very direct way. For the scintillating
fibers, the two signals should only be affected by
the difference in the path length the light has to
travel, typically &1m. Given the attenuation
length of &5m, the effects of additional light
attenuation in this 1m reduced the backward

signals to &80% of the forward ones. However,
because of the directionality of the Cherenkov
light, the reduction of the backward Cherenkov
signals was substantially larger than for the
isotropic scintillator signals (see Section 4.1).
This is illustrated in Fig. 11, which shows

separately the distributions of the backward/
forward signal ratios for scintillation and Cher-
enkov light produced by 80GeV electron showers
in the Top area (data set 1). On average, the
backward Cherenkov signals were a factor of 6
smaller than the forward ones from these showers,
whereas the two scintillator signals differed only
by &20%.
The distribution of the mixed signals from these

electron showers depends obviously on the relative
contribution of both types of signals to the mix.
The results shown in Fig. 12a were obtained with
neutral density filters, which reduced the number
of scintillating photons by a factor of 4. Without
these filters, scintillating photons dominated the
mixed signal, and the backward/forward ratio of
these signals was only slightly different from that
for pure scintillation light. However, with the
filters a more or less balanced mixture between the
two types of light was obtained.
The distributions from Figs. 11 and 12a are

relatively narrow. This reflects the fact that all em
showers are similar in these backward/forward
characteristics. The width of these distributions
is dominated by photoelectron statistics. For
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Fig. 11. The backward/forward ratio of the scintillator (a) and
Cherenkov (b) signals generated by 80GeV electron showers.
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example, the forward and backward Cherenkov
signals from 80GeV electron showers consisted
typically of 500 and 90 photoelectrons, respec-
tively.7 Therefore, statistical fluctuations in these
numbers led to a width ðs=meanÞ of &12% for the
distribution of the backward/forward Cherenkov
signal ratio, in good agreement with the measured
value (Fig. 11b). Because of the larger light yield in
the scintillating fibers, the signal distributions
shown in Figs. 11a and 12a are correspondingly
narrower.

For the same reason as with the method
discussed in the previous subsection, we studied
the merits of this method with 150GeV ‘‘jets’’
(data set 2). By selecting interactions in the
upstream target with a multiplicity of at least 4,
a variety of energy deposits and, more impor-
tantly, Cherenkov/scintillator signal ratios were
generated. The pion beam generating these inter-
actions was directed at the Bottom area for these
studies. Fig. 12b shows the backward/forward
ratio distribution measured for the mixed signal
from these ‘‘jets’’. Because of the large lateral
leakage, the average energy measured in the
Bottom area for this event sample was only

&30GeV. The variety in the Cherenkov/scintilla-
tor signal ratio for this event sample should
manifest itself through the width of the distri-
bution of the backward/forward ratio of the
mixed signals. This width was indeed more than
twice as large as for the electron showers.
However, at least two other effects contributed
to this broadening:

(1) Because of the smaller deposited energy, the
numbers of photoelectrons constituting the
signals were smaller. Therefore, the fluctua-
tions in the number of photoelectrons were
larger than for 80GeV electron showers. These
fluctuations were especially important in the
backward Cherenkov signals.

(2) Longitudinal fluctuations in the deposited
energy were considerably larger than for
electron showers. These fluctuations had an
effect on the width of the distribution of the
backward/forward signal ratio, especially for
the scintillator signals. Light attenuation in the
fibers affected this ratio twice, because late
(early) shower development both led to larger
(smaller) signals in the forward direction and
smaller (larger) signals in the backward direc-
tion. Because of the shorter light attenuation
length, the scintillator signals were more
affected by this than the Cherenkov signals.

Light production took place deeper inside the
calorimeter than for electron showers, and the
resulting increased light attenuation also affected
the average backward/forward signal ratio for the
scintillator signals. This ratio which, as we saw
above, was for the isotropically emitted scintilla-
tion light completely determined by the effects of
light attenuation, decreased from 0.79 for electron
showers to 0.65 for the 150GeV ‘‘jets’’. Since the
backward/forward ratio for the Cherenkov light
was completely dominated by the intrinsic direc-
tionality of this light (and not by light attenua-
tion), the average values for electrons and jets were
not very different, &0:16 in both cases. As a result
of this, also the distribution of the backward/
forward ratio for the mixed (Cherenkov, scintilla-
tor) signals had a smaller average value for the jets
than for the electrons (see Fig. 12), even though
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Fig. 12. The backward/forward ratio of the mixed Cherenkov/
scintillator signals generated by 80GeV electron showers (a)
and 150GeV ‘‘jets’’ (b).

7The light yield of the plastic Cherenkov fibers was measured
to be 18 p.e./GeV, for the standard configuration of 4 such
fibers per rod. The mixed-signal channels of the T ;B areas
contained only 2 Cherenkov fibers per rod, and the em showers
were only 70% contained, so that the measured signals
corresponded to 56GeV.
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the relative contribution of scintillation light was
larger for the jet signals.

As with the method discussed in the previous
section, a numerical assessment of the discriminat-
ing value of the backward/forward ratio parameter
requires an event-by-event analysis. Results of this
analysis are shown in Fig. 13, which shows the
relationship between the actually measured Cher-
enkov/scintillator signal ratio and the backward/
forward ratio of the mixed signals. The correlation
between these two parameters, although evident
from the data, is not as good as one might like to
see. There are two reasons for that:

(1) The small number of photoelectrons, especially
in the backward Cherenkov signals, led to
large fluctuations. These obscured the correla-
tion.

(2) Because of the small detector area that was
equipped for the forward/backward studies,
and the need to have relatively large energy
deposits (signals), we had to restrict the event
sample to the central core region of the
showers initiated by the jets. This limited the
variety of Cherenkov/scintillator signal ratios
in the event sample. Large differences between
the two types of signals are mainly occurring in
the peripheral shower regions, which are

populated by particles which do produce
scintillation light, but no Cherenkov light.

To circumvent the second problem, we used the
same technique as for the method based on
differences in the time structure of the two types
of signal (Section 5.1). Rather than using the
mixed signals from the triangular areas, we used
the pure scintillator and quartz signals themselves
to construct mixed signals. This made it possible to
study the effects of varying the relative strengths of
these two signal components.
As was shown in an earlier analysis [1], the ratio

of the total Cherenkov and scintillator signals
from hadronic showers in this detector ðQ=SÞ is
related to the electromagnetic shower fraction,
f em, as

Q

S
¼

f em þ 0:21ð1' f emÞ
f em þ 0:77ð1' f emÞ

. (1)

Since f em varies between 0 and 1, Q=S has in
practice values between 0.3 and 1, the latter being
the value for the electromagnetic showers used to
calibrate the instrument. In the present study,
where only the signals from one hexagonal tower
were considered and shower tails were ignored, the
range of possible Q=S values was further reduced.
The event samples contained almost no events
with Q=So0:5.
In order to study the precision with which

information on Q=S, and thus f em, could be
extracted from the forward/backward ratio of
mixed calorimeter signals, we added the Cheren-
kov and scintillator signals, giving a relative
weight a to the latter:

I ¼ Qþ aS (2)

and determined the backward/forward signal ratio
distributions for these mixed signals, B=F ðIÞ.
These distributions were divided into 0.02 wide
bins. Next, we made distributions of the Cher-
enkov/scintillator signal ratio for each of these
bins. The mean value of the latter distributions is
plotted as a function of B=F ðIÞ.
Some results of this procedure are given in

Fig. 14, for a ¼ 1 (the full circles), a ¼ 5 (the
squares) and a ¼ 0:2 (the triangles), respectively.
For reference, the average backward/forward va-
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Fig. 13. The backward/forward ratio of the mixed Cherenkov/
scintillator signals from 150GeV ‘‘jets’’ as a function of the
measured ratio of the ‘‘pure’’ Cherenkov and scintillator
signals.
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lues for pure Cherenkov and scintillator signals are
indicated as well in this figure. The vertical error
bar gives a typical rms width of the distribution
whose average value is plotted in the figure.

These data demonstrate the correlation between
the average backward/forward ratio of these
mixed signals and the relative contributions of
Cherenkov and scintillation light to these signals.
The correlation depends on the value of a. On
average, the Cherenkov/scintillator ratio in these
‘‘jet’’ signals is about 0.8. For the unweighted
DREAM data (i.e., for a ¼ 1), this corresponds to
a backward/forward ratio of &0:420:5. Events
with a backward/forward ratio of 0.3 are indicative
of an above-average Cherenkov component, i.e. a
relative large em shower component, while events
with a backward/forward ratio of 0.6 are likely to
have a small em shower component.

When a ¼ 5, the correlation is clearly less
strong. The figure shows that the most likely value
of the Cherenkov/scintillator ratio is not far from
the average value of 0.8, irrespective of the
measured backward/forward signal ratio. Because
of the reduced weight of the Cherenkov compo-
nent in the total signal, the Q=S distributions of
which the average values constitute the data in Fig.
14 are more determined by the tails of the response

function for average events than by the very small
backward/forward ratio of the Cherenkov con-
tribution.
A similar insensitivity occurs when the signals

are weighted in favor of the Cherenkov component
(e.g., a ¼ 0:2). In that case, a relatively large value
of the backward/forward ratio may as well be
caused by the high-end tail of the response
function for Cherenkov light as by a genuinely
small contribution of Cherenkov light to the
signal.
The sensitivity of the backward/forward method

to the value of the em shower component can be
expressed in terms of the weighting parameter a,
for example as follows. The Q=S ratio for jets
ranges from 0.28 (0.21/0.77, see Eq. (1)) to 1.0, and
the backward/forward ratio varies between 0.165
for pure Cherenkov light to 0.647 for pure
scintillation light. These ranges correspond to
about a factor of 4 in both cases. The best
sensitivity is thus obtained when a given change
in the measured backward/forward signal ratio
corresponds to the same fractional change in the
Q=S value derived from this measurement. For
example, if a 10% change in the measured value of
B=F only leads to a 2% change in the predicted
Q=S ratio, as for the a ¼ 5 case in Fig. 14, then the
measured backward/forward ratio of the mixed
signal is not a very sensitive parameter for
determining the composition of the signal.
We therefore defined the sensitivity through a

parameter x, which measures this relationship
between the derivatives of Q=S and B=F . If a
10% change in B=F causes a 2% change in Q=S,
then x ¼ 0:2. The larger the value of x, the larger
the precision with which the em shower fraction
can be determined from the backward/forward
ratio of the mixed signals. Fig. 15 shows how x
varies with a. Maximum sensitivity, i.e. the best
separability of the mixed signals into their
Cherenkov and scintillation components, is
reached for a&0:521, i.e. when the signals are
slightly weighted in favor of the Cherenkov
component. This is probably a consequence of
the fact that the number of photoelectrons per unit
of energy was smaller for the Cherenkov compo-
nent than for the scintillation component, even
after the latter signals were attenuated by means of
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Fig. 14. The average ratio of the Cherenkov (Q) and scintillator
(S) signals from 150GeV ‘‘jets’’ in the DREAM calorimeter, as
a function of the backward/forward ratio of mixed Cherenkov/
scintillator signals. The latter were obtained as a weighted sum
of the measured Cherenkov and scintillator signals:
I ¼ Qþ aS, with a ¼ 1 (the full circles), a ¼ 5 (the squares)
and a ¼ 0:2 (the triangles), respectively.
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neutral-density filters. After this weighting, the
numbers of photoelectrons, and thus the effects of
statistical fluctuations, become comparable for the
two components.

6. Conclusions

We have studied two techniques that make it
possible to separate the light signals produced by
an optical fiber calorimeter into their Cherenkov
and scintillation components. These techniques are
based on the different time structure of these signal
components and on the different angular distribu-
tion of the two types of light. Both techniques
produced useful results. In both cases, we observed
a correlation between a measured property of the
signals and the ratio of the numbers of Cherenkov
and scintillation photons. This correlation, and
thus the quality of the achievable separation,
depended on the relative contributions of the two
types of light to the calorimeter signals. Best
results were obtained when these relative contribu-

tions were about the same. In both cases, the low
light yield of the Cherenkov fibers was the
dominating factor that limited the achievable
separation.
We would like to emphasize that the techniques

used to unravel the signals are by no means limited
to fiber calorimeters. They can be applied in any
calorimeter that produces optical signals, possibly
with much better results than those reported here.
The main reason for using a fiber calorimeter for
these studies (apart from the fact that this
instrument already existed) was that it allowed us
to measure the relative strengths of the scintillator
and Cherenkov signals independently, and thus
verify the quality of the achieved separation in the
mixed signals, event by event. However, a dedi-
cated instrument could be designed such as to
optimize the separability of the two types of
signals, which was not a design consideration for
the calorimeter used for our studies. Increasing the
Cherenkov light yield would be an obvious first
step.
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