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Chapter 1 Introduction

The LHCb experiment makes use of the high production rate of B particles at the LHC
collider to perform a thorough study of the CP-symmetry violation in the neutral B-
meson systems. The peaking of bb-pair production at small angles to the beams leads to
a fixed-target like structure of the experimental setup which has been described in the
LHCb technical proposal [1].

The calorimeter system is used at several stages. It provides high transverse energy
hadron, electron and photon candidates for the first trigger level, which makes a decision
4 microseconds after the interaction. It provides the identification of electrons which is
essential to flavour tagging through semileptonic decays. The reconstruction with good
accuracy of 7% and prompt photons gives access to the study of B-meson decay channels
which are important to the complete physics program.

The present document is based on concepts which were already present in the technical
proposal. Since then, much development work has taken place. It is thoroughly described
in the notes quoted in reference. The studies have been performed in the following direc-
tions :

e Software developments, and simulation: the study of the expected physics perfor-
mance has led to the optimization of the detector geometry, in particular the choice
of the cell sizes. The trigger scheme has been fully worked out, and has in particu-
lar influenced the delimitation of the detector zones, as well as the structure of the
readout electronics.

e Prototype studies: prototype elements of the various detectors and of electronics
have been, and are still studied, an extensive test beam activity being devoted to
these measurements. The results have been used to validate the detector concepts,
and perform some basic technical choices.

e Construction technology: the basic engineering design of the detectors has been
produced. These documents show how they can be constructed, and what resources
will be needed.

With respect to the technical proposal, the present report brings a few major differ-
ences. One is the implementation of the scintillator pad detector (SPD), signaling the
presence of a charged particle by means of the same technology as that of the preshower
detector (PS). The cell geometry has been strongly modified, and the HCAL depth re-
duced. Several basic choices have been made. The SPD and PS will be readout by
multianode photomultipliers; the choice by the trigger group of the 2 x 2 cells clustering
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option implies that a large part of the Level 0 electronics is implemented on the front end
boards, making the whole system economic in high speed connections.



Chapter 2 Performance Requirements and
Detector Specifications

The main purpose of the calorimeter system is the identification of hadrons, electrons and
photons, and the measurement of their energies and positions. This information is the
basis of the Level 0 trigger, and therefore has to be provided with sufficient selectivity
in a very short time. The set of constraints resulting from this functionality defines the
general structure and the main characteristics of the calorimeter system and its associated
electronics [1]. The ultimate performance for hadron and electron identification will be
obtained at the off line analysis level. This stage, however, has little influence on the
detector design.

The other essential function of the calorimeter system is the detection of photons with
enough precision to enable the reconstruction of B-decay channels containing a prompt
photon or 7°. The requirement of a good background rejection and reasonable efficiency
for these channels adds demanding conditions on the detector performance in terms of
resolution and shower separation. Economic reasons however excluded questioning the
basic technical choices defined when preparing the technical proposal. The study of two
benchmark channels has been used to optimize the design and demonstrate that these
physics goals could be reached [2].

2.1 General detector structure

The general structure is that of an electromagnetic calorimeter (ECAL) followed by a
hadron calorimeter (HCAL). The most demanding identification is that of electrons.
Within the bandwidth allocated to the electron trigger (as defined in the technical pro-
posal [1]) the electron Level 0 trigger will be useful if, while rejecting 99% of inelastic
pp interactions, it provides an enrichment factor of at least 15 in B events. The rejec-
tion of the high background of charged pions requires the longitudinal segmentation of
the electromagnetic shower detection, i.e. a preshower detector. The optimization of its
thickness (2 Xg) results from a compromise between trigger performance and ultimate
energy resolution [3]. The electron trigger is then confronted to the background of the
high Er 79 tail. This is reduced by the introduction of the scintillator pad detector (SPD)
plane in front of the preshower (PS). At Level 0, the background to the electron trigger
will then be dominated by photon conversions in the spectrometer material, which cannot
be identified at this stage.

To get optimal energy resolution for high energy photon showers, the ECAL must be
thick enough. 25 Xy are necessary [4]. On the other hand, the trigger requirements on

3
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the HCAL resolution do not impose a stringent shower confinement condition. Its length
has therefore been set to 5.6 interaction lengths [5].

2.2 Geometrical acceptance and transverse granular-
ity

For the reconstruction of B decays, the calorimeter acceptance should match that of the

charged particles spectrometer. The trigger efficiency is shown to have a weak dependence

on the outer detector size. Hence the choice of outer limits of 300 mrad horizontally and

250 mrad vertically. At small angles, the background increases rapidly, and a central hole
of 30 mrad in both directions avoids severe radiation damage and occupancy problems.

Outer section :

121.2 mm cdlls

2688 channels
Middle section :

60.6 mm cdlls

1792 channels

Figure 2.1: Lateral segmentation of the SPD/PS and ECAL. One quarter of the detector
front face is shown. The cells dimensions are given for ECAL and reduce by ~1.5% for
SPD/PS.

The hit density varies by two orders of magnitude over the calorimeter surface. It
is therefore natural to adopt a variable lateral segmentation. A segmentation in three
different cell-size zones has been chosen for ECAL (see Fig. 2.1). The most demanding
request is the separation of the two showers from high-energy 7°. In the innermost region
of the ECAL, the cell size is close to the Moliere radius, so that most of the energy of an
isolated shower is contained in a quartet of cells. The cell repartition between the three
zones has been optimized, taking the total number of about 6000 channels as a constraint.

Given the dimensions of the hadronic showers and the performance requirements of
the hadron trigger, the HCAL cells were chosen larger than those of ECAL and a lateral
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Outer section:

262.6 mm cells

608 channels

Figure 2.2: Lateral segmentation of HCAL. One quarter of the detector front face is shown.

segmentation into two zones has been adopted (see Fig. 2.2), leading to a substantial
economy in the number of read out channels.

In order to optimize Level 0 trigger-logic performance, a projective matching of the
various detector elements as seen from the interaction point has been implemented [4, 6, 7].

2.3 Detector technologies

The basic technical choices for ECAL and HCAL are driven by the energy resolution
performances expected. The trigger requirement can very well be satisfied by sampling
calorimeters.

e ECAL : Recent year’s developments of the “shashlik” technology [8, 9] have
shown that electromagnetic shower energies can be measured with a resolution of
o(E)/E = 10%/vVE ®1.5% (E in GeV), which, together with preshower informa-
tion, provides sufficient electron/hadron separation at the trigger level as well as at
the reconstruction stage. This performance is obtained using a sampling structure
of 2 mm lead sheets interspersed with 4 mm thick scintillator plates, and a careful
design of the light collection by the wavelength shifting (WLS) fibers. This energy
resolution will be a preponderant factor in the mass resolution of B decays contain-
ing a 7% or prompt photon. An appreciable improvement could only be obtained
by a different technology such as the use of crystal detector elements. Given the
detector area of about 50 m?, such a choice is a priori beyond the collaboration’s
resources.
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e HCAL : The structure chosen is an iron/scintillating tile calorimeter readout by
WLS fibers, the scintillator and iron plates being parallel to the beam. Again,
the technique has been extensively studied in the recent years, in particular by the
RD34 and ATLAS collaborations at CERN [10]. For LHCb the sampling structure
provides on average 4 mm scintillator thickness, every 16 mm of iron. With an overall
material thickness of 1.2 m, the energy resolution obtained is: 80%+vE @ 10%.

e SPD and PS : Given the above choices, it is attractive to adopt scintillators for these
two detection planes located just before (SPD) and just after (PS) a 12 mm thick
lead wall. The detector elements are 15 mm thick scintillator pads. A groove in the
scintillator holds the helicoidal WLS fiber which collects the scintillation light. The
light from both WLS fiber ends is sent by long clear fibers to photomultipliers that
are located above or below the detector. This structure provides on average about
25 photoelectrons in response to a minimum ionising particle, which enables a clean
separation between electron and photon showers.

Table 2.1 summarizes the requirements to the calorimeter sub-detectors.

Table 2.1: Requirements to the calorimeter sub-detectors.

| sub-detector | SPD/PS | ECAL | HCAL
number of channels | 2x5952 5952 1468
overall lateral 6.2 mx7.6 m 6.3 mx7.8 m 6.8 mx8.4 m
dimension in x,y
depth in z 180 mm, 835 mm, 1655 mm,
2 Xo, 0.1 ), 925 Xo, 1.1 )\ 5.6 \;
basic requirements | 20-30 photoelectrons o(E)/E = o(E)/E =
per MIP 10%/VE © 1.5% | 80%VE & 10%
dynamic range 0-100 MIPs 0-10 GeV Er 0-10 GeV Erp
10 bits (PS), 1 bit (SPD) | 12 bits 12 bits

2.4 Photodetectors

The four detectors follow the same basic principle: scintillation light is transmitted to
a phototube by wavelength shifting fibers. The single fibers of the SPD and PS can
advantageously be read on multianode photomultipliers. The fiber bunches in ECAL and
HCAL require individual phototubes. The main differences between the four systems are
their light yields and dynamic ranges. The SPD has to distinguish clearly a minimum
ionising particle, which generates only about 25 photoelectrons. It will be useful to get
sensitivity to a MIP in the preshower, but in order to correct the energy measurements
in ECAL, its dynamic range must extend up to 100 MIPs, requiring digitisation over 10
bits. This large range imposes stringent limits on pixel to pixel cross-talk.
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The highest electron or photon energies to be detected in ECAL are about 200 GeV.
On the other hand, the reconstruction of low energy 7° requires digitisation sensitivity to
a few 10 MeV. This is due to the broad range of B longitudinal momentum. However,
the transverse momentum spectra of electrons, photons and 7%’s are roughly constant as
function of the production angle. The typical transverse momenta being of the order of the
B mass. It is therefore intended to adapt the gain of the phototubes in inverse proportion
to their radial position, in order to have a constant Er scale. Excellent linearity will be a
strong requirement, as well as gain stability. The fiber bunch should be seen with constant
efficiency. Even using a light mixer, this requires a good photocathode uniformity. As
discussed in the next paragraph, the phototubes will have to be fast enough.

The same type of criteria apply to HCAL, and it will obviously be an advantage to
use the same photomultipliers in both detectors. The energy ranges to be detected are
typically the same. However, the HCAL structure delivers only 50 photoelectrons per
GeV, a factor 15-20 less than ECAL. HCAL tubes will therefore operate at higher gain.

2.5 Front-end electronics

The basic structure is dictated by the need to handle the data for Level 0 trigger as quickly
as possible. The front-end electronics and the SPD/PS photomultipliers are located at
the detector periphery. The signals are shaped directly on the back of the photomultiplier
(for PS/SPD) or after 10 m long cables (for ECAL/HCAL). They are then digitized in
crates positioned on top of the detectors, and the trigger circuits hosted in the same crates
can perform the clustering operations [11]. For each channel, the data, sampled at the
bunch crossing rate of 40 MHz, are stored in a digital pipeline waiting for the Level 0
trigger decision.

In order to exploit the intrinsic calorimeter resolution over the full dynamic range,
ECAL and HCAL signals are digitised by a 12 bit flash ADC [12]. 10 bits are enough for
the preshower, and the SPD information is only one bit, a simple discriminator telling
whether a cell has been hit [13, 14].

The second requirement is to reduce the signal tails associated to the bunch crossing
preceding the one being sampled. For ECAL and HCAL, this goal can be achieved at
the percent level by suitable signal treatment within 25 ns. In the case of preshower and
SPD, the signal shape fluctuations require to maximise the signal integration time. They
therefore have a different front-end design of the integrator.

The next essential point is that, in order not to deteriorate the resolution, the electronic
noise must remain at the least significant bit level [15]. At the short shaping times being
used, this requires careful design of the very front-end part.

2.6 Calibration

A pre-calibration of all calorimeter components at the level of approximately 10% is
foreseen before calibrating to a higher accuracy. This task is performed by dedicated
calibration systems on each sub detector that are described in chapter 5.
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The ultimate calibration accuracy should be of the order of a percent. This will
be obtained off line with high statistics data, the absolute value being obtained from
physics signals such as the 7° mass or electrons of known momentum [16]. The relative
calibration and stability of the channels must be permanently controlled during data
taking to guarantee the trigger operation. Dedicated devices will be implemented to that
effect.



Chapter 3 Prototype Performance and
Simulation Results

3.1 The pad/preshower detector

3.1.1 Introduction

In order to optimize the basic design of the scintillator pad/preshower (SPD/PS) detector,
various prototypes have been tested in particle beams [17], and the detector performances
have been compared with Monte Carlo simulations [3].

The special requirements to the SPD/PS system are a relatively large number of scin-
tillating pads (/~12000) that have to be readout in a fast, compact and cost effective way.
A very compact readout system can be achieved by using a multi-anode photomultiplier
tube (MAPMT) with 64 channels, that would allow to readout the ~12000 channels with
only =200 photomultiplier tubes. However, the choice of MAPMTs with pixel sizes of
2x2 mm? has a strong implication on the design of the SPD/PS optical system. Due to
the very small area that is available for coupling the readout fibers to the photomultiplier
tube, the light transmission from each scintillator pad to the MAPMT has to be performed
by one single fiber. In order to optimize the light collection efficiency and the readout
time for such a design, different techniques for coupling a single fiber to a scintillator pad
have been studied, and numerous prototypes have been tested in the beam.

The SPD/PS system is made from a lead converter plate that is sandwiched between
two layers of scintillator pads. The lead converter thickness was optimized by simulation
studies and the performance of the final system was verified in the beam by testing a
SPD/PS prototype together with the electromagnetic and hadronic calorimeter prototypes
in a combined test.

3.1.2 Optimization of the light-collection efficiency

The light-collection efficiency of the SPD/PS system depends on several parameters that
have been tuned for an optimal performance. The different variants of coupling the fiber to
the scintillator pad, the choice of the scintillator material and its thickness, the influence
of the wrapping material, and the effect of different fiber types have been measured in
detail [17]. In the following we discuss the parameters that have been optimized, and the
choice of the basic design that arise from the various measurements.

Two different techniques of coupling the fiber to the scintillator pad have been evalu-
ated and are illustrated in Figure 3.1. In the so called “DEEP” groove option the WLS

9
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Figure 3.1: Design of preshower prototypes.

fiber coils in several (2-4) turns in a groove of rectangular cross section that is machined
into the large side of a scintillator pad. In the more complex “HELIX” option the scintil-
lator is split into two parts by cutting out from the scintillator pad a central cylindrical
piece that serves as a plug once the outer part has been equipped with the fiber. The fiber
runs in a groove that is milled on the inner surface of the outer part. For better contact,
optical grease (BC-630) or glue (BC-600) is applied between the fiber and the scintillator.
These two design approaches were compared for various cell dimensions and thickness, for
different number of fiber turns, and for different types of scintillator material. A detailed
comparison of all measurements [17] shows that there is no significant difference in the
light collection between the two options of design. We choose the “DEEP” groove option
for the final design since it is simpler and cheaper to machine, to assemble and to glue.
Moreover, it has been shown [17] that the uniformity of response to a minimum ionizing
particle in the groove region was found to be better in this design. The global variation
in light yield over the pad surface of a 120x120 mm? cell is 2-3% and better for smaller
cell sizes.

The light yield for two different types of scintillator material was studied, compar-
ing PolyVinylToluene (PVT) plastic from BICRON (BC-408) and cast polystyrene (PS)
scintillator produced in Russia. The PVT scintillator BC-408 gives ~1.6 times more light
than conventional polystyrene scintillator. However, polystyrene scintillator is more eco-
nomic and simpler to machine. Our experience with machining of BC408 shows that even
careful milling of the groove can produce defects on the polished surface. In order to
compensate for the reduced light yield of polystyrene, a 15 mm thick scintillator pad can
be used instead of 10 mm. The measurements indeed confirm that the light yield is pro-
portional to the pad thickness and that the light output for a 15 mm thick PS scintillator
is comparable to the one of a 10 mm thick BC-408 scintillator. Therefore we keep PS
scintillator as the base-line solution, compensating the lower light yield by the increased
thickness.

In order to determine the optimal length of the fiber that is coiled inside the pad, two
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effects have to be taken into account. The length of the fiber coupled to the scintillator
increases the signal duration by a5 nsec/m. Since the SPD/PS detector has to be readout
in 25 ns, the fiber length is constrained. On the other hand, one expects the light collection
efficiency to increase with the fiber length that is in contact with the scintillator. However,
the measurements have shown that due to the short attenuation length of ~50-100 cm in
a bent fiber, the light collection efficiency is not proportional to the fiber length and even
comes down for large number of coils. In conclusion, in the final design 3.5 fiber turns
have been chosen as close to the optimal value. For the same number of fiber coils the
ratio of light yield is ~2:3 when comparing a 12 cmx12 cm cell with a 4 cmx4 cm cell.

Other properties like mechanical durability, radiation hardness and fast response are
also important for the choice of the fiber type. A comparison of Y11 and BCF91A multi-
clad fibers has shown that Y11(250) double-clad S-type fiber from KURARAY [18] and
BCF91A from BICRON [19] give about the same light yield, but that the Y11 S-type
has better mechanical properties [20]. The BCF91A fiber has less mechanical stability
against bending at small radius. Also, from a comparative study it has been shown [21]
that the signal from Y11(250) MC is faster than from BCF91A fibers, and that it fulfills
the timing requirements. The effect of grease or glue as an optical coupling between the
Y11(250) MC fiber and the scintillator was also studied. The measurements show that
the BC-600 glue and the BC-630 grease both improve the light collection by ~30%.

Another important parameter that influences the light collection efficiency is the re-
flectivity of the scintillator surface. Different techniques to enhance the reflectivity have
been studied: wraping the entire pad with white TYVEK paper, chemical treatment of
the surface with the so-called DMA method, and aluminizing the lateral sides of a pad. It
was concluded that the light collection in the case of chemically treated scintillator sur-
faces (DMA) does not differ from TYVEK wrapping in case of 40x40 mm? pads, while in
case of large cells the light collection is better with TYVEK by ~30%. It could be advan-
tageous to treat the edges of the pads with the DMA method or to aluminize them, since
both methods reduce the amount of non-active material between cells as compared to
wrapping with TYVEK paper. However it was measured that for aluminized lateral sides
the light yield is reduced by 20 — 50% as compared to TYVEK wrapping. In conclusion,
wrapping all scintillator pads with TYVEK is the preferred baseline solution.

The performance of the final design of a 4 cmx4 cmmx15 mm pad that is made out
of polystyrene scintillator is shown in Fig. 3.2. The 1 mm diameter Y11(250)MC S-type
fiber is coiled with 3.5 turns and glued to the scintillator according to the “DEEP” groove
design. The fiber is coupled to a photomultiplier with 15% quantum efficiency. The typical
light yield from 50 GeV electrons, that act like MIPs in the scintillator, was measured to
be 105 photoelectrons at the peak of the distribution.

3.1.3 Optimization of the lead-converter thickness

The electron/pion separation is based on the fact that electrons produce a shower that
starts in the lead absorber with a bulk of secondary particles leaving the lead and reaching
the scintillator of the PS, thus inducing a signal that is much larger than a typical signal
from a minimum ionizing hadron. On one hand the absorber thickness should be large
to generate a big number of secondary particles and on the other hand it should be thin
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Figure 3.2: The signal from 50 GeV electrons (acting as MIPs) in a polystyrene scintil-
lator pad of 4 cmXx4 cmx15 mm size, that is read-out by 3.5 turns of 1 mm diameter
Y11(250)MC S-type fiber, glued according to the “DEEP” groove design and coupled to a
photomultiplier with 15% quantum efficiency, is shown. The pedestal is subtracted. The
comparison with a LED signal gives ~105 photoelectrons at the peak.

to minimize the invisible energy that is lost in the absorber material and that cannot be
detected by the ECAL. Some correction can be applied by estimating the energy that
has been lost in the absorber through the measurement of the energy that has been
deposited in the PS scintillator. In order to optimize the absorber thickness we studied
with a stand-alone GEANT3 [22] based simulation program its effect on the main detector
performances [3].

The energy that is deposited in the lead absorber has been simulated for electrons
with energies of 1 to 50 GeV for various absorber thickness of 1.5 to 3.0 radiation lengths.
In order to estimate the error on the energy measurement by the ECAL due to the loss
of energy in the absorber, the standard deviation of the energy deposited in the absorber
divided by the energy of the incoming electron is shown on the left plot of Figure 3.3 for
various absorber thickness. The values should be compared to the design resolution of an
ECAL module of 0(E)/E = 10%/vVE ® 1%. A thickness of 3 X; of lead would change
the resolution to ~ 12%/v/E, if no correction is applied.

In order to apply a correction to the missing energy in ECAL one can estimate the
amount of energy that is lost in the absorber by measuring the energy that is deposited
in the PS scintillator material. Figure 3.4 shows the correlation between the energy lost
in the absorber and the signal of the PS, that can be approximated by a linear function.
The resulting error on the ECAL resolution as function of the absorber thickness after
correction with the PS signal is shown in the right plot of Figure 3.3. To illustrate more
clearly how the PS correction effects the ECAL resolution, an idealistic electromagnetic
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calorimeter with an energy resolution of 2.5%/+v/E placed behind the PS detector with a
2 X, lead absorber, has been included in the simulation. As can be seen from Fig. 3.5 the
resolution of the idealistic ECAL is practically recovered at energies above 5-10 GeV after
correcting for the energy that is absorbed in the lead of 2 X, and the overall effect from
the 2 X absorber is not significant with respect to the ECAL design energy resolution of

10%/VE.
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Figure 3.5: Effect of the lead converter on the resolution of an idealistic ECAL, with and
without correcting for the absorbed energy (see text).

The performance of the preshower system to separate between electrons and pions
is expected to improve by increasing the lead absorber thickness. Figure 3.6 shows the
pion versus electron rejection of the PS system as function of various absorber thickness
for two different energies of the incoming particle. The curves have been obtained by
adjusting the threshold on the number of minimum ionizing particles that are detected in
the PS scintillator to the energy of the incoming particle, since this improves somewhat
the separation capability for particle energies below 10 GeV. It can be seen that the pion
rejection factor decreases by about 20% when reducing the absorber thickness from 3 to
2 X, for a constant electron inefficiency of 10%.

Energy loss in inactive material between the preshower scintillator and the beginning
of the electromagnetic calorimeter could also contribute to performance degradation of
ECAL. However, it can be shown [3] that by suitably adjusting the x-coefficient (see
equation in Fig. 3.4) this effect can be compensated without inducing any degradation in
ECAL energy resolution.

As baseline solution we have chosen a lead absorber thickness of two radiation lengths
for the PS system that allows an efficient e/7 separation without compromising the energy
resolution of the electromagnetic calorimeter.



J.1. 10K rav/romoidUvv i UE11EC1LUR

Energy 5 GeV Energy 50 GeV

« 30 & ~ 30 9y
8 L v 30x0 = F Y 30X0
Q Q
A 8
c m 2.0X0 c m 2.0X0
-8 ® 15X0 S X0
3 )
o 3
2] (2]
[ c
=) o
o a

0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2

rejected electrons rejected electrons

Figure 3.6: The pion versus electron rejection of the PS system as function of various
absorber thickness for two different energies of the incoming particle.

3.1.4 Performance of the basic design

In order to study technological issues and to test the SPD/PS detector performance in
a combined test together with the ECAL and HCAL prototypes, two matrix prototypes
were built that consist of a 3x3 inner matrix of 4x4 cm? cells and eight surrounding
cells of 12x12 cm? size, packed in a light-tight black box. The thickness of the box
wall was 250 pum that is close to the final design requirements. The two boxes differ
from each other just by the thickness and type of the scintillator: 10 mm thick BC-408
scintillator (BICRON) and 15 mm thick polystyrene based cast scintillator (Russia). From
the results described in section 3.1.2 about the same light response is expected from both
prototypes. Between the first SPD box and the second PS box 1 c¢m of lead converter
material was inserted. The Scintillator pads were wrapped with 150 um thick TYVEK
paper and readout by WLS Y11(250) multi-clad S-type fiber of 1 mm diameter coiled in
a “DEEP” groove with 3.5 turns. The fiber was glued into the scintillator by BC-600
optical glue (BICRON). Each end of the WLS fiber was coupled to a 1 mm diameter clear
fiber (KURARAY) by an individual optical connector. The length of the clear fibers was
3 meters. The bundle of 34 fibers from each module box was packed into a light-tight
black pipe. The other ends of the clear fibers were connected to a 64-anode PMT (R-
5900, HAMAMATSU [23]) by means of an optical coupler made of plastic with 64 pairs
of drilled holes. The two fiber ends of each cell were connected to the corresponding pixel
of the PMT in such a way that they were aligned on the pixel diagonal. The fiber ends
were tightly inserted (without glue) into the individual holes and pressed to the cathode
window without any grease coupling. The coupler was visually positioned using marks on
the PMT that are supplied by the manufacturer. The precision of the coupler alignment
with respect to the PMT pixels was ~0.2 mm.

The response of the scintillator pad detector (SPD) in front of the lead converter to
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minimum ionizing particles (MIPs) was measured and compared to the results obtained
in section 3.1.2. The light collected for MIPs was estimated with a reference LED as
~20 photoelectrons for 120x120 mm? cells and ~30 photoelectrons for 40x40 mm? ones.
The big discrepancy between the previously obtained 105 photoelectrons and the measured
30 photoelectrons can be explained by the following effects. The light losses in the optical
connectors are estimated to contribute with a factor ~0.874+0.03 [24]. We did not do any
systematic study of the light losses for the single-fiber connectors used in this test, since
we intend to use multi-fiber type connectors in the future design [6]. The light leakage
to the neighboring pixels of the MAPMT causes a reduction factor of about 0.840.05.
This number is expected to improve, as discussed below. The difference in photo-cathode
sensitivity at 500 nm for the FEU-85 tube (used in the previous test) and the MAPMT
R5900 gives a factor of x0.75+0.03. The light attenuation for 3 m of the clear PSM-type
fiber [18] corresponds to a factor ~0.71 at 500 nm, and no clear fiber had been used in the
previous test. The anode non-uniformity of ~12 % for the MAPMT gives an additional
uncertainty. The final factor of 0.37 &= 0.05 does not yet include additional losses that are
expected from the optical coupler to the PMT, since for practical reasons the coupler was
not glued to the fibers so that it could be reused for different prototypes.

A certain amount of cross talk between individual cells is expected due to light leakage
from one fiber to a neighboring pixel of the MAPMT, if the fiber to pixel coupling is not
ideal. Light that leaves the fiber end with a certain angle to the fiber axis has a chance to
propagate along the PMT window and to generate a signal in the neighboring pixel. The
amount of such light leakage depends on the precision of the fiber-to-pixel coupling, the
distance from the fiber end to the PMT window, and of the thickness of the glass window.
The design of the coupler used in the tests was based on a precise matrix of holes drilled in
a plastic holder. The light cross talk between cells was determined from the prototype by
illuminating one fiber with a blue LED and by measuring the signal on the corresponding
pixel and its neighbors. About 20 to 25% of the light emitted by the fiber is shared among
the eight neighbors, while no light leakage is seen for pixels that are further away. The
photo-statistical fluctuations of the signal that is leaking to the neighboring pixels has no
visible correlation with the signal from the central pixel. This fact points out that the
cross talk takes place before the multiplication process has started. It was also observed
that the average value of the cross talk does not depend on the signal amplitude. Part
of the large cross talk results from misalignment of the fiber-to-pixel positioning. An
improvement is expected by better positioning the coupler on the PMT window and by
controlling the air gap between the fiber and the glass. Further studies to optimize the
fiber-to-PMT coupling are foreseen in 2001.

The e/m separation performance of the PS prototype was measured in the X7 test beam
at the SPS at CERN with electrons and pions between 10 and 50 GeV /¢ momentum. The
energy deposited in the PS for 50 GeV/c electrons and pions is shown in Fig.3.7. For
a threshold of ~180 ADC counts, that corresponds to 9 MIPs, a pion rejection of 92%
is achieved while retaining 95% of the electrons. For 10 GeV/c particles the same e/m
separation performance is achieved for a threshold of ~100 ADC counts (5 MIPS). This
performance can be obtained at the trigger level by cutting on the energy that is deposited
in the PS detector with a pr dependent threshold that is set as function of theta. An
improved e/ separation can be obtained in the offline analysis if the information from the
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Figure 3.7: Energy deposition of 50 GeV electrons and pions in the preshower detector.

ECAL and the momentum of the incoming particle is used in addition to the PS signal.
The measurements show that with a threshold of 4 MIPs a pion rejection of 99.6%, 99.6%
and 99.7% with an electron retention of 91%, 92% and 97% are achieved for 10 GeV,
20 GeV and 50 GeV particle momentum, respectively.

From measurements with 20 GeV electrons in the combined PS and ECAL test, it is
confirmed that the energy resolution of the ECAL does not deteriorate if one corrects for
the energy that has been absorbed in the PS lead converter by the energy that has been
measured in the PS scintillator [17].

In order to separate photons and electrons at the Level-0 of the ECAL trigger, the
scintillator pad detector (SPD) is positioned in front of the lead absorber. Charged
particles will deposit energy in the scintillator material while neutrals should not interact.
Some processes however can cause a photon to deposit indirectly energy in the scintillator
which leads to a miss identification of the photon as an electron. Possible sources are
pair production before the SPD due to material from other detector components in front
of it, interactions in the scintillator of the SPD that produce charged particles inside the
SPD, and backwards moving charged particles (back splash) that are generated in the
lead absorber or in the electromagnetic calorimeter. The latter two effects have been
studied with the prototype in a tagged photon beam in X7 and compared with simulation
(see Figure 3.8). The detailed measurements for photon energies between 20 and 50 GeV
show [25] that the probability of photon missidentification due to interactions in the
SPD scintillator is (0.84-0.3)%, when applying a threshold of 0.7 MIPs that does not
reject any electrons. The probability to pass this threshold due to backwards moving
charged particles was measured to be (0.9+0.6)% and (1.4+£0.6)% for 20 and 50 GeV
photons, respectively. All numbers are in very good agreement with a detailed Monte
Carlo simulation study [25].
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Figure 3.8: Normalized distribution from test-beam data of deposited energies in the SPD
by electrons and 46-48 GeV photons (top), by these photons through backsplash (bottom-
left) and by photons through interaction with the SPD (bottom-right). The first bin cor-
responds to photons with no energy deposition.

3.1.5 Radiation hardness

The radiation environment of the preshower detector is 2-3 times lower than in the elec-
tromagnetic calorimeter, since it does not suffer from the longitudinally growing dose due
to the developing electromagnetic shower. Both systems contain essentially the same ma-
terials, so one can conclude from the measurements on radiation resistance performed for
the ECAL (see sec 3.2.4) that no significant degradation of the PS response is expected
over 10 years of operation. In case of an extreme irradiation the very inner part of the
detector could be easily replaced, as it is foreseen by the mechanical design [6]. Never-
theless, some additional tests of the radiation hardness of fibers that are bent and glued
in the polystyrene scintillator will be undertaken by the end of 2001.
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3.2 The electromagnetic calorimeter

3.2.1 Introduction

The requirements to the electromagnetic calorimeter for LHCb are good energy resolution,
variable transverse granularity, fast response time, and good reliability in a radiation
hostile environment. The experience from other experiments has shown [26, 27, 28| that
the “shashlik” technology can combine these features at a reasonable cost. The energy
resolution of the HERA-B calorimeter modules with similar design to the LHCb modules
was measured with an electron beam [29] to be

98 _ 9% & 104 (E in GeV) (3.1)

E  VE
which satisfies the design energy resolution of the LHCb calorimeter.

Various simulation studies and beam tests with “shashlik” prototypes were undertaken
in order to optimize the design of a module for a good transverse uniformity in the
response at a reduced cost, and to verify the performance of the fast optical components
for radiation levels that are expected at LHC.

For a given cell size and sampling fraction the energy resolution of a module, and to
some extent the spatial resolution, are determined by the uniformity in response. The
transverse uniformity of a “shashlik” module is depending on two dominant effects, the
light reflection efficiency from the edges of each tile (the so-called global uniformity),
and the position and density of fibers with respect to the ionising particles (the local or
inter-fiber uniformity). The tile edge coverage and the fiber density have been optimized
by measuring the uniformity in response of various prototypes and by comparing the
results with detailed simulation studies [30]. Furthermore, the transverse and longitudinal
uniformity in response can also be affected by radiation damage of the scintillator and
fiber material. We measured the degradation in light yield of the scintillator tiles and
fibers due to radiation, and we simulated the effect of such degradation on the energy
resolution of the ECAL modules [31].

3.2.2 Optimization of the tile-edge coverage

In order to choose the tile-edge coverage that provides the best light reflection efficiency,
~ 5x5 cm? tiles with blackened, aluminized and white painted edges were studied, by
comparing their response to a °Sr source that was positioned at the tile center and close
to the tile edge. The light was read out via fibers that penetrate the tile similarly to the
final module design [4]. For tiles that were treated with three different techniques on their
edges, the table 3.1 shows the response to the radioactive source at the tile center and the
difference in response between the center and the edge, thus comparing the global non-
uniformity and the corresponding degradation of the mean light path that is induced by
the tile-edge reflection inefficiency. These results agree well with Monte Carlo simulations
that predict 2, 5 and 7 ¢cm mean light path for black, aluminized and white tile edges,
respectively.

For the final design the white paint will be replaced by another technique that also
produces a diffuse reflecting surface, by treating chemically the edge surface with the
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Table 3.1: The global non-uniformity that is induced by the tile-edge reflection inefficiency.
Shown are the response to a ?°Sr source at the tile center and the difference in response
between the center and the edge of the tile for blackened, aluminized and white painted
edges. Measured was the PM current depending on the source position over the tile surface.

edge response at tile | center-edge
coverage type center, [nA] | difference, [%]
blackened 48 19
aluminized 112 7
white diffused ( BC-622A ) 134 4

so-called DMA method. It has been shown that the chemical treatment has an increased
reflection efficiency and is more cost effective as compared to the white paint.

3.2.3 Optimization of the fiber density

Dedicated simulation studies of light propagation in the scintillator tile with wavelength-
shifting fiber readout illustrate the interplay between the tile transparency and the fiber
density on the local uniformity of response. Table 3.2 shows the local uniformity that
has been obtained from simulation of a ~ 12x12 cm? scintillator tile with three different
fiber densities of 144, 100 and 64 fibers per tile, and three different mean light paths of
Agei = 15 ¢m, 25 ¢cm and 50 cm. The overall uniformity over the whole tile has been
parameterized by the following function:

1 = Aytopat - (%/;0)2] x [1 = At - cos {%” w-w)] 62

where g is the center of the cell, [ the cell size, d the inter-fiber distance, a a normalization
factor, and Agepe and Ajeeq are the values that determine the global and local non-
uniformity, respectively. As expected, both an increased fiber density and an increased
mean light path improve the local uniformity of response.

f(z) =ax

Table 3.2: Scintillator transparency and fiber density impact on the local uniformity of the
response to MIPs, as studied with Monte Carlo. Shown s the value of the Ajea coefficient
from the parameterization in eq. 3.2. Options with 144, 100 and 64 fibers per module, and
Asei = 15 em, 25 em and 50 cm are considered.

[ | Fibers per tile |

H Mean light path, Ag; H 144 ‘ 100 ‘ 64 H
15 em 0.0035(5) | 0.0091(4) | 0.0132(3)
25 cm 0.0005(5) | 0.0051(4) | 0.0089(3)
50 cm 0.0004(4) | 0.0022(3) | 0.0063(3)
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Table 3.3: Response non-uniformity of modules with 144, 100 and 64 fibers per module,
as measured with MIP and electron beams. Global and local non-uniformity effects are
expressed in terms of Agobar and Ajocar coefficients from the parameterization in eq. 3.2
correspondingly. Implied is the integration over the effect along the y-direction.

| | 144 fibers | 100 fibers | 64 fibers |

MIP beam
light yield, [a.u.] 1.20 1.00 0.74

global non-uniformity, Agpe || 0.06(1) 0.03(1) | 0.01(1)
local non-uniformity, Ajeca 0.004(1) | 0.009(1) | 0.012(1)
e~ beam
light yield, [a.u.] 1.27 1.00 0.70

global non-uniformity, Agpa || 0.03(1) 0.02(1) | 0.02(1)
local non-uniformity, Ajpca 0.003(1) | 0.005(1) | 0.007(1)

However, the fiber density does not only influence the local but also the global uni-
formity, as can be seen from measurements of ~ 12x12 cm? big “shashlik” modules with
different fiber densities of 144, 100 and 64 fibers per module, that have been tested with
minimum ionising particles (MIPs) and 50 GeV electrons at the CERN X7 SPS test beam.
The results are summarized in Table 3.3 and show, that the local uniformity improves
with growing fiber density, while the global uniformity degrades. The effect on the global
uniformity can be understood by the fact that the reflective edges are screened from the
light that is produced in the center of the tile by the fibers that are penetrating the tile.
Therefore there must be a compromise in the choice of the fiber density for improving the
local uniformity without degrading too much the global uniformity.

The results obtained for the local uniformity with MIPs is in very good agreement
with the simulation results given in table 3.2, for a mean light path of Ag;; = 15 cm.
Figure 3.9 shows the local uniformity as function of the fiber density, measured with
50 GeV electrons that enter the ECAL modules perpendicular to their front surface. The
value of 0.7% that is obtained for 64 fibers per module becomes comparable with the design
value for the constant term of 0.8% of the ECAL energy resolution. However, the effect
of non-uniformity and in particular of the local non-uniformity is expected to be strongly
smeared when particles penetrate at an angle that is not exactly perpendicular to the
calorimeter front surface. Simulation studies show that the local uniformity is improving
by a factor of three for angles that are typical for particles entering the calorimeter in the
outer section of the detector.

Taking into account these results, and in view of reducing the size of the fiber bundle
as well as the cost of the detector, we have chosen as baseline design a fiber density of 144
fibers per inner- and middle-section module and 64 fibers for the outer-section module.
The reduction from 144 to 64 fibers leads to a smaller sized fiber bundle for the outer-
section module and thus moderates the requirements to the photocathode uniformity of
the PMT. This is not an issue for the middle- and inner-section modules with 144 fibers,
since they contain several cells which brings the number of fibers per tube to 16 and 36
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Figure 3.9: The local uniformity measured for three modules with 64, 100 and 144 fibers
per module correspondingly, with 50 GeV electrons at X7 beam at CERN. Global type
uniformity corrections are taken into account on the plot. The curves are the results of

the fit.

fibers, respectively.

3.2.4 Detector performance under irradiation

We performed detailed measurements and simulation studies in order to determine the
degradation of the ECAL resolution due to radiation damage of the optical components
of the “shashlik” module [31], when operated under LHC conditions.

The expected annual radiation dose at the shower maximum for the ECAL modules
closest to the beam pipe is 0.25 Mrad, assuming a luminosity of 2x10%2 cm=2s~! and 107 s
per nominal year. As can be seen from the left plot of Figure 3.10, the dose is a steep
function of the distance from the beam pipe, and varies over the active calorimeter surface
by two orders of magnitude. The longitudinal dose profile for the innermost cell is plotted
on the right plot of Figure 3.10, where the contributions from the electromagnetic and
hadronic components of the shower are shown separately. The radiation mostly affects
a relatively small part of the calorimeter in the vicinity of the shower maximum. The
middle and outer section modules do not suffer from such a high radiation, where the
maximum dose reaches only about 0.02 Mrad per year of LHCb operation. The radiation
doses are obtained by summing energy releases calculated with the LHCb GEANT3 based
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Figure 3.10: Left plot: the expected annual radiation dose distribution along the x-azis
at y=0 (a) and along the y-azis at =0 (b). The vertical lines indicate the innermost
position of the active calorimeter volume. Right plot: The longitudinal dose profile for
the innermost module. The contributions from the electromagnetic (grey) and hadronic
(black) components of the shower are shown separately.

SICB simulation program, that uses the GEISHA package. This simulation is in good
agreement with a MARS calculation [32] that was done in one xy-plane at the z-position
between ECAL and HCAL.

The radiation can affect the quality of the optical components made of plastic materi-
als, namely the scintillating tiles and the WLS fibers. Both, light yield and transmission
through the tiles and fibers may decrease with increasing dose. We have irradiated at
the LEP Injector Linac (LIL) at CERN the optical components that we foresee to use in
the inner section ECAL modules, namely 40 x40 mm? scintillating tiles made of PSM-115
plastic and Y11-200(MS) fibers from KURARAY, with electrons of 500 MeV energy. In
view of the low energy, and in order to obtain a longitudinal dose profile as close as pos-
sible to the one expected under LHC running conditions, special modules were formed
consisting of 20 layers of 6 mm thick lead plates and 4 mm thick scintillating tiles. These
modules were irradiated with approximately 10 rad/s to a total dose of 5 Mrad at the
shower maximum. This should be compared to an expected rate of 0.05 rad/s and a
maximum dose of 2.5 Mrad over 10 years of LHCb operation.

The left plot of Figure 3.11 shows the measured degradation in light yield and trans-
mission for irradiated scintillating tiles (that are readout with non-irradiated fibers) as
function of the distance to the phtomultiplier tube. In order to study the effect of anneal-
ing, the measurements were repeated several times between 7 hours and 2000 hours after
the irradiation was stopped. One can clearly see that some annealing effect is seen up
to 50 hours after irradiation. On the right plot of Figure 3.11 is shown the degradation
of the WLS fibers as function of the distance to the phtomultiplier tube, again repeating
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Figure 3.11: Scintillator (left) and WLS fiber (right) degradation and annealing effect
after irradiation at LIL up to 5 Mrad dose at the shower mazimum (the shower mazimum
position corresponds to distance to PMT of 42 e¢m). Shown is the light yield (scintillator)
and PMT current (fibers) vs. the distance to the PMT, that has been repeatedly measured
after the irradiation was terminated.

the measurements several times after irradiation. The subsequent annealing improves
the light attenuation by up to 40% and 70% within the first 50 hours and 175 hours,
respectively. No further improvement is observed afterwards.

In order to determine the performance degradation of the ECAL module due to the ob-
served degradation of the optical components, a detailed simulation study was performed.
The energy response of an ECAL module was simulated using the expected longitudinal
dose profile (Fig. 3.10) and the measured degradation of the scintillating tiles and WLS
fibers according to Figure 3.11. Three effects on the module performance are shown sepa-
rately in Figure 3.12. The so-called peak damage is the loss of light collection efficiency of
a module due to radiation damage, that amounts to ~75% for a total accumulated dose of
2 Mrad. This is not a critical item since one collects about 1000 photoelectrons per GeV
of deposited energy in a non-irradiated ECAL module. Also shown is the degradation of
the energy resolution as function of the accumulated dose for different electron energies
between 5 GeV and 100 GeV. The constant term that is induced due to a given irradiation
dose is shown separately for doses between 0.5 Mrad and 5 Mrad. The line in the plot
corresponds to a degradation of the constant term of 1.5% that is reached at a dose of
2.2 Mrad.

Taking into account an expected annual radiation dose at the shower maximum for the
modules closest to the beam pipe of 0.25 Mrad, we conclude from the measurements that
the ECAL can be operated under LHCb conditions for about eight years, degrading the
constant term of the energy resolution from 0.8% to an acceptable 1.5%. This estimate is
somewhat conservative and some better annealing might be expected, taking into account



d.4. 11005 LU L RUNIAGING LIC UALUIINLIVIE 1 Iy

KURARAY WLSF+SCI DAMAGE
> 1 B o o ° ° °
° E L I | ] [ ] ]
$0.75 A 4 A A 4
g C v v v A\ ® — 0 MRad CV)
E o) o o - 1 MRad
5 0.5 F g o 0 u &~ 2 MRas g
s C V¥V — 3 MRad
0.25 = O - 4 MRad
C 0 - 5 MRad
g b | | | L L
0 20 40 60 80 100
Energy, GeV
a) Peak domage vs energy
> 5
X = ° . ° °
(G ° ° . . [ ° . - n :
3 E n n A
° s F = u - - : N A - g M 3
> B a A A . v Y b 3 ® - 5 Gev
= v v v g o o m— 10 GeV
(= o le) A — 20 GeV
= V — 50 GeV
= | O - 10pGev
O L L L L L L L L L L L
0 1 2 3 4 5
Dose, MRad
b) Resolution vs dase
N 0 E ®— 5Gev
(S R - 10 GeV
\% = A — 20 GeV
3 E ¥ — 50 GeV a [ ) g
o > E ©— 100 GeV s X ¢
E y ! !
1 E ' ! !
O E L ‘ L - L L ‘ L L L L ‘ L L ‘ L L ‘ L L ‘ L
0 1 2 3 4 5
Dose, MRad
C) radiation induced constant term vs dose

Figure 3.12: Simulation studies of the radiation induced module performance degradation,
using Y11-(200)MS fibers and PSM-115 scintillating tiles. The longitudinal dose profile
from Figure 3.10 is assumed. Shown are the peak damage versus energy for various accu-
mulated doses (a); the energy resolution degradation for various energies (b); the constant
term degradation for various energies (c). The horizontal line corresponds to a constant
term of 1.5%.

the 200 times higher dose rate that was obtained at LIL in comparison to the one foreseen
at LHCb. However, taking into account the simulation uncertainties on the expected
radiation doses at the LHC, we have designed the ECAL detector such that the inner
most modules closest to the beam pipe could be replaced after several years of operation,
if this should become necessary (see section 5.2).
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3.3 The hadronic calorimeter

3.3.1 Introduction

The main purpose of the hadron calorimeter (HCAL) is to provide data for the L0 hadron
trigger. The required energy resolution of 80%/+/E is quite moderate, however the detec-
tor has to be fast in order to measure the particles transverse energy at a 40 MHz bunch
crossing rate.

In view of choosing a fast fiber that allows to readout the HCAL (and the ECAL)
within the required 25 ns, the timing properties of different fiber types have been studied
with a special setup in the X7 test-beam line and compared to measurements using a Ny
UV laser [21].

In order to optimize the basic HCAL design and to measure its performance, a total
of six prototypes have been constructed from 1997 till 1999 [33]. They differ by their
cell sizes of 8x8 cm? and 16x16 cm?, by their depth of 7.3 and 5.6 interaction lengths
(A1), by their light collection scheme with one and two sampling regions in depth, and by
their fiber type using Pol.Hi.Tech.(S250) and Bicron BCF-92 wavelength shifting (WLS)
fibers. Many detailed measurements have been performed with the different prototypes
at the X7 test beam [34]. Part of the results have been obtained in a combined run
with SPD/PS, ECAL and HCAL, reading out the ECAL and HCAL with the fast 25 ns
sampling electronics (see section 3.4).

In the following we will discuss those measurements that summarize the performance
of the basic design, and we will in particular compare the results for the 7.3 A\; and
5.6 A\; long prototypes. Due to the stringent space requirements along the beam axis in
the LHCDb experimental hall and in order to be cost effective, a reduced HCAL length is
preferred if the detector performance is not compromised.

We finally discuss the effect of irradiation on the HCAL performance, that has been
determined from measurements of the degradation in light yield of the optical components
due to radiation [35], and from simulation of the detector response when taking into
account this degradation [36].

3.3.2 Choice of wavelength-shifting fibers

The pulse-shape properties of different wavelength-shifting fibers have been measured with
a special setup that allowed to readout light from a 16x8 cm? big scintillating tile that
was either produced by 80 GeV electrons converting in a lead absorber or by injecting
the light from a Ny UV laser. It was shown that the two methods are equivalent, and the
pulse shapes measured on a total of six different fiber types could be compared.

Figure 3.13 shows the measured pulse shapes for three BICRON fibers of type BCF-
92, BCF-99-29A and BCF-91A, for the Pol.Hi.Tech.(S250) fiber and for two KURARAY
fibers of type Y-11(MS250) and Y-11(M200). The shortest pulse is obtained from the
BCF-92 fiber with a FWHM of 9 ns. The currently not manufactured BCF-99-26A type
is slightly wider with 12 ns FWHM. Two types of fiber have almost equal pulse shapes,
that is Pol.Hi.Tech.(S250) and Y-11(MS250) with a width that is 1.7 times larger than the
one of BCF-92. The fiber Y-11(M200) has 18 ns FWHM, e.g. twice as wide as BCF-92,
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Figure 3.13: The recorded pulse shapes for different WLS fibers: 1 - BCF-92; 2 - BCF-
99-29A; 8 - Pol.Hi.Tech.(5250); 4 - Y-11(MS250); 5 - Y-11(M200); 6 - BCF-91A.

while the BCF-91A fiber has the largest width of 23 ns FWHM, in accordance with the
technical data given by BICRON [19].

Table 3.4: The fiber decay time extracted from a fit to the pulse-shape measurements.

Fiber type Decay time
BICRON BCF-92 24 + 04
BICRON BCF-99-29A 3.5 4+ 04
Pol.Hi.Tech. (5250) 73 £ 1.1
KURARAY Y-11 (MS250) 72 + 1.1
KURARAY Y-11 (M200) 88 + 1.5
BICRON BCF-91A 10.8 + 2.3

The exponential decay time of the fibers was determined by fitting the measured signal
shapes by an appropriate function [21], and care was taken to de-convolute the response
time of the PMT FEU-115M photomultiplier tube [37] that was used for readout, and the
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decay time of the scintillating tile that was measured to be (1.8+0.3) ns. The Table 3.4
summarizes the decay times that have been obtained for the different fiber types. At
present the preferred choice for the baseline design is the fastest BCF-92 fiber for the
outer section of the HCAL, and the more radiation resistant Y-11(MS250) fiber for the
inner section.

3.3.3 Performance of the basic design and choice of the detector
length

The performance of the HCAL design has been determined by measuring the linearity of
response and the energy resolution of the HCAL as function of the angle and of the position
of the incoming particles. The results from the test-beam data and from simulation studies
have been compared for the 7.3 A; and 5.6 A; long prototypes.
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Figure 3.14: The difference between the mean measured energy and the beam energy (cal-
ibration at 50 GeV). Open circles — raw data before correction. The curve is a fit of
a correction function to the points (see text). The black circles are the residual of the
fit. Left figure without compensation, right figure with compensation for light attenuation.
The corrections become smaller but remain non-zero that is accounted for by a smooth
logarithmic rise of the ©° fraction in the shower. The data was taken at 9° of incident
beam.

In a non-compensating iron/scintillating-tile hadron calorimeter one expects a non-
linearity in the response to pions as function of their energy. Since the fraction of elec-
tromagnetic energy in the shower is increasing logarithmically with energy, the relative
response to pions is expected to slowly rise with energy. Another factor that can strongly
affect the linearity is the light attenuation in the fibers that collect the light from several
scintillating tiles while running in direction of the shower development over the full de-
tector depth. Further non-linearity can be generated due to longitudinal shower leakage
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and due to Cerenkov light that can be produced in the light mixer situated at the end of
the module. The deviation from the linearity of the calorimeter response measured with
the prototype for hadron beam energies between 10 and 80 GeV is shown by the open
circles in the left plot of Figure 3.14. The curve is a fit to the data taking into account
the effects of non-compensation and of light attenuation in the fibers [34]. The black
points show the residual of the fit. In the right plot of Figure 3.14 it is shown that the
effect of light attenuation in the fiber can be reduced when compensating the increase
in light yield with depth, by reducing the optical contact between fibers and scintillating
tiles by a few percent at the corresponding depth. The remaining non-linearity is in very
good agreement with results that are obtained from a simulation study [34]. For trigger
purposes the measured non-linearity is not a central issue, and we therefore have not
included a compensation of the light yield in depth in our present baseline design.

% 100 E\ 1 ‘ 1 1 1 1 1 1 1 1 ‘ 1 1 1 1 ‘ 1 \; 100 ;\ 1 ‘ 1 1 1 1 1 1 1 1 1 1 1 1 ‘ 1 \;
O_ 90 | — 90 |- —
(1] [ . [ .
%80;*—0—_0__0_—0——0——0—*; 80 | —o— —o— —o0— —0— —0— o=
I - ] - ]
s 0 F E [Cl S E
> - . - .
< 60 | +H 60 E
50 | —v— e —v— —v— = —v— ] 50 | —v— —v— —v— —v— —v— —v—

w0 | 1 wf E

30 | mm ome e e e o ] 30 | cae e e e e e

20 +— -+ - = = = ] 20 F =+ =+ 2 -+ = =

10 f— —— —— —— —— —0— —o— —f 10 f— —— —— —— —0— —— —0— —f

0 :\ | ‘ | | ‘ I ‘ | | ‘ | \: 0 :\ | ‘ I ‘ I ‘ | ‘ | \:

0 5 10 15 0 5 10 15
deg.
7.3\ module 5.6\ module

Figure 3.15: The angular dependence of the response at different energies. On the x-azis
1s plotted the angle between the beam line and a line that is perpendicular to the HCAL
front face.

The dependence of the HCAL response on the angle of the incoming particle has been
studied by rotating the prototype between 0° and 15° around a vertical axis that roughly
traverses the HCAL at the average shower maximum. Figure 3.15 shows a comparison
of the angular dependence of the response for the 7.3 A; and 5.6 A; long prototypes for
pion energies between 10 GeV and 80 GeV. A very high degree of uniformity is seen for
all energies. The short prototype shows some 3% leakage for 80 GeV pions. It should
be noted however, that this effect will reduce substantially when taking into account
the 1.2 \; additional interaction length that will be added due to the ECAL in front of
the HCAL. From a scan with the particle beam across the prototype front surface the
uniformity in response is measured to be well within +3%.

The energy dependence of the resolution for a sampling hadron calorimeter is described
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Figure 3.16: The angular dependence of the HCAL resolution for two prototype thickness.
FEach set of points correspond to the beam energy of: 10, 20, 30, 50 and 80 GeV (from
top to the bottom).

by two parameters, the stochastic and the constant term. The first reflects the statistical
fluctuation in the energy deposition by hadronic showers in the scintillating tiles. The sec-
ond one is defined by intrinsic features of the calorimeter, like e/7 ratio, inter-calibration,
non-uniformity in the light collection for different fibers in the cell, non-linear response
due to shower fluctuations in depth, energy leakage and cracks. A comparative study of
the two prototype modules with different length has shown that their energy resolution
is equal within errors. The angular dependence of the resolution is shown in Figure 3.16.
A good uniformity is obtained within the experimental errors.

In conclusion from the results, and taking into account the advantage of a relatively
short HCAL in the final design in view of the restricted space in depth and a reduced
cost, we decided to built a 5.6 A\; deep hadron calorimeter, keeping in mind that a 1.2 A;
ECAL is positioned in front of it.

An analysis of the performance of the 5.6 \; prototype from data that were obtained
in the combined test run using the 40 MHz readout electronics, has been compared in
detail with simulation results using different software packages for the simulation of the
hadronic shower development. The energy response to 50 GeV pions is shown by the
hatched histogram in the left plot of Figure 3.17. The tail towards low energies due to
leakage of the shower is well seen. However, this tail is not a concern for the hadron
trigger performance since it only introduces some minor inefficiency for high Er signal
events but does not affect the rejection of low Fr minimum-bias events. The black dots on
the histogram show the result of a Monte Carlo simulation that is in remarkable agreement
with the data, when using the GEANT (MICAP+FLUKA) interface.
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Figure 3.17: Left: energy response for 50 GeV pions form test-beam data (hatched) and
from simulation (dots). Right: HCAL Energy resolution, both for data and for simulation
with three different hadronic interfaces.

The energy resolution has been determined by fitting the energy spectrum with a
gaussian distribution around +2.5 . The resolution extracted from data is shown in the
right plot of Figure 3.17. The data have been fitted by the quadratic sum of the stochas-
tic and constant term that result in o(E)/E = (79.2 + 2.9)%/VE @ (10.11 + 0.45)%.
A detailed comparison of different simulation packages for hadronic shower develop-
ments [36] is shown in the same plot. It can be seen that GEANT (GEISHA) over-
estimates the constant term although it provides a good description of the low-energy
sector, GEANT (GEISHA+FLUKA) fails to reproduce a realistic sampling term and
underestimates the constant term, while the best global agreement is provided by the
GEANT (MICAP+FLUKA) interface, specially at high energies. The latter simulation
package is used to study the performance of the hadron calorimeter under irradiation.

3.3.4 Detector performance under irradiation

The effect of irradiation on the HCAL energy resolution has been determined from simula-
tion, using test-bench measurements of the optical components that have been irradiated
in a hadron beam with the expected radiation dose.

The expected annual radiation doses for HCAL cells closest and second closest to
the beam pipe are shown as function of the longitudinal segmentation in Figure 3.18.
The highest dose is reached in the very front part of the innermost cells and reaches a
maximum of 50 Krad per year, which translates to a maximum of 0.5 Mrad in ten years
of operation. For cells that are second closest to the beam pipe the dose is already down
by more than a factor of two.

In order to determine the effect of such radiation doses on the optical components
due to hadron showers, scintillating tiles and fibers of different type have been irradi-
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Figure 3.18: Longitudinal radiation profiles for the innermost HCAL modules after one
nominal year of operation. Fach longitudinal section measures 195 mm.

ated in the vicinity of the internal target station of the Serpukhov 70 GeV proton syn-
chrotron [35]. In the following we will concentrate on the PSM-115 scintillating tile and
the KURARAY-Y11 fiber, that are the baseline option for the innermost HCAL cells.
Samples of scintillating tiles were irradiated over 25 days with an average rate of 70 Krad
per day with total doses ranging between 80 Krad and 1500 Krad. The light yield of
irradiated and non-irradiated tiles was measured with a special scanning system using a
S source. The light yield of irradiated samples relative to non-irradiated tiles is shown
in the left plot of Figure 3.19. The plot on the right shows the attenuation functions for
non-irradiated and irradiated fibers that have been extracted from various radiation dose
measurements with fibers of type KURARAY-Y11, assuming a 70% reflective mirror at
the end of the fiber. One observes extra losses in light yield due to radiation damages of
up to 20% for the tiles and of up to 15% for the fibers, both corresponding to a total dose
of 0.5 Mrad. In contrast to the radiation tests with electrons (section 3.2.4), no annealing
after irradiation with hadrons has been observed.

Using the attenuation functions that have been extracted from the test-bench mea-
surements, the energy response of the HCAL has been simulated in order to study the
radiation-damage effects on the energy resolution and efficiency. In Figure 3.20 the energy
spectrum for 80 GeV pions for a non-irradiated detector is compared to an irradiated one
for a total radiation dose of 0.5 Mrad and 1.0 Mrad. For a 0.5 Mrad dose the resolution for
showers developing in the innermost modules is only slightly deteriorated by a 6% spread
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Figure 3.19: Left: The relative light yield of a scintillating tile after irradiation to the one
before irradiation for different accumulated doses. Right: The attenuation functions along
a Y11 fiber. The solid line is for a non-irradiated fiber, the dashed lines correspond (in
decreasing order) to the expected damage loss for a 10-year equivalent radiation dose, for
50 Krad/year and 100 Krad/year, respectively.

that increases the 10% constant term to &12%. The deterioration on the next-to-central
modules is negligible. To be conservative, and in order to take into account possible un-
certainties in the determination of the expected radiation, the deterioration for a 1.0 Mrad
total dose over ten years has been simulated, and shows an increase of the constant term
to about 15%. In order to quantify the effect of radiation on the HCAL efficiency, one
can define inefficiency as the fraction of events with an HCAL energy readout below 60%
of the deposited energy (corresponding to low-energy tails below 2.5 o for 80 GeV pions).
An inefficiency of ~8% for a non-irradiated module increases slightly to ~9% and ~11%
for a total radiation dose of 0.5 Mrad and 1.0 Mrad, respectively.

From these studies we are confident, that the radiation resistance of the designed
detector is sufficient to operate even the innermost HCAL cells over the 10 years of LHCb
operation without any relevant performance degradation.
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Figure 3.20: Simulated HCAL performances for 80 GeV pions, after 10 years of operation.
The histogram represents non-irradiated conditions, the white dots correspond to a total
dose of 0.5 Mrad, the black dots to a total dose of 1.0 Mrad.
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3.4 Electronics

3.4.1 ECAL/HCAL front-end chip and front-end card

The design of the ECAL/HCAL electronics is described in section 5.4 and in [12] together
with a detailed description of the tests. After a series of prototype iterations, a new version
of the ECAL/HCAL front-end chip that includes a buffer amplifier and an integrator with
a 2 pF feedback capacitor (for details see Figures 5.24 and 5.26), was produced in August
1999. This chip was used in the last test beam period of 1999. The performance of this

chip is summarized in Table 3.5.

Simulation Results Test Bench Results
Dynamic range 14V >14V
Non linearity 0.5% < 1% .
over the whole dynamic range
Residue after 25 ns < 0.5% < 1%
RMS noise after subtraction 1(112D§ OCZI;I; 1.(21-:34-D3§()CZ$;BS
Power consumption 40 mW /channel 38 mW/channel
Open-loop gain of integrator ~ 60 dB ~ 60 dB
gm (input PMOS) of integrator 34 mA/V 18 mA/V
Fall time 3 us 2 us
5 ns

Rise time 2.5 ns with a 8 pF' parasitic capacitance

at the integrator input
Input impedance of integrator 190 Q2 270 Q

Table 3.5: Test bench measurements.

As can be seen, the functioning is satisfactory. The linearity is good, the rise time of
the chip is small with respect to the one of the integrated pulse. The noise level is slightly
higher than foreseen and is degraded further when the chip is integrated in the card, as
will be discussed below. A further prototype has therefore been ordered with a higher
feedback capacitor of 4 pF. First measurements (June 2000) have shown that, as expected,
the noise is reduced by a factor of two. Of course the charge gain of the amplifier is also
reduced by a factor of two, however even in this case, the maximum current required from
the PM for a pulse corresponding to the highest ADC count is 20 mA, which is not too
demanding for the PM linearity.

A prototype of the front-end card has also been built for the summer of 1999. It
includes the main functionalities foreseen in the final card except the trigger computation
which will be studied in dedicated prototypes built in 2000. The card had 16 channels and
was assembled in 6U size. The card schematic can be seen in Fig. 3.21 and a photograph
of the prototype in Fig. 3.22.

The card also included some testing facilities which will not be implemented in the
final card, such as the possibility to spy the direct ADC results before subtraction of
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Figure 3.22: Top layer of the prototype FEB.
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Figure 3.23: 80 GeV HCAL signals. The upper figure shows the PM signal before and
after clipping, the lower one shows the same signal at the output of the integrator.

the preceding pulse. In the prototype the derandomiser buffer after the trigger, which is
normally used to store events to be readout, is used to copy N successive samples for each
trigger. In this way it is possible to check how a large energy pulse influences successive
samples.

The card was first used in test-bench measurements to study noise level and crosstalks.
From a study of the noise in each channel and of the noise of the sum of all 16 channels,
the incoherent noise and the coherent noise across the card was obtained. The values
measured are respectively 1.6 and 0.5 ADC counts. Measurements were also done where
the subtraction of the preceding pulse was performed not by the FPGA on the card
but by software after data logging. In this way the sample number used for subtraction
and therefore the effective integration time could be varied. Thus the noise before the
integrator (essentially due to the buffer amplifier and usually called parallel noise) and
the noise after the integrator (essentially the ADC input noise and usually called series
noise) could be separated. The values obtained are 1.3 ADC counts (for 25 ns effective
integration time) for the parallel noise and 0.5 ADC count for the series noise. A sizeable
improvement of the parallel noise is expected with the new chip. The impact of the
amplifier noise on the physics performance has been studied by simulation [15], and a
noise of 1.3 counts typically contributes to the 7% mass resolution at the level of about
30% of the resolution from the calorimeter energy and position accuracy. At this level
the impact is therefore negligible. Crosstalks between channels were found to be typically
less than 0.5%, except for one combination where it is 1.5%. The cause is understood and
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Figure 3.24: Pulse-height spectrum of 50 GeV electrons measured in 6 successive ADC
samples. Sample 5 is centered at the maximum of the integrated pulse. The horizontal
scale is in ADC counts. Note the different horizontal scale for sample 5.

corrective measures will be implemented reducing all crosstalks to a level of 0.3% or less.

The card was also used in beam tests with HCAL and ECAL signals. On Fig. 3.23 are
shown an average PM HCAL pulse (averaged over 1000 measurements on a digital scope)
and the resulting integrated pulse. One can notice the flat maximum stable within 1%
over +2 ns and the small residual at +25 ns. Pulse-height spectra obtained with 50 GeV
electrons are shown on Fig. 3.24. The sample on which the pulse is centered is sample 5.
It can be seen that on average 0.7% and 2% of the pulse are measured respectively in
sample 4 and 6 with fluctuations due to time jitter and photo-electron statistics. This
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satisfies our requirement of independent pulse measurement every 25 ns.

3.4.2 Preshower front-end chip prototype

The main challenge of the PS and SPD electronics is to cope with the fluctuating puls-
eshape caused by the small number of photoelectrons produced by a MIP (about 25).
This pulseshape was therefore studied with signals produced in a PS/SPD prototype by
cosmic rays or test-beam particles, and compared to a simulation program which includes
effects of photon creation in the coiled WLS fiber, photon propagation and attenuation,
and photoelectron generation in the PM [38].
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Figure 3.25: Various 1 MIP signals in a preshower cell.
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Figure 3.26: Average 1 MIP signal for cosmic rays (a) and from simulation (b), and the
integrated signal for cosmic rays (c). The oscillation between 70 and 90 ns is a parasitic
pickup that should be neglected.
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Typical MIP signals are shown on Figures 3.26 and 3.25. After integration over 25 ns,
85% of the total charge of the pulse is collected. In the case of a 5 MIPs signal produced by
high energy electrons in the prototype PS counter, Figure 3.27 shows that this fraction has
a fluctuation of 4%. Therefore, with such an integration a measurement of the PS signal
can be done with sufficient accuracy compared with the fluctuation on the number of
MIPs produced by electrons in the PS counter.
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Figure 3.27: Fraction of a 5 MIPs signal after 25 ns.

The design of the preshower-amplifier integrator is described in section 5.5.2 and
in [39]. Because of the requirement of maximizing the integration time, the solution
adopted consist in connecting alternatively, every 25 ns, two integrators for each channel
and to reset one when the other is active (for the schematics see Fig. 5.28). A first work-
ing prototype of one channel of the PS front-end chip was obtained in spring 2000. The
output noise level is 1 mV i.e. 1 ADC count of the foreseen 10 bits ADC. The pedestals
and gains of the two integrators are slightly different, as expected. The pedestals are 10
and 20 mV, respectively. After subtraction of the pedestal the deviation from linearity
of the system is less than 1% over the full 1 Volt ADC range. All these values agree
with specifications. A digital-scope picture of a pulse-generator input pulse and of the
corresponding output pulse are shown on the left of Fig. 3.28.

The chip was connected with the ADC, pipeline, and buffer system of a spare front-end
card of the ECAL/HCALL. In this way a readout of successive samples of the chip could
be performed while sending at the chip input pulses from a preshower prototype counter
connected to a multianode photomultiplier. An example of the average of 50 pulses is
shown on the right of Fig. 3.28. As expected (see section 5.5.1) the sample following the
main one is about 20% of the main sample signal. More precise measurements will be
done in the coming year and further prototypes with 8 channels per chip will be ordered.
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Chapter 4 Physics Performance

The physics simulations have been performed in the general framework of the SICB soft-
ware (SICBMC v231), which is a GEANT3 based Monte Carlo program able to simulate
events and their background up to digitisations in the LHCb detector. It includes all sec-
ondary interaction processes, with thresholds of 1 MeV for electrons/photons and 10 MeV
for hadrons. Proton-proton interactions at /s =14 TeV are simulated using the PYTHIA
event generator version 6.1 [40]. A multiple-interaction model is used, with varying im-
pact parameter and running py cut-off, tuned [41] to reproduce existing low-energy data.
The parton distributions are taken from CTEQ4L. Note that there has been an impor-
tant evolution in the tuning of these variables since the technical proposal, which affects
detailed comparisons of the trigger and physics efficiencies.

The digitisation results (SICBDST v232r2) were used as input to the simulation of the
calorimeter trigger logic, in order to measure its performance. For the simulation of the
offline analysis of physics channels, the programme which performs the reconstruction of
the various particle showers in the calorimeter system should be considered as a prelimi-
nary version of a realistic data analysis software. A number of algorithms need in depth
study and much evolution is foreseen. Some results of the performance evaluations may
change as the software gets more refined. These modifications should in general improve
the final performance of the experiment.

4.1 Performance of the Level 0 calorimeter triggers

The calorimeter triggers and their implementation are described in detail in several LHCb
notes [11, 42, 43, 44]. The general principle consists in identifying high transverse energy
hadron, electron, or photon candidates from B hadrons in the calorimeter system and to
tune the rate of these triggers applying suitable E; thresholds. In this chapter a short
description of the trigger logic is given before discussing the simulation results.

4.1.1 Structure of the trigger

The basic scheme is illustrated on Fig. 4.1. The successive steps are :

e The result of digitisation in each cell of ECAL and HCAL is converted in transverse
energy using a look-up table.

e A sum on every 2 x 2 cluster of cells is performed.

43
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Figure 4.1: Global view of the Level 0 calorimeter triggers.

e The highest sum on each front-end board is selected for further processing. For
ECAL clusters, the associated preshower and SPD information is used to validate
them as electron or photon candidates. For HCAL clusters, the associated electro-
magnetic transverse energy is added.

e The highest Er electron, photon and hadron candidates are selected and transmitted
to the Level 0 decision unit which applies the proper thresholds and performs the
combinations giving the global Level 0 decision.

4.1.2 Performance results

The results of Level 0 trigger simulations can be found in [45]. On all figures are shown as
function of the Er cut the efficiency for the selected channel (full circles, left scale), and
the rejection factor of the minimum bias events (open circles, right scale). The efficiency
is measured on events where the decay products are in the spectrometer acceptance.

The performance of the hadron trigger has been investigated on the By — wtr~
and B? — DFK? channels. The efficiency curves of Fig. 4.2 reflect the B-meson decay
kinematics. Assuming that this trigger is given the bandwidth foreseen in the technical
proposal, a threshold at 3.4 GeV is needed to suppress minimum bias events by a factor 16.
This will accept 68% of the first channel, and 42% of the second. For the same rejection,
the corresponding signal efficiencies were 65% and 35% in the technical proposal.

In the case of the electron trigger, a rejection factor of 100 is obtained for an Er
threshold around 2.4 GeV (see Fig. 4.3). This accepts about a quarter of the inclusive B
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semileptonic electron decays, and about 50% of the J/¢ K2 decays of the BY, when J/v
gives an electron pair, again slightly better than the technical proposal values.

A photon trigger may be useful for the study of specific physics channels. Figure 4.4
shows the effect on the efficiency for B) — K*v events. An Er threshold around 3.8 GeV
will limit its bandwidth to 1/400 of the minimum bias, and will increase the Level 0 trigger
efficiency from 47% to 58% for this channel [45]. Being quite efficient for the events in
which the decay kinematics has given a large transverse momentum to the photon, this
trigger will be needed to record the majority of events selected by kinematics cuts at the
analysis stage.

In summary, the trigger performance studies have essentially confirmed the early eval-
uations of the technical proposal.
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Figure 4.4: Efficiency for B} — K*v events for the photon trigger (left) and the hadron
trigger (right) as function of the Er threshold in GeV. The efficiency (full points) is given
on the left scale while the minimum bias rejection (open points) is given on the right scale.

4.2 Reconstruction of final states containing a 7°

The ability to perform physics analysis of decay channels containing a 7° in the final state
is essential for a broad coverage of CP-violation physics, and a constrained determination
of the parameters which describe it. T'wo channels of particular interest and different kine-
matics characteristics have been simulated [2] in order to evaluate the potential given by
the electromagnetic calorimeter. Studies are still preliminary, and with foreseen improved
reconstruction algorithms a substantial improvement in efficiency is expected.
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4.2.1 Bg — Tt =0

This channel is dominated by the two body pm decays. Of particular importance are the
regions of interference between p°7° and p*7~ modes.
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Figure 4.5: Energy E,o [GeV] and emission angle 0,0 [rad] of the m® mesons from BY —
7Tn~70 events. The solid symbols are the distribution of the reconstructed quantities,
while the shaded histograms represent the generated distributions scaled down by a factor
10.

Fig. 4.5 shows the 7% angular and energy distribution of the generated and recon-
structed events. At the generation level B mesons emitted in a 400 mrad cone around
the beam axis have been selected. The reconstruction requires that the charged pions
momenta are measured in the tracker and that both photons from the 7° are separately
reconstructed in the calorimeter. No kinematical cuts have been applied at this stage.
As can be seen, the 7° reconstruction efficiency is low above 50 GeV and under 3 GeV,
but is rather smooth between these limits. Further developments of the reconstruction
algorithms may improve this efficiency particularly in the high energy region, where the
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decrease of efficiency is due to merging photons. The 27 mass spectrum is shown on the
left of Fig. 4.6.

The combinatorial background resulting from the association of all photons detected in
the events is included. The 7%-mass resolution of 5.7 MeV does not include a contribution
from electronics noise, which however should be negligible [15]. The reconstructed BY
invariant-mass spectrum (right of Fig. 4.6) has a resolution of 42 MeV, which reduces to
35 MeV when the 7° mass constraint is imposed.

The Dalitz plot for reconstructed BY — w7 7% decays is shown on Fig. 4.7. The
bottom left corner corresponding to very low energy 7° is strongly depopulated. Otherwise
the p bands and interference regions are clearly visible.

With an estimated branching ratio of the order of 5 x 107, this channel would yield,
according to this analysis, slightly over 100 events per year. This is 5 times less than the
77w~ channel yield which has a 10 times smaller branching ratio. There are two main
loss causes: a factor 3 comes from photon conversion between the interaction point and
the calorimeter, and a factor 9 is due to photon isolation and energy cuts. The possible
recovery of photons converted downstream of the magnet and the development of analysis
improvements using softer cuts are likely to substantially increase the efficiency for this
channel.

4.2.2 BY — DOK*O

A constrained determination of the angle v of the unitarity triangle has been discussed
in the technical proposal. It proceeds through the measurement of the decay rates of the
following channels:

° Bg — DOE*0
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Figure 4.7: The Dalitz plot for reconstructed B — ntn~n° decays after LHCb acceptance
cuts and kinematics cuts.

° Bg — DYK*0
° Bg — D'K*0

and charge conjugate channels, with D! being the CP=+1 eigenstate of the neutral D
meson.

The final states considered in the technical proposal are only those consisting of four
charged particles, in which the D° (DP) decays into K~nt (K*7~). The estimated
visible branching fractions are quite low, and the accuracy of the measurement will be
limited by statistics. The possibility of an appreciable statistical improvement using the
large branching ratio of the decay of the D° (DY) into K~n+7° (K7~ 7°) has therefore
been considered. The channel DOK* has been simulated and its reconstruction has been
studied.

One starts from a set of events for which the four charged tracks from the decay
are reconstructed in the spectrometer. The 7° spectrum is softer than that of the
BY — 7t7~ % channel studied above. The 7y mass spectrum shown on Fig. 4.8 ex-
hibits a high mass tail due to pile up of neighboring tracks with one of the photons. The
main 7° mass peak has a good resolution equal to 6.7 MeV. The D° mass resolution is
reduced from 18.6 MeV to 13.2 MeV when the 7° mass constraint is imposed (Fig. 4.9).
The reconstruction of the B} mass from the measured momenta of all particles gives
a mass resolution of 29.4 MeV. When a kinematics fit is performed, with the 7% and
DP masses imposed, the BY mass resolution becomes 12.2 MeV (Fig. 4.10). This consid-
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Figure 4.9: Reconstructed invariant mass of the K—ntx° system after a 20 cut on the ©°
mass. The left plot is obtained with measured momenta. The right plot is obtained after
a kinematics fit with a 7° mass constraint.

erable reduction of the BY peak width will produce a corresponding improvement of the
signal to background ratio, which will ultimately govern the usefulness of this analysis.
The background study requires the generation of a very large initial sample of events and
has not been performed yet.

For the set of events considered above, the 7° reconstruction and the kinematics cuts
applied give a reduction in efficiency by a factor of 11, which again includes a loss factor of
about 3 due to photon conversions. With comparable trigger and charged particle recon-
struction efficiency for the channels without or with the 7°, one expects the latter to yield
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approximately 1/3 of the event number of the former. The recovery of some converted
70 photons may substantially increase this number. If the signal to background ratio
turns out to be comparable in the two channels, the 7° reconstruction will appreciably
improve the measurement of the unitarity angle ~.
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Chapter 5 Technical Design

The LHCb calorimeter system consists of three subdetector components, the scintillator-
lead preshower detector (PS), the “shashlik”-type electromagnetic calorimeter (ECAL),
and the scintillating tile hadron calorimeter (HCAL). It is the special feature of this
calorimeter system that all subdetectors have a similar technology with scintillating tiles
as active material that are readout via wavelength-shifting fibers, and using lead or steel
plates as absorber material. The optics of each subdetector are optimized for fast signal
transmission and are readout in one bunch crossing of 25 ns. The similar technology of all
subdetectors allows to use an identical 40 MHz readout electronics for ECAL and HCAL
and a very similar electronics for the preshower detector.

As can be seen from Figure 5.1, the calorimeter system starts at z=12.3 m from the
interaction point and occupies a total available space of 2.69 m along the beam pipe,
between the first and second muon chamber. All three subdetectors can be retracted
perpendicular to the beam axis from their data-taking position into a garage position in
order to allow access to each individual detector. The preshower detector is hanging from
the top and can be opened perpendicular to the beam axis by sliding away curtain-like
strips. The ECAL and HCAL detectors are split in two halves and positioned on platforms
that can move apart on a rail system. The front-end readout electronics are positioned
on platforms on top of the calorimeters such, that the preshower and ECAL crates move
out together with the ECAL detector and the HCAL crates accordingly with the HCAL
detector when the calorimeter system is opened up.

The detector acceptance and lateral segmentation of the three subdetectors are
matched geometrically in a pseudo projective way to facilitate the combination of the
information from corresponding readout cells in the trigger processors. The projectivity
requirements are determined by the typical shower maximum z-position of electromagnetic
showers in ECAL and of hadronic showers in HCAL.

93
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5.1 The pad/preshower detector

5.1.1 Overview

The pad/preshower (SPD/PS) detector uses scintillator pad readout by wavelength-
shifting (WLS) fibers that are coupled to multi-anode photomultiplier tubes (MAPMT)
via clear plastic fibers. The specific features of the SPD/PS detector are the rather high
granularity in the inner part of the detector, and the use of 64 channel photomultiplier
tubes with small pixel dimension of 2 mm x 2 mm. The choice of a MAPMT allowed to
design a fast, multi-channel pad detector with a reduced cost per channel.
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Figure 5.2: The layout of one half of the SPD/PS detector. The optical and signal cable
routing is shown.

The layout of the SPD/PS detector is shown in Fig. 5.2. It consists of a lead converter
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that is sandwiched between two almost identical planes of rectangular scintillator pads
of high granularity with a total of 11904 detection channels. The sensitive area of the
detector is 7.6 m in width and 6.2 m in height. Due to the projectivity requirements, all
dimensions of the SPD plane are smaller than those of the PS by ~0.45%. The detector
planes are divided into two parts, each of them can slide independently on horizontal
rails to the left and right side in order to allow service and maintenance works. The lead
converter in between the SPD and PS detector planes has a thickness of ~2 X, (12 mm),
and is not movable. The distance along the beam axis between the centers of the PS and
the SPD scintillator planes is 56 mm.

The arrangement of cells is a one to one projective correspondence with the ECAL seg-
mentation. Therefore each PS and SPD plane is subdivided into inner, middle and outer
sections with approximately 4x4, 6x6 and 12x12 cm? cell dimensions (see Table 5.1).
The scintillator thickness is 15 mm.

Table 5.1: Basic geometrical parameters of SPD/PS planes.

Region | Dimensions | Dimensions | SPD cell size | PS cell size | Number of cells
of SPD (cm) | of PS (cm) (mm) (mm) (PS+SPD)
Inner 190.5 x 143 | 191.4x 143.5 39.66 39.84 1472 x 2 = 2944
Middle | 381 x 238 382.7 x 239 59.5 59.76 1792 x 2 = 3584
Outer 762 x 619 765.5 x 622 119 119.5 2688 x 2 = 5376

The cells are packed in ~48x48 cm? boxes (detector units) that are joined into super-
modules. Each supermodule has a width of =96 cm, a height of ~6.5 m and consists of
detector units that form 13 rows and 2 columns.

The space reserved for the SPD/PS detector between the first muon chamber and
the electromagnetic calorimeter is 180 mm only, and made the conceptual and technical
design a challenge. In the following we discuss the design of the scintillator cells and of
the fiber system, the design and assembly of the detector unit and of the supermodules,
the installation of the overall pad/preshower detector, the calibration system, and the
quality control procedures [6].

5.1.2 Design of the scintillator cells and the wavelength-shifting
fiber system

The granularity of the SPD/PS detector is determined by the segmentation of the ECAL
and the projectivity requirements. Therefore the SPD/PS scintillator planes are subdi-
vided into three regions: inner, middle and outer, each having a different pad size. The
scintillator size of the SPD is identical to the one of the PS, and the cell size differs
only by the thickness of the scintillator-pad wrapping paper and by the thickness of the
detector-unit walls.

Figure 5.3 shows the geometry of an individual scintillator pad with the WLS fiber
layout. The basic plastic component is polystyrene to which primary and secondary wave-
length shifting dopants (PTP, 1.5% and POPOP, 0.04%) are added. The square structure
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Region L,mm L,mm D, mm

(SPD) (PS)

inner 39.2 39.5 37
middle 59.0 59.4 56
outer 118.4 119.1 170

Figure 5.3: Scintillator cell design.

of a pad is cut out from a 15 mm thick scintillator plate, and the scintillator surface is
polished to reach the necessary optical quality. In order to maximize the light collection
efficiency, WLS fibers are coiled and placed into a ring groove that is milled in the body
of the cell using a CNC machine. The cross section of the groove has a rectangular
form with 4.1 mm in depth and 1.1 mm in width. The groove is filled with 3.5 loops of
WLS-fiber. The number of loops was chosen to achieve an overall optimization of the
light collection efficiency [17] and the duration of the time response [39]. Two additional
grooves are milled to the scintillator to allow the WLS fiber to enter and exit the plate.
The fiber is glued inside the groove by BC-600 glue from BICRON [19] using a dedicated
semi-automatic device that provides a winding of the fiber and a uniform glue filling along
the groove.

The present baseline option in the fiber choice is the 1.0 mm diameter Y11(250) multi-
cladding S-type WLS fiber from KURARAY [18] as a reasonable compromise between
light output and durability. The S-type fiber is easier to bend and more resistant to
cracking [20], that is very important for the pad design, in particular for the smallest
pads in the inner region. Before being inserted into the groove, the WLS fibers are cut off
to the proper length according to the diameter of the circular groove. Then the fiber is
glued into the scintillator and the pad is wrapped with 0.15 mm thick TYVEK or Teflon
tape in order to improve the light reflection and to minimize the dead space between
adjacent pads.

Light produced by an ionising particle inside the scintillator is absorbed by the WLS
fiber and the re-emitted green light is guided by total internal reflection to the photo-
multiplier tube (PMT). Each single scintillator pad will be individually read out from
both ends of the WLS fiber. The WLS fiber is long enough to extract the light from a
cell out of the detector unit box. For the further transportation of the light to the pixels
of the multi-anode PMT, a long clear fiber will be coupled to the WLS fiber by optical
connectors that are described in detail in [6]. The length of clear fibers varies from 0.7
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to 3.5 m, however all the fibers that are connected to a particular PMT have the same
length in accordance with the front-end electronics specification [13, 14]. The clear fiber
allows to transport the scintillator light from the SPD/PS planes over a few meters to the
multi-anode PMT without significant attenuation.

5.1.3 Design and assembly of a detector unit

The scintillator cells are grouped into self-supporting detector units that will be packed
inside a square 476 mm x 476 mm (SPD) and 478 mm x 478 mm (PS) box, yielding a
total of 26 boxes per supermodule. Since there are three sections with different cell sizes
for the SPD/PS planes, the boxes will be filled with a different number of pads with sizes
that add up to 119 mm for the SPD to 119.5 mm for the PS planes.

A special technology of box manufacturing was developed in order to obtain stiff boxes
with a minimum amount of material between the adjacent cells of neighboring boxes. The
mechanical structure of the box is shown in Fig. 5.4. The frame of the monolithic box is
manufactured using carbon-fiber reinforced plastic (CFRP) with a thickness of the lateral
wall of 0.25 mm. This fabrication method was developed in INR and consists of one cycle
of polymerization process with defined curing parameters. Two prototypes of SPD/PS
detector units were assembled using boxes that were made entirely from CFRP, and that
were successfully tested during 1999 beam tests [17]. For reasons of cost, only the lateral
walls of the box will be made from CFRP, while the top and bottom covers are made
from =2 mm thick aluminium or plastic plates. The assembly elements are made from
plastic too and are glued to the lateral walls. The bottom cover is glued to the CFRP
frame by epoxy and the top one is fixed by screws (Fig. 5.4). On the top cover there
are output plastic ports disposed to allow the fiber bundles to exit the box. They are
made from plastic using a cheap pressure die-casting technology. A light-emission diode
power-supply connector for the calibration system (see section 5.1.6) is also fixed on the
surface of the top cover.

Figure 5.4: Design of the module boz.

The cell/fiber layout inside the box is designed such that all WLS fibers in one detector
unit have identical length. All cells in a detector unit are grouped in matrices of 4x4
cells, and the fibers from each matrix are collected in one bundle that ends in one optical
connector. The routing of fibers inside a box from one matrix is shown in Fig. 5.5. The
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bending diameter exceeds 100mm. To minimize the light losses from the cell to the optical
connector, as an option, one could replace one part of the WLS fiber of ~50 cm length
by a clear fiber that is spliced to the WLS fiber. In this case the length of the WLS fiber
extending out of the scintillator would reduce to less then 10 cm. The decision on this
option will be done after testing prototypes in the years 2000-2001.

Figure 5.5: Fibres routing inside the inner (left) and the outer (right) module bozx with
pads.

The module assembly procedure is as follows: the scintillator pads with glued WLS
fibers are placed into the box after quality control tests. The fiber ends are grouped by
32, inserted into a light-tight flexible tube and gathered to an optical connector. The
fiber ends will then be inserted and glued into the optical connector, before being cut
and polished. Depending on the number of scintillator cells inside a unit, the boxes
are equipped with one (outer region), four (middle region) or nine (inner region) output
port(s) and light connector(s).

The detector units are designed to be mounted on a supermodule support plate with
screws, prior to lifting them to the operation position.

5.1.4 Design and assembly of a supermodule

The supermodules of the SPD/PS planes have identical design. Each supermodule consists
of 26 detector units mounted on a long aluminium strip in two columns. The photomulti-
plier tubes are disposed on both, top and bottom ends of the supermodule support outside
the detector acceptance.

The detector units are connected to the PMTs by optical cables that consist of bundles
of 32 clear fibers, enclosed in a light-tight plastic tube. Depending on the position of the
detector units inside the supermodule, the length of clear cables varies from 0.7 to 3.5 m.
Care is taken that the cables going to the same PMT are of equal length. The trace
scheme of optical cables is shown in Fig. 5.2.

One end of the cable is equipped with an optical connector that is plugged to the
connector of the detector unit. The other end of the optical cable is grouped by four
fiber ends and gathered to one PMT by means of a photo-tube coupler that is shown in
Fig. 5.6. The fibers are inserted into the corresponding holes of the optical coupler that
holds the fiber ends in contact with the window of the multi-anode photomultiplier. After
gluing the fibers to the coupler, the fiber ends are machined and polished. The holes are
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organised in a precise matrix to fit to the PMT window in such a way, that the two fiber
ends of one cell are aligned properly to the diagonal of the corresponding pixel of the
compact multi-anode photomultiplier tube (MAPMT) R5900-M64. This 12-stage tube
is manufactured by Hamamatsu [23] and has a bialkali photocatode that is segmented
in 64 pixels of 2x2 mm? each. The precise alignment of the coupler matrix relative to
the pixels of the MAPMT is accomplished by using reference marks on the tube and a
dedicated alignment tool, that is under development.

The coupler holder and PMT-cookie assembly are disposed within a housing box (see
Fig. 5.7) that provides mechanical protection, light-tightness, and shielding of electrical
and magnetic fields. The final design of the PMT housing will be chosen in accordance
with the electronic-card dimensions, the available space, and the required magnetic-field
protection. The details of different PMT-housing variants are discussed in [6].
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The assembly of supermodules is organized in such a way that a maximum of oper-
ations (i.e. the mechanical assembly, the cabling and the control) can be realized at an
installation area, leaving only the connection of signal cables to be done after the su-
permodule has been installed at its position of operation on the detector support. The
assembly, transportation and installation of the supermodules is done with a special sup-
port cradle. All stages of assembly of a supermodule are discussed in detail in [6]. It is
assumed that all stages of the assembly can be performed in close proximity to the LHCb
experimental zone with accessibility to a crane. The space requirements to the assembly
area are 12x10 m?, and the estimated time for both, the lead and supermodules assembly
is 4 months.

5.1.5 Installation of the detector

The assembly of the SPD/PS detector starts with the installation of the lead converter,
that will be mounted on the base support beam (see Fig. 5.2). The lead converter wall is
constructed from eight independent strips that are 12 mm thick, 1 m wide and 7.9 m long.
From both sides 0.5 mm thick stainless steel sheets are glued onto the lead under pressure.
The manufacturing tolerance for the thickness of the lead sheets is typically 0.1 mm. The
strip size is chosen for a convenient manufacturing and to allow the assembly by crane
inside the experimental hall.

Before transportation to the operational zone the lead strip is secured on a support
cradle. It then is lifted by a crane and transported to the place of installation, where
the I-beam on top of the lead strip is fixed to the base support beam by bolts (left side
of Fig 5.8). On the base support beam there is a set of tuning bolts that are connected
with the main beam to correct for possible deformations. To avoid the swing-effect, the
bottom ends of strips are inserted between two channel beams disposed at the bottom of
the support frame. After the channel beams have been bolted to the I-beam, the support
cradle is dismounted from the lead strip and may be used for installation of the next
strip. After installation, all lead strips are joined together with a flat hinge. The rails are
mounted on the structure channels on top of the lead strips.

The procedure to assemble the supermodules is very similar to the one described
above for the lead converter. Before the installation, a support cradle will be temporarily
attached to the supermodule support in order to allow the supermodules to be moved to
the operation position (right side of Fig 5.8). The supermodules are mounted on separate
moving carriages that are installed on rails disposed along the base beam, and that can
be moved in the horizontal direction. After assembly, the detector parts can be rolled to
their final position. The routing of the signal cables is made flexible to allow the detector
to move without disconnecting any cables. When the SPD/PS detector is installed in its
working position, the surrounding space is rather limited so that only the perimeter of
the support frame can be reached during short access periods. Therefore during repair or
maintenance interventions each half of the detector will be moved into a garage position
along the main support beam.

The detailed dimensions and weights of the preshower components that have to be
installed are summarized in Table 5.2. The total weight of scintillator material to be
mounted on the SPD/PS planes is ~1°500 kg, and the total area to be covered by scin-
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weight of the 12 mm thick lead converter fixed in between the PS and SPD planes is
about 8200 kg. In comparison, the weight of the movable (one half) detector plane, is

~1’600 kg.
Several options for calibrating and monitoring the SPD/PS system are still under consid-

introduced in the central part of the detector to accommodate the beam pipe. The total
eration and are discussed in detail in [6]. Important tasks of the calibration system are

tillator cells for both SPD/PS planes is 294 m?. A square hole of 48x48 ¢cm? will be

5.1.6 The calibration system
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Table 5.2: Main parameters of mechanical structure.

‘ Structure ‘ Material ‘ Z-X Cross-section ‘ Y-Length ‘ Weight, kg ‘
Detector + Support 19,570
Main Support Beams Steel 200 cm? 19 m 2,900

Base Beam Steel 90 cm? 19 m 1,300
Lead wall Lead 12mm x 7.9 m 77Tm 8,200
4 x 1/2 detector 2xT7emxT7.7Tm 7.6 m 6,320
lower support beam Steel 124 em? 9m 850
1/2 Detector Tem xT7.7m 3.8m 1,580
Carriage Steel 24 cm? 4.5 m 80
4 supermodules Tem x7.7m 4x96cm | 4x374
Supermodule Tem x7.7m 96 cm 374
Support Strip Al 6 mm X 6.7 m 96 cm 106
PMTs Support Plates Steel 225 cm? 96 cm 164
2 x 13 detector units 26 x 4
| Whole Scintillator | Sci [2x15mmx62m| 76m | 1,500 |

to provide a precise timing reference for the inter-channel synchronization and to mon-
itor the stability of the photomultipliers. Among the different systems based on laser,
UV lamp and LEDs, the latter looks most attractive due to its high modularity, lack of
moving parts and high performance.

In order to provide a relative synchronization of all channels, a fast LED response is
needed to reproduce a typical particle signal in the fast electronic chain. Two different
LED monitoring systems are under investigation for the preshower detector. One system
is based on the prototype designed for the ALICE PHOS detector [46]. Each cell is
illuminated by one LED with the control unit located in a rack on top of the detector,
and with the LED driver printer circuit board (PCB) positioned near to the detector
unit. The control unit and LED driver are connected by a flat cable thus minimizing the
number of cables to the movable detector wall. The ALICE prototype was designed to
be used with slow electronics and would need modifications to the output chains of the
driver. The other solution would use a single LED to illuminate a number of cells. In
this case the LED and the light mixer are installed on the support structure outside the
detector unit. Clear fibers from the light mixer go into the detector-unit box where the
second light mixer redistributes the light to the particular cells. The number of cells for
half of the SPD/PS wall is 2976. If the driver has 64 outputs, then the mean number of
channels fired by one LED is less than 50.

In order to monitor the stability of the photomultipliers it is essential to control their
gain by sending a fixed proportion of light to each photocathode. The current mapping of
the optical cables from the PS and SPD to the MAPMT does not leave any free channels
for calibration purposes. Fortunately one does not need to illuminate the MAPMT pads
individually. A global illumination can be performed by passing a few clear fibers through
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a light diffusion box (one per PMT) that is equipped with a green emitting LED. The
fibers are illuminated either by equipping every diffusion box with its own light pulser, or
by distributing light pulses from one common light source through clear optical fibers. In
the latter case monitoring of the light source itself could be done in a simple way with a
PIN photo-diode.

The width of the LED signal spectrum, that is defined by the photostatistics, provides
an absolute scale for the detector response and can be used to control the linearity of the
readout chains.

5.1.7 The quality control

In order to guarantee the same quality of all preshower cells and to identify a degradation
in quality at the earliest possible production level, it is foreseen to monitor the quality
of all SPD/PS subcomponents at every step of fabrication. This starts from the analysis
of raw materials up to the final certification of each scintillator cell before assembly. A
detailed list of all stages and appropriate procedures that are foreseen to monitor the cells
production is given in [6].

The plastic scintillator material will be delivered from one manufacturer in a few
ingots. To monitor the light output from different ingots, small samples of scintillator
of fixed dimensions (&1 cm?) are cut out, polished and tested with a radioactive source.
The transparency of the scintillator and the purity of the raw material are measured on
a few cells or for specimens from the same ingot, using chemical analysis techniques.

After the mechanical processing and polishing of the scintillator, each cell is visually
inspected to exclude samples with cracks and scratches, and the dimensions are checked
to be within the tolerance of 0.1 mm (30).

All fibers must pass an optical test to reject those that could be damaged during
transportation or unpacking. The optical tests must be fast, reliable and easy to handle.
Therefore it is intended to use LED in conjunction with PIN diodes to measure the
transparency of fibers. Similar devices called “optical power meters” (OPM) are routinely
used to check out optical cables and connectors for optical networks. They are portable,
can be used in situ, and provide a typical accuracy of 3% for a relative comparison. This
system could also be used to verify the quality of gluing the fibers into the scintillator
groove by injecting blue light into the scintillator cell in sequence from a number of fixed
points and reading the light output with the fiber.

Since the quality of light coupling is of great importance when grouping and feeding
fibers from 16 tiles (4x4 cell) to the same optical connector, a visual inspection of the
optical connectors is foreseen. Furthermore a special cutting and polishing device has
been designed to ensure high quality surfaces and therefore a good contact between fibers
and connectors.

Once a cell has passed all tests, it is wrapped using white reflective paper (TYVEK)
and assembled in a detector unit. It is scanned with a radioactive source to measure the
absolute light yield and the homogenity in light yield. The level of cross talks will be
measured as well to check for possible light leakage between tiles. A few detector units
will be tested in a beam of minimum ionising particles to get a direct comparison with
test data from the laboratory.
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5.2 The electromagnetic calorimeter

5.2.1 Overview

The LHCb electromagnetic calorimeter (ECAL) uses the “shashlik” technology. It is
built from individual modules that are made from lead absorber plates inter spaced
with scintillator tiles as active material. Wavelength-shifting (WLS) fibers penetrate
the lead/scintillator stack through holes, and are readout at the back of the sampling
structure by photomultipliers.

Figure 5.9: The electromagnetic calorimeter 3d-view from behind the detector towards
the interaction point. Shown are the three sections of the calorimeter, the ECAL main
platform, and the electronics platform with the racks on the top of the calorimeter wall.
Around the beam pipe is drawn the inner supporting frame. One of two ECAL platforms
1s partially moved out.

The ECAL structure is segmented into three sections with one type of module per
section. The lateral dimensions of the three sections are 970 mm, +1939 mm and
43878 mm in x and +727 mm, £1212 mm and +3151 mm in y for the inner, middle
and outer section, respectively. All three types of module have an identical square size
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of 121.2 mm, but differ by the number of readout cells. The ECAL section closest to
the beam pipe consists of 167 modules containing 9 cells each, the middle section has
448 modules containing 4 cells each, and the 2688 outer-section modules are made from a
single cell. The detector is built in two separate halves from individual modules that are
positioned in layers on two movable platforms and fixed to a surrounding frame. A global
view of the ECAL structure is shown in Figure 5.9. The ECAL starts at z=12.49 m from
the interaction point with a total depth along z of 835 mm. The overall dimension of the
active area is x=7.8 m and y=6.3 m.

In the following the construction of the ECAL is discussed [4], describing the engi-
neering design of modules, their construction and assembly, and the installation of the
ECAL detector in the experimental zone.

5.2.2 Design of modules

The three types of module that build up the inner, middle and outer sections of the ECAL
detector have a very similar basic design, as shown in Figure 5.10. All module types have
lead absorber plates of identical size, but they differ by the number of cells and therefore
by the number of scintillating tiles per module, as well as by the fiber density. A module
for the outer section consists of one single square cell of dimension 121.2 mm with 64 fibers
running through the lead/scintillator stack. The middle section is made from modules
that contain four square cells of dimension 60.6 mm, and the inner section from modules
that have nine cells of 40.4 mm size. Both, the middle section and inner section modules
are readout through 144 fibers per module.

Each module is constructed from alternating layers of 2 mm thick lead, 120 p thick
white reflecting paper (TYVEK) and 4 mm thick scintillating tiles. In total, there are
66 lead/scintillator layers resulting in a total depth of 25 X,.

The lead plates are produced using the die-stamping technology. Independent of the
module type, all converter plates have identical dimension and differ only by the number
of holes that are needed for the traversing fibers. Since the fiber density is the same for the
inner and middle module type, only two types of punching dies have to be manufactured.

A scintillating tile is produced of polystyrene-based PSM-115 scintillator with 2.5% p-
terphenyl and 0.01% of POPOP admixtures. The concentration of scintillating dopants is
chosen such that the scintillation light is almost saturated, and is tuned for the scintillator
emission spectrum to match the absorption spectrum of the WLS fiber. The scintillating
tile production employs the high pressure injection molding technique. The tile edges are
treated chemically to be mat and thus to provide a diffuse reflection in order to improve
the light collection efficiency, the transverse uniformity [30], and to prevent tile-to-tile
light cross talk.

The light from a scintillation tile is re-emitted and transported by 1.2 mm diameter
wavelength shifting (WLS) fibers that penetrate the entire module, and is then read out
with a photomultiplier tube (PMT). WLS fibers doped with fast shifter have been chosen
as baseline solution. Such fibers are commercially available and are produced by Bicron,
Kuraray and Pol.Hi.Tech. We are planning to use more radiation hard [31] fibers for the
inner- and perhaps for the middle-section modules than for the modules belonging to the
outer section. The choice of fiber will be made in 2001. The fibers belonging to each
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Figure 5.10: The electromagnetic calorimeter modules for the inner, middle and outer
sections. At the monitoring side are shown the transport fibers, connectors, WLS fiber
loops (if any) and plastic covers. At the read-out side are shown the fiber bundles, the
light mizers, and the PMTs and their bases. As an example the FEU-115M tube is shown.
Also shown is the area for splitters, the space for the cooling system and cabling, and the
related mechanics. For more details see the text.

Table 5.3: Number of fibers per bundle ( 1 fiber in the bundle is a clear fiber for monitor-
ing ) and fiber bundle size.

| | # of fibers in bundle | Bundle diameter, @, [mm] ||

Inner section 1+ 16 6.0
Middle section 1+ 36 8.4
Outer section 1+64 10.8




vraoAarioiv o, 100INIOCAL DVEoIIN

calorimeter cell are bundled at the end of the module and polished. The number of fibers
per bundle as well as the size of the fiber bundle is shown in Table 5.3. It has been shown
[30], that the reduced fiber density in the outer section modules does not compromise the
detector performance. This allows to keep the diameter of all fiber bundles below 11 mm
which has some impact on the choice of the photomultiplier tube, as will be discussed
below.

WLS fibers that penetrate the lead/scintillator stack are bent with different curvature
at the front of the stack, where fiber loops are made, and at the rear of the stack, where
the fibers are formed to a bundle. Bending of the fiber at small curvature radii leads to
light loss both, due to mechanical degradation because of fiber cracking and due to the
change of the light reflection angle governed by the geometrical optics. The latter effect
depends on the bending radius that has been studied and optimized by simulation [4]. For
the middle and outer section modules a straightforward fiber bending with the radius as
small as 15 mm would lead to mechanical fiber damage. In order to avoid such damage,
a special technique of fiber bending under high temperature air has been elaborated and
successfully applied for the HERA-B and PHENIX electromagnetic calorimeter modules.
For the inner section modules the bending radius at the front of the stack is very small.
To avoid the risk of mechanical damage the fibers are cut, polished, and the fiber ends
are coated with an aluminium mirror.

Table 5.4: The requirements to the PMT’s for ECAL.

Item Parameter

Tube length not more than 75 mm
Photocathode diameter more than 15 mm

Gain 5 x 10*

Quantum efficiency at 490 nm more than 12 %
Linearity for 20 mA peak current better than 2%
Cathode uniformity within 1 cm? better than 5%

Pulse FWHM less than 10ns

Long term stability better than 2% per 100 hours
Short term stability for I, < 20uA better than 2%

To reduce the contribution from the photomultiplier cathode non-uniformity to the
constant term of the energy resolution, a quadrangular prism light mixer made from
polystyrene will be inserted between the end of the fiber bundle and the PMT. The
importance and performance of a light mixer was studied with Monte Carlo by simulating
the response to a minimum-ionizing particle (MIP) that generates light in a scintillating
tile and that is absorbed, re-emitted and transported by the WLS fibers. The non-
uniformity of the photocathode was assumed to be 20%. It is shown [4], that the light
that is produced in the scintillating tile by the MIP produces blue light that is distributed
over all the fibers, and that the fiber closest to the MIP transmits only about 15% of the
total light. Therefore the response non-uniformity to a MIP signal is as small as ~2%
without using a light mixer. The simulation shows that the use of a light mixer with a
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length of about 3 cm will keep the non-uniformity small with respect to the constant term
of the designed energy resolution of 0.8%.

The size of the fiber bundles (Table 5.3) and of the light mixer determines the require-
ments to the size of the photmultiplier-tube window and to the photocathode uniformity.
A large variety of photomultiplier tubes (PMT) from various manufacturers is under test
[47] and several tubes have been identified as candidates that fulfill the necessary require-
ments. Table 5.4 summarizes the specifications for the PMT to be used on the ECAL
modules.

5.2.3 Assembly of modules

In order to profit from past experience, the LHCb calorimeter modules will be manu-
factured at the same production plant in Vladimir where the HERA-B and PHENIX
calorimeter modules have been produced. The module assembly is illustrated in Fig-
ures 5.11 and 5.12 for the most complicated case of an inner module. It starts from the
lead /scintillator stack assembly in the vertical position using well-like tooling as shown in
Figure 5.11a. Then the assembled stack is pressed with a force of 500 kg. This procedure
is repeated 5 times to reduce to a minimum possible deformations of the structure. Then
the stainless steel side tapes of 100 y thickness are welded to the steel matrix plate.

In the following the WLS and calibration fibers are inserted into the stack structure
(Figure 5.11b). At this stage the fibers for outer- and middle-section modules that will
form a loop, are already prepared with the thermo-technique. In order to form a fiber
bundle the fiber housing is mounted and the fibers are fixed with the tongs (Figure 5.12a).
A hot wire cut of fiber ends ensures the fibers to be co-linear and perpendicular to the
cut.

Finally the photomultiplier read-out system is mounted (Figure 5.12b). The PMT
is placed in the housing with insertion of a 2.5 mm thick steel screen and a p-metal
protection that shields against the magnetic stray field. Depending on the position, and
in the worst case, a stray field of approximately 130 Gauss along z and of less than 5 Gauss
in x and y is expected in the present design [48]. The PMT base plate is not shown in
the figure. To guarantee the light isolation a module end-cup cover is mounted with an
aluminium inclusion in the plastic cover that improves the heat dissipation.

From past experience one can expect that as many as ten modules per day could be
produced. The production rate for inner section type modules is twice as low, but their
amount of 176 is small as compared to the total number of 3312 modules.

5.2.4 Quality control of modules

An important issue in the construction of ECAL modules is the quality control. Already at
the production level one has to make sure that the calorimeter modules are manufactured
with similar response and with the designed performance. This implies a detailed control
at each step of the module production, starting from the input control of raw material up
to characteristics studies of the assembled module. A detailed description of the quality
control procedure can be found in [49], and only a short summary is given in the following.
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Figure 5.11: Assembly of the inner section module: shown are a) the Pb/Sc stack during
assembly, and b) the assembled stack with welded tape and inserted fibers. For more details
see the text.

The raw material quality control mainly covers the control of polystyrene-based PSM-
115 plastic and p-terphenyl. An IR-spectroscopy, the study of transparency for blue
(420 nm) light with a spectrophotometer, a gas and liquid chromatography and chemical
methods have been developed to control the raw material quality.

In order to measure the scintillator tile quality along with the transparency measure-
ments with the spectrophotometer, a special “hedgehog” test is extensively used. This
test studies the tile response to the signal that is induced by a radioactive source. The
signal is read out via WLS fibers in the ordinary way with a PMT. The “hedgehog” test
is also used to control the quality of tile edge coating.

The final control of the lead/scintillator stack and the fully assembled module is per-
formed with cosmic particles. The modules are tested one by one, placing them in a
horizontal position and using the same calibrated PMT for all of them. It has been shown
that as many as ten modules can be tested in this way per day with one setup, so that
all produced modules can undergo such a cosmic test. In addition, the performance of a
small sample of all modules is going to be checked using test beam.
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Figure 5.12: Assembly of the inner section module: shown are a) the assembled stack with
6 from 9 formed fiber bundles, and b) the read-out part assembly. For more details see
the text.

5.2.5 Installation of the ECAL

The design of the overall electromagnetic calorimeter structure is shown in Figure 5.13
and is dicussed in detail in [4].

The weight of an individual module is about 30 kg. The lead/scintillator stack weights
about 27.5 kg, and the read-out part (PMT, resistive divider, etc.) plus housing con-
tributes with 2 kg. Therefore the modules can be stacked without use of a crane on top
of each other on two movable platforms. The platforms can slide out perpendicular to
the beam axis for installing the ECAL, and to allow access to the front and back of the
modules as well as to the beam pipe.

When installing the modules on each platform they are grouped together in two hori-
zontal rows that are surrounded by a 250 micron thick stainless steel band. The band is
attached to the side-frame and can be stretched to ensure a precise positioning of better
than 1 mm and a dense packing of the modules. This system is illustrated in a side
drawing of Figure 5.13. It insures a stable overall structure without the need of any frame
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Figure 5.13: Front view of one of the two platforms of the electromagnetic calorimeter
that is mowved into the garage position. Shown are the three sections of the calorimeter,the
main platform, the main and small inner frames, the electronics platform on the top of
the calorimeter wall, and the mowvable tubular scaffolding. In an enlarged side drawing
the mechanics used to tension and precisely position the double-row module structures is
shown. Arrows indicate the static load. For more details see the text.
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structure in the inner side of each calorimeter half that would seriously compromise the
ECAL performance. The first four columns of modules, that are positioned at the in-
ner side of each half and above the beam axis, are grouped together in double-column
stainless-steel bands that are supported from the top. This will allow the replacement of
the inner-most modules close to the beam pipe after several years of irradiation, if this
should become necessary.

A plate positioned at the top of the ECAL will provide a uniformly distributed load of
1.4 tons onto the modules from the top. A connection to the rail system that supports the
preshower detector will ensure the perpendicular stability of the system. The integrated
load on each platform is 51 touns.

5.2.6 The calibration system

Even though the final calibration of the ECAL will be done with particles [16], it is
foreseen to equip the ECAL with a calibration system that sends a signal directly to the
photomultipliers in order to allow for an inter-calibration of the modules readout at the
10% level.

The calibration signal will be initialized either by a 10 ns pulse from a laser, or by
a system of ~180 green light emission diodes (LED), that will be placed on the top of
the ECAL wall. The signal will be distributed to the front side of the modules with a
system of splitters similar to that described in [50], and sent by clear fibers through the
modules to the PM. The LED based system will require a one-level 1:40 signal splitting
with /180 splitting units. Thus one LED serves 4 modules in the inner section, 9 modules
in the middle section, and 32 modules in the outer section. Alternatively the laser based
solution requires a 3-level splitting and a160 splitters of three different types.

The calibration signal is then delivered via clear optical fibers of 1.0 mm diameter to
the front side of each module. The light is transmitted from the transport fiber to another
clear fiber with 1.2 mm diameter that penetrates each cell at the cell center via an optical
connector and that is bundled in front of the PMT together with the other WLS fibers.
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5.3 The hadron calorimeter

5.3.1 Overview

The LHCb hadron calorimeter (HCAL) is a sampling device made out of steel and scin-
tillating tiles, as absorber and active material respectively. The special feature of this
sampling structure is the orientation of the scintillating tiles that are running parallel
to the beam axis. Wavelength shifting (WLS) fibers are running along the edges of the
scintillator tiles that are staggered in depth. Readout cells of different size are defined
by grouping together different sets of fibers onto one photomultiplier tube that is fixed to
the rear side of the sampling structure. The HCAL is segmented into two sections with
square cells of size 131.3 mm and 262.6 mm. The lateral dimensions of the two sections
are £2101 mm and +4202 mm in x and £1838 mm and 4+3414 mm in y for the inner and
outer section, respectively. The optics is designed such that the two different cell sizes
can be realized with an absorber structure that is identical over the whole HCAL.

The absorber structure is self supporting and is made from laminate steel plates of var-
ious dimensions that are glued together. The periodic structure of the system allows the
construction of a large detector by assembling smaller modules. The overall HCAL struc-
ture builds up as a wall positioned at a distance from the interaction point of Z=13.33 m
with dimensions of y=8.4 m in height, x=6.8 m in width and z=1.65 m in depth. The
structure is divided along x into two symmetric parts that are positioned on movable
platforms, to allow access to the detector. Each half is built from 26 modules that are
piled up on top of each other in the final installation phase. To facilitate the construction
of modules, each module is sub divided into eight sub modules that have a manageable
size for being assembled from the individual absorber plates. A total of 416 submodules
have to be produced to form 52 modules that will built up the two halves of the HCAL
structure.

The mechanical structure is completely independent from the optical instrumentation.
Therefore, a module that is robust and manageable in size and weight can be shipped from
its place of production near to its final destination before being equipped with scintillators
and fibers.

In the following the construction of the HCAL is discussed [7], describing the design
and assembly of submodules, the construction of modules, the optics instrumentation of
modules and the installation of the overall HCAL.

5.3.2 Design and assembly of submodules

The absorber structure of a submodule is a laminate of steel plates with a repetition of
identical periods of 20 mm thickness. One period consists of two 6 mm thick master plates
with a length of 1283 mm and a width of 260 mm that are glued in two layers to eight
4 mm thick spacers of 256.6 mm width and variable length. The tolerance requirements
to the thickness of the low carbon laminate steel of type Fe-360 is =0.05 mm. In between
the spacers a space of 200 mm is left for each of the four scintillating tiles per layer that
are inserted at a later stage. The layout of one period is shown in Figure 5.14.

In the design of the master and spacer plates care has been taken to minimize the
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number of plates with different shape and dimension in order to reduce the amount of
tooling that is needed for their production. The preferred production technology for all
plates is die stamping. The most demanding tool is the die for producing the relatively
long and thick master plates. Only one die has to be manufactured since one single type
of master plate is used for the whole HCAL structure. The number of small dies for spacer
plate production is also minimized using four identical plates per period for the central
ones.
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Figure 5.14: The spacer layout for one period of two master plates.

The overall structure of one submodule is illustrated in 5.15. The overall dimensions
of one submodule are x=525.2 mm wide, y=262 mm high and z=1286 mm deep. The
ratio of steel to scintillator is 5.5:1 and the total depth of a submodule amounts to 5.6
interaction lengths.

One submodule consists of 26 identical periods. In order to assemble one submodule
the master plates and spacers are stacked in a special submodule assembly tool (see
Figure 5.16). The top figure shows the stacking procedure of masters and spacers. The
assembling procedure is as follows:

e preparation of masters and spacers including a visual quality check

e cleaning of surface by de-greasing masters and spacers in a bubbling bath using
detergent before drying all plates with hot air

e applying manually drops of epoxy glue on well defined areas of the masters and
spacers by means of a syringe
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Figure 5.15: View of the HCAL structure. Two master plates are shown detached with
glued spacers. The space between spacers is used for scintillating tile insertion during the
optics assembly.

e stacking up 52 masters with spacers in the assembly tool

e bonding the plates into a laminate by hardening the glue over night in the stressed
assembly tool (see bottom of Fig. 5.16)

e next morning two pairs of connecting straps are welded on each corner of the sub-
module

e rust-proof coating could be applied in a dipping bath (under study)

e checking of the gaps (that will host the scintillators), and storage of submodule for
further assembly

A lot of experience in submodule assembly was gained during construction of a total
of six HCAL prototypes [33]. Except for the rust-proof coating, the assembly of the
prototypes was done according to the steps listed above. From this experience we believe
that four submodules can be assembled in one week using one assembly tool.

5.3.3 Construction of modules

One module is assembled from eight submodules that are joint together at the front and
at the rear side by two sets of steel bars that are welded to the submodules. At the rear
one 4200 mm long back holder is fixed with studs and nuts. The back holder is made of
an I-shaped steel beam with several welded reinforced ribs. One module has a dimension
of x=4201.5 mm wide, y=262 mm high and z=1655 mm deep (see Fig.5.17), and weights
about 9.5 tons. The modules are designed to be the the largest construction element
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Figure 5.16: The submodule assembly tool: in the upper figure is shown the master plate
wnsertion, in the bottom figure all plates are stressed for hardening the epoxy glue.

that is being assembled with optics and tested separately before installation of the overall
HCAL detector.

In order to minimize the tolerance requirements for a module (which is a brick in
the final HCAL wall), an adjustable inter connection between modules is foreseen. The
contact surface between two modules is well defined. At the front face it is the welded
20 mm thick bar and at the rear side it is a flat steel strap welded to the back holder.
Small pieces of steel are adjusted such that a horizontal clearance of 0.6 mm between
the sampling structure of two modules is reached. This insures that the weight of the
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Figure 5.17: The module structure: eight submodules are assembled to one module, and an
I-shape holder s mounted at the back. The whole module is covered with light protecting
black paper shown as hatched surface.

structure is distributed to the front and the back of a module, minimizing the tolerance
requirements for the laminate structure of a module.

A detailed strength analysis has been performed [33] calculating the internal stresses
for a module at the bottom of the HCAL wall. A maximal deformation in the vertical
direction (along y) of 55 microns has been determined (see Fig.5.18). In order to keep the
stresses for a module to a minimum when it is maneuvered, a special toll for rotating the
module from the vertical to the horizontal position (and vice versa) has been designed [7].

5.3.4 The optical instrumentation

The optics of the tile calorimeter consists of two components, the scintillating tiles and
the wavelength shifting (WLS) fibers. Ionizing particles crossing the tiles induce the
production of light in the base material with wavelengths in the UV range that are sub-
sequently converted to visible light by scintillating dopants. The scintillating light prop-
agates through the tile to its edges where it is collected by WLS fibers. The fluor in the
fiber absorbs the blue light from the scintillator and re-emits it at a longer wavelength.
The scintillating tiles are produced from polystyrene PSM-115 as a base with 1.5%
of paraterphenyl (PTP) and 0.03% of POPOP as primary and secondary dopants. For
reasons of cost and production rate the injection molding technology is the preferred
production technology. The tile dimensions to be produced are shown in Figure 5.19. Two
tiles of different dimension are needed to allow a segmentation of HCAL with two different
cell sizes. In order to optimize the production, a single type of tile of 256 mm x 197 mm
is being produced, and the smaller tiles of dimension 127 mm x 197 mm are obtained
by cutting big tiles into two pieces. After production the tiles are immediately wrapped
into TYVEK of 120-150 micron thickness. This reflective envelope avoids light cross talk
between the touching edges of the small tiles, protects the optical reflective surface of
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Figure 5.19: Scintillating tile dimension: two tile types are produced, a big tile of 256 X
197 mm? and two half-tiles (as shown in figure) for small cells.
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the tiles from contact with materials having an index of refraction that would spoil the
internal reflection of the light, and in addition enhances the light yield by redirecting some
of the light that is not captured by internal reflections back into the tile. The edges of a
tile are wrapped in such a way, that the fiber running along the edge can be easily inserted
in between the envelope and the tile edge during the module optics assembly. Quality
control of the tile production is foreseen by sampling 10% of all tiles and by measuring
the light yield in response to a f-source irradiation at various points of a tile.

Each fiber collects light from three scintillator tiles. The light propagates along the
fiber by total reflection. The light collection should be efficient, fast, with low attenuation
length and the fibers should be radiation hard. Sample fibers from different producers
have been investigated in a comparative way as described in [21, 35]. WLS fibers of
1.2 mm diameter doped with fast shifter have been chosen as baseline solution. Such
fibers are commercially available and are produced by Bicron, Kuraray and Pol.Hi.Tech.
The choice of fiber will be made in 2001. Since the requirements in radiation hardness
are very different for cells close to the beam and far away from the beam, different types
of fiber could be foreseen for the inner and outer sections of HCAL. A total of 50k fibers
with an identical length of 1.6 m each have to be produced. In order to increase the light
collection efficiency the fiber end opposite to the photomultiplier is coated with a layer of
reflective aluminium. The coating procedure is being developed and a typical reflectivity
of 85% has been obtained on a test sample of 170 fibers.

The optics assembly has been elaborated during the HCAL prototype construction.
To equip the laminate structure with optics, the best entity is one module that is rotated
in a vertical position for this purpose (with the back holder in a horizontal position). For
rotating the module a special tool has been designed [7]. The manual assembly starts
by inserting the TYVEK-wrapped tiles into the slits between the master plates. Then
the fibers are fed through from top to bottom between the tile edge and the TYVEK
envelope. To form a readout cell the fibers are grouped in bundles at the rear side of
the module. For calibration purposes [33], two clear fibers are joint to the bundle for
each cell that will transport the light from a LED. The bundle of fibers is inserted in a
bundle ring and glued together with epoxy glue. After cutting the fiber bundle ends to
length, the ends are polished. For mass production a small milling machine will ensure an
efficient cutting and polishing of the fiber bundles. For illustration one of the first HCAL
prototype modules is shown in Figure 5.20 after optics assembly.

Each cell is readout by one photomultiplier tube that is attached to the back holder
of the module. The optical connection between the fiber bundle and the photomultiplier
is ensured by a 35 mm long light mixer of squared shape. To protect the photomultiplier
tube from the magnetic stray field the tube including the light mixer is housed inside a
3 mm thick steel tube and p-metal foil to shield against the magnetic stray field. A stray
field of approximately 20 Gauss along z but negligible in x and y is expected in the present
design [48]. A large variety of photomultiplier tubes (PMT) from various manufacturers
is under test [47] and several tubes have been identified as possible candidates that fulfill
the requirements for the HCAL readout. The requirements are identical to those of the
ECAL (see Table 5.4) apart from the gain, that should be approximately 10 times higher.
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Figure 5.20: One of the first HCAL prototype modules after optics assembly.

5.3.5 The calibration system and quality control

Once the optics is assembled each module undergoes some quality control. For this pur-
pose the module is connected to the movable-source calibration system, that will also
monitor the HCAL performance over the years of operation.

Via stainless-steel pipes that are running through holes in the calorimeter module
and that are interconnected with C-shaped tubes, a miniature Cs'37 radioactive source is
passed through every scintillator tile of a module. The source is encapsulated in a 2 mm
diameter, 4 mm long stainless steel tube that is welded at both ends. The source is driven
by a hydraulic system that is filled with distilled water. The system includes a garage to
store the source, and a computer controlled pump and valves that allow to reverse the
water flow direction.

The source activity of 5 mCi induces a current of up to 90 nA in the PMT, that is
integrated by a slow control electronics circuit. The integration time does not exceed 2 ms
and the readout of all PMT channels is repeated each 5 ms. The average source velocity
is about 20+40 cm/s. Recording the signal from each individual tile allows to check the
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quality of the optical response and uniformity and to equalize the response of all readout
cells by adjusting the HV of the corresponding photomultiplier. The system has been
tested and operates successfully on the HCAL prototype [34].
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Figure 5.21: View of one half of the hadron calorimeter: there are 26 horizontal modules
stacked on top of each other. Two central modules are shorter to allow the accelerator
beam-pipe to traverse.

5.3.6 Installation of HCAL

The self supporting HCAL structure is split into two parts that can move away from each
other into a garage position in order to allow access to e.g. the photomultipliers. Each
half is built up by stacking 26 modules, that are fully equipped with optics, on top of
each other on a support platform that is placed on rails (see Fig.5.1)and that supports
a weight of ~245 tons per half HCAL. In order to minimize any dead space in between
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the two half HCAL structures care is taken in the design to perfectly align the surfaces
that will be in contact. Furthermore, the innermost master plate of each module has
half width and the periodic sampling structure of scintillator tiles and spacers is being
continued without discontinuity to the opposite half. To allow the beam pipe traversing
the HCAL wall, a mechanical hole of 525.2 mm x 525.2 mm is left in the center by using
modules in the middle of the HCAL that have a reduced length (see Fig.5.21). The space
between the HCAL structure and the beam pipe is filled with shielding material.

Even though the mechanical structure is identical for the whole HCAL detector, the
optics are segmented into two sections that have different cell size. The inner section clos-
est to the beam pipe contains 860 cells of 131.3 mm and covers a surface of 4.2 m x 3.7 m.
The outer section has 608 cells of 262.6 mm and extends to 8.4 m x 6.8 m.
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5.4 Electronics of ECAL/HCAL

5.4.1 Overview

Because of the similarity of input signals and functionalities, it has been decided to use a
common electronic system for the ECAL and HCAL. This system is based on a deadtime-
less and low pedestal integrator system using delay lines, which was already described
in the technical proposal [1] and is described in detail in [12, 51], followed by ADC’s
and pipeline buffers. The front-end crate and its main interconnections are shown in
Fig. 5.22. Each card is connected to 32 channels of the ECAL or the HCAL. The image
of the calorimeters to cards mapping is shown on Figure 5.23.

After digitisation in the front-end card the data is processed further and sent to a
trigger validation card which will be described in the Trigger TDR. The data is also
pipelined and stored on the front-end card, and then sent through the back plane to a
calorimeter readout card (CROC), which is described in section 5.4.5 and in [52].

Trigger Validation

Crate Controller
9U VME crate

Calorimeter Readout Card

2 x 8 Front-End boards FEB| FEB CR& FEB | FEB

. o
~7500 calorimeter channels
(Ecal + Hcal) I I

= == ¢3

N XXXXXXEL

Cable
PM (10m) .
To Trigger
Selection
Crate
clip g
(10ns) Serial bus
(SPAC?)
Variable From TTC
network
- To DAQ

Figure 5.22: Querview of the Front-End Crate.

5.4.2 Pulse shaping and front-end chip

Taking advantage of the fact that the scintillator and WLS based calorimeter system is
inherently fast, it has been decided to build an electronic system capable of measurements
every bunch crossing while being insensitive to pileup from signals associated to a pre-
ceding bunch crossing. The PM pulses therefore have to be shaped to eliminate the small
tail of the pulses extending after 25 ns. A schematics of the PM signal shaping and of the
front-end chip is shown on Fig. 5.24.
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Figure 5.23: Mapping of the ECAL cells (left) and HCAL cells (right) to their 82 channels
cards.

Analog chip

Rf = 12MQ

BiCMOS 0.8um Integrated Circuit
4 Channelsper chip

Figure 5.24: Schematics of the PM signal shaping and of the front-end chip.

The PM pulse is shortened by a clipping line. The length of the line is typically one
meter, giving a FWHM of about 10 ns. The resistor load at the end of the line is adjusted
to obtain a return to a 0 Volt level after clipping. Its exact value depends on the fall time
of the PM pulse and hence of the WLS fiber used. Typical values are around 25 2. A
82 pF capacitor can be used in parallel with the load to speed up the shaped pulse fall
time. Of course the cancellation of the later part of the pulse by the pulse reflected at
the end of the clipping line is only exact on average. Due to fluctuations in number of
photoelectrons as function of time, a fluctuation is introduced in the shaping. However
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the effect is small especially for ECAL where there are 1000 photoelectrons per GeV.

The pulses are then sent by ten meters of coaxial cables to the front-end cards which
are placed in crates above the calorimeters (see Fig. 5.13). The pulse-shape distortion
produced by the cable will be compensated to first order by a pole-zero circuit placed
after the integrator (not shown on Fig. 5.24).

The first element of the card is the front-end chip which contains a buffer amplifier
and an integrator. To discharge the integrator the same pulse is subtracted in a buffer
amplifier after a 25 ns delay, obtained by a lumped-element delay line. Simulated input
and output pulses are shown in Fig. 5.25 and the schematics of the analog chip is given
in Fig. 5.26.

The circuit has been realized in AMS 0.8 4 BICMOS technology. The last iteration is
satisfactory, however further test should be done including tests of chips encapsulated in
a plastic package. In this last version a noise of 150 'V has been obtained after a 25 ns
integration, which should correspond to a total noise of less than one ADC count. As
described in the section 3.4 on prototype results, the tail of the pulse integral in the next
sampling is about 2% with an additional fluctuation of 1%. The impact of the amplifier
noise on the physics performance has also been discussed in section 3.4. It is found to
be negligible as compared to the resolution of the ECALL. It is foreseen to order the final
chips in mid 2001.
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Figure 5.25: Simulated input and output pulses of the integrator.

5.4.3 The front-end board

Figure 5.27 shows the block diagram of the 32 channel front-end board. It is a 9U board
using the VME mechanics but a specialized serial bus used for ECS purpose.
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Figure 5.26: Schematics of the analog chip.
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Figure 5.27: Block diagram of the Front-End board.




vraoAarioiv o, 100INIOCAL DVEoIIN

The pulses from the front-end chip, described above, are then sent to 12 bits ADCs.
The pulses after integration are flat (within 1%) over +2 ns around the maximum. To
strobe at the maximum of the pulse, the different delays in the photomultipliers have to
be compensated. This is achieved by adjusting the clock of each ADC by a delay chip
to an accuracy of 1 ns. The digitized output of the ADCs are then re-synchronized to a
common clock (per card) in a register at the entrance of the next chip.

The pulses at the integrator output can be subject to baseline shift and to the influ-
ence of low frequency pickup noise which would cause slow variation of the ADC pedestal.
These variations are cancelled through a “digital differentiation” by subtracting the digi-
tization in a preceding sample (25 ns before). This subtraction also defines the effective
integration time of the amplifier and therefore limits the integrated thermal noise from
the buffer amplifier. To decrease the possibility of subtracting a signal present in the
same channel, the quantity subtracted is actually the smallest of the two preceding mea-
surements. Even at the highest occupancy, about 5%, the probability of subtracting a
significant signal is therefore reduced to less than 0.25%. Simulations have shown that this
procedure introduces negligible deterioration of energy and position measurements [15].
However the procedure introduces a small pedestal shift of about 40% of the 40 MHz
noise (i.e less then one ADC count) and an increase of the 40 MHz noise by 16%.

The subtraction of the smallest of the two preceding samples is performed in a dedi-
cated FPGA (in the present version 4 channels per FPGA). The data, which is then on
13 bits to allow for a negative result of the subtraction, is then coded by a 32k 12 bits
RAM in a pseudo floating format correcting for nonlinearity and subtracting a mean re-
maining pedestal to an accuracy of about 1/8 th of a count [52]. Actually only an 8k
12 bits memory would be needed, however the smallest commercially available element is
now the 32k, and the remaining part of the memory is used to store bit patterns which
will be used to test the card functionality.

A similar 32k 8 bits RAM is used to obtain the Ep values for the trigger processing.
As will be described in the trigger TDR this information is processed further by forming
blocks of 2x2 cells and choosing the cell on the card with the highest E7 content. The
trigger is processed in a fully synchronous and pipelined system at 40 MHz.

The 32x12 bits data are stored in a 4 us fixed latency buffer (160 cells). After a Level 0
decision the data is passed to a 16 deep derandomizer buffer. These two functionalities are
obtained by commercial FPGAs. In the present baseline design and current prototype,

8 channels are stored in a EPF10K50E, however other units may be chosen for the final
design in mid-2002.

A 34-word buffer is then produced, by creating a header including the bunch crossing
ID information, followed by the 32 data words, and a trailer including error detection
flags. We use now two extra bits to tag the header and trailer in the block, to allow
a safer detection of the event boundary. This block is stored in a 1024 block (events)
FIFO (1kx34x14 bits), waiting for the Level 1 Yes or No decision, which always fires its
readout. Only data corresponding to Level 1 Yes is sent over the back plane towards the
CROC board [52].
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5.4.4 Commercial components

It has been checked that there exists at least one commercial 12 bits ADC satisfying our
need. It is the AD9042 used by CMS for its crystal calorimeter. Digital noise fed back to
the ADC input is coherent among all channels, and intrinsic thermal noise at the ADC
input are found to be 0.2 and 0.5 counts respectively, i.e smaller than the front-end chip
noise.

The strobe of the ADC should be adjusted to better than one ns at the maximum
of the integrated pulse. This is performed by a commercial delay chip offering a range
of £ 4 ns or £6.4 ns in steps of 1 or 1.6 ns, respectively. In the final card design, a
special LHC-chip of CERN design may be used. As mentioned above the other chips are
commercial FPGA’s and memories, and are not operated in a critical fashion since the
clock speed is only 40 MHz.

5.4.5 The calorimeter readout card and the crate controller

While the front-end chip is essentially finalized and the front-end card baseline solution
very well defined, the calorimeter readout card (CROC) and the crate controller card are
still under design. Many elements of these cards will be common with the ones required
for other LHCb detectors. We therefore expect that the design of these cards will continue
to evolve over the next 1-2 years.

A specific functionality of the CROC is the zero suppression. This point has been
studied in a first conceptual design of the CROC [52]. A simple option is to apply a
threshold and to transmit to the DAQ only those channels above threshold. A label must
then identify each channel and the data format is a sequence of label-data-label-data.
However for accurate position and energy measurement in ECAL it is better to measure
the tail of the showers down to very low values. The idea of the 2 dimensional zero-
suppression is to force readout of all the 8 neighboring cells of the cells above a threshold
called seeds. It is then possible to raise the threshold of the seeds thus obtaining a similar
final amount of data from 2D zero-suppression as from the simple scheme. The proposed
method is to build a bitmap of the channel to be readout first by applying a threshold
to find the seeds, then by adding the neighbors into the bitmap and to read this map
to build the output buffer. It has been checked that the average time available between
level 1 trigger (25 us) is more than needed.

If the threshold for readout of the ECAL/HCAL is set, in the simple option, at 4 ADC
counts i.e. at about three times the noise level then, on simulated B events, in average
400 out of 6000 ECAL cells and 200 out of 1500 HCAL cells have to be readout. This
corresponds to about 2.5 kbytes of data.

Studies are ongoing to adapt the same crate controller and CROC to the PS/SPD
detector. The amount of data per event would be about 2 kbytes.

5.4.6 Radiation levels

At the foreseen position of the crates, present calculations predict a level of radiation of
around 100 rad per year [32]. Radiation damage of electronics should therefore not be a
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problem. The only problem of concern is the one of single-event upset caused by nuclear
interactions in the chips, which change the value of a bit in memories. If this change
affects only one channel in one event the problem is not severe. However if a program
of a FPGA is affected then all subsequent events would be affected until a reload, and if
a program in the CROC were affected it could contaminate a full crate. This question
will be addressed in the coming year. It may guide our choice of FPGA or force to move
the intelligent part of the CROC and crate controller behind a shielding wall leaving only
repeaters in the crate.

5.5 Electronics of preshower and scintillator pad de-
tector

5.5.1 Specific PS and SPD pulse shapes

The signal shape of the PS and SPD have about the same duration as the ECAL and
HCAL pulses; on average 85% of the charge is obtained in 25 ns. However, since the aver-
age number of photo electrons is only about 25 per MIP, there are very large fluctuations
in the signal pulse shape [38]. It was therefore considered unreasonable to try to imple-
ment a delay-line pulse shaping as in the ECAL/HCAL. On the other hand, since the
useful dynamic range is typically only from 1 MIP to 100 MIP, an ADC with only 10 bits
can be used and pedestal stability is not as important as for the ECAL/HCAL electronics,
while it is important to integrate the signal over a time as long as possible within the
25 ns limitations. The phototube chosen to detect the light from the PS and SPD fibers
is a 64 channel multi-anode PM. The HV is common to all 64 channels and there is a
non-adjustable gain dispersion among these channels of about a factor of 4, which however
is constant in time. It has therefore been decided to place the “very front-end” amplifier
integrator card on the back of the phototubes and to compensate the gain variation by
load resistances at the entrance of the amplifier which will be adjusted between 50 2 and
200 €.

5.5.2 The PS “very front-end” design

The solution adopted is to alternate every 25 ns between two integrators and to reset
one integrator when the other one is active. The signal is sampled by track-and-hold
circuits and the output of the active integrator is chosen by a multiplexer, followed by
a twisted-pair cable driver. All circuits elements are functioning in differential mode to
improve stability and pickup-noise rejection. The circuit design is shown in Fig. 5.28 and
Fig. 5.29 and detailed in [39].

Simulation of the behaviour of the circuits is shown in the case of a 20 GeV incident
electron delivering a signal of about 20 MIPs. The signals at the input, after integration,
track-and-hold and multiplexer are shown in Fig. 5.30, 5.31, 5.32 and 5.33.

The phasing of the clock with respect to the signal determines the start of the inte-
gration. Since the 64 fiber lengths for a given PM are identical and the delay inside the
PM is identical within a fraction of one ns, it is sufficient to have one clock adjustment
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Figure 5.29: Schematics of the integrator.
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Figure 5.30: Simulation with a 20 GeV electron signal: clock and input signal.
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Figure 5.31: Simulation with a 20 GeV electron signal: integrator outputs of the 2 chan-
nels.

(in steps of one ns) per phototube. The amplifier integrator circuits will be realized in
monolithic AMS 0.8 y BICMOS technology . It is foreseen to implement 8 channels per
chip.

As discussed in section 3.4, a prototype has been built (with a single channel) which
worked satisfactorily (after a few iterations, as usual). The dynamic range is one Volt
with a noise of 1 mV. Eight chips will be grouped in a card on each phototube. The
output of the multiplexers are sent through twisted pair cables of 10 to 20 meters length



Jd.J. LU LNRUINIVO UL rinodluvvini, AIND OULIN LI ALUR AL U1 501UV IO

< 300
£
>
200 L
100 ;
?.00 Lﬁw
S R N R S ‘
7.00 5.0 100 150
t (ns)

Figure 5.32: Simulation with a 20 GeV electron signal: track and hold outputs.
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Figure 5.33: Simulation with a 20 GeV electron signal: output after the multiplexer.

to the ADC placed in front-end boards.

5.5.3 The SPD “very front-end” design

The SPD function is to discriminate between charged particles and neutrals in a detector
which matches the preshower and ECAL cell size. The SPD signals are obtained, as in
the case of the PS, from 64 channel multianode photomultipliers. The main difference of
specification is that there is no compelling reason to do pulseheight analysis on SPD sig-



vraoAarioiv o, 100INIOCAL DVEoIIN

nals. It was therefore decided to use a simpler solution with a simple discriminator output
and a threshold set at 0.5 MIP thus obtaining 98% efficiency on charged particles [17, 25].

The principle of the design is shown in Fig. 5.34 and detailed in [13]. The front part of
the circuit is identical to the one of the preshower. After the track and hold an operational
amplifier is used to subtract 15% of a sample from the following one. This cancels on
average the charge delivered by a pulse in the time interval between 25 and 50 ns after
its start.

The complete circuit has been designed and simulated using SPECTRE as electrical
simulator. The results are shown in Fig. 5.35 and show, on an example of four pulses,
how one can be sensitive to a wide spectrum of pulses without too much multiple firing
of the discriminator and while keeping sensitivity in successive 25 ns periods.

The signal output is sent via twisted pairs to the PS front-end card and the single bit
carrying the information on the SPD state is processed together with the 10 bits of the
preshower.

sitigle to Track & Pile-up Compatator

differential Integrater Hold — compensation Diifferential
Llultiplex er

— > | e
I o - — >

¢' , Vthreshold

Figure 5.34: “Very front-end” design for the SPD.

5.5.4 The PS, SPD front-end board

The front-end boards are in crates that are placed on top of the ECAL, as shown in
Fig. 5.13. They receive the analogue signals from 64 PS amplifiers and integrators, and
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Figure 5.35: Simulation results of the discriminator blocks. Processing steps for four
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from the corresponding 64 SPD discriminators. They implement functions similar to the
ones of the HCAL/ECAL front-end boards i.e an ADC for the preshower signal, pedestal
correction and gain calibration, preparation of trigger information, pipeline storage and
selection of data for readout upon reception of trigger signals.

The schematics of the card is shown in Figure 5.36 and the card is described in detail
in [14]. The preshower signals are digitized by 10 bits CMOS ADC'’s, the clock of the ADC
are adjusted to be well centered in the sample and hold output from the very front-end
cards, a single adjustment is sufficient per card (contrary to the case of the HCAL/ECAL
card).

The 10 bits ADC format is then corrected for pedestal and gain variation and coded in
an 8 bits pseudo floating format by a Look Up Table (LUT) or RAM. The address range
of the RAM has to be at least 11 bits (i.e a 2K RAM) since each of the two integrators
used by multiplexing for each signal can have different gains and pedestals. The coding
gives 1 bit accuracy from 0 to 63 channels and between 3% and 1.5% accuracy for higher
values, which is sufficient in view of the large fluctuations of the preshower.

To take into account the influence of a sample on the following one (since 15% of the
charge is integrated in the following sample) a correction is foreseen using the data from
two successive samples. This can be performed in a very general way by a 16 bits address
LUT (LUT2). The number of registers can be extended to provide extra 25 ns delays
compensating the different cable lengths for signals coming from PMs from top or from
bottom of the apparatus. The output of the LUT includes 8 bits for the coded pulse
height and 1 bit for the trigger, when the signal is typical of an electron or of a photon
(for example greater than 5 MIPs).

The PS trigger information, the SPD information and the 8 bits of PS pulse height
information are then sent to the Level 0 pipeline the derandomizer buffer and the Level 1
buffer using the same implementation as in the HCAL/ECAL card.
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5.6 Safety aspects

All calorimeter subdetectors will comply with the safety policy at CERN (SAPOCO 42),
and will follow the safety rules and codes that are relevant for their construction and
operation. In the following we summarize the specific risks to the calorimeter system
and some safety measures, as proposed in the Initial Safety Discussion (ISD) with the
Technical Inspection and Safety Commission (TIS) at CERN.

e In case of fire in the LHCb experimental cavern, the relative large amount of
polystyrene scintillator material that is used in the construction of all calorime-
ter subdetectors (1 ton for SPD/PS, 17 tons for ECAL and 15 tons for HCAL) is
a concern. The safety instructions for “the use of plastic and other non-metallic
materials at CERN with respect to fire safety and radiation resistance” (I1S41) will
be followed, and appropriate smoke detection systems are foreseen.

e The ECAL and HCAL detectors are built from individual modules that are stacked
on support structures to a height of 6.3 m and 6.8 m with a width of 7.8 m and
8.4 m for ECAL and HCAL, respectively. The weight of the individual modules that
is to be manipulated during the installation phase is ~30 kg for ECAL and 9.5 tons
for HCAL. The ECAL has a total weight of 102 tons and is surrounded by a frame,
while the HCAL weights 490 tons and is self supporting. The SPD/PS detector is
hanging from the top and weights less then 20 tons, including all support beams.
The installation procedure for all subdetectors will be determined according to the
safety measures (safety code A5) and all lifting tools will be constructed following
the corresponding norms (safety code D1 Rev.). The dynamic behaviour under
seismic excitation will be studied in collaboration with TIS.

e About 400 high voltage channels are necessary to feed a total of about 7700 pho-
tomultiplier tubes for the whole calorimeter system. Depending on the final choice
of photomultipliers, the operation voltage will be between 850 V and 1700 V, and
the total current per channel will not exceed 2 mA. If the voltage will be above
the limit of 1500 V (safety instruction IS33) the appropriate measures for cutting
automatically the HV when opening the chassis will be undertaken.

e A 5 to 10 mCi radioactive Cs'®” source is used for calibration purposes for HCAL.
The source is encapsulated in a 2 mm diameter, 4 mm long stainless-steel tube that
is welded at both ends. The source is sucked through stainless-steel pipes by a
hydraulic system that is filled with distilled water. The system includes a garage to
store the source, and a computer controlled pump and valves that allow to reverse
the water flow direction. All measures have been taken to ensure compliance with
the “Radioprotection Manual” (safety code F).



Chapter 6 Project Organization

6.1 Schedule

The overall work program and schedule for the calorimeter project is summarized in
Figure 6.1. It covers the period from the start of the conceptual design up to the end
of the project, when the overall system will be installed and commissioned in the LHCb
cavern. The planning is such that the calorimeter system can be operated and fully
commissioned together with all other LHCb detectors by mid 2005, the time at which
LHC operation is anticipated.

The schedule is split into two main parts, the detectors and the electronics. The de-
tectors planning is shown separately for the SPD/PS system, the ECAL, and the HCAL.
All detectors consist of the mechanical and the optical components and include the pho-
tomultiplier tubes. The electronics planning is subdivided into the three different designs
for SPD, PS, and ECAL/HCAL. It includes all front-end electronics components, cards
and crates.

The conceptual design for both the detector and the electronics had started right
after the LHCD technical proposal and is finalized for all detectors and the ECAL/HCAL
electronics, while it is still ongoing for some parts of the SPD and PS electronics. These
can proceed up to the end of 2001 without introducing any delays for production. The
post TDR project planning includes some final optimization of the engineering design, the
tendering, the preproduction and production of all components, the modules assembly, the
acceptance tests of modules, and the installation and commissioning of the subsystems.

The pre-production of the SPD/PS detector will start in the beginning of 2001 in
order to go into serial production six months later. The assembly of modules is expected
to start in mid 2002, and the installation of the detector will follow at the second half of
2004 in order to be fully commissioned in the first quarter of 2005. For the ECAL detector
some tooling and sub-components have been produced for a module 0 production. The
full production of the 3300 ECAL modules will start in the beginning of 2001 in order to
finish by the end of 2003, to leave about one year for installation of the detector and its
electronics and for the commissioning. The HCAL detector will start regular production
of the mechanics beginning of 2001 after successful completion of a module 0. The optics
assembly of the 52 modules will start in parallel at the beginning of 2002, so that the
installation of the first half detector can be anticipated at the beginning of 2004. The full
HCAL detector will then be commissioned in the first quarter of 2005.

The PS electronics will proceed with the optimization of the engineering design till
the end of 2002. Tendering and preproduction of some components will start already at
the beginning of 2002 in order to finish the production and acceptance tests in the last
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Figure 6.1: Calorimeter project planning.
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quarter of 2004 and the installation in the first quarter of 2005. The engineering design
of the SPD electronics will be further optimized till the end of 2002 so that a one year
production period can start at the beginning of 2003. Acceptance tests will follow during
2004 so that the SPD electronics can be installed on the detector by the end of that year.
The engineering design of the ECAL/HCAL electronics will be finalized in the second half
of 2002, while tendering and preproduction of some components will already start in the
middle of 2001. Production is expected to last till the last quarter of 2004 and acceptance
tests will go on in parallel from beginning of 2002 onwards. Almost one year is allocated
for installation and commissioning, that should finish in the first quarter of 2005.

Table 6.1: Milestones for the calorimeter project.

‘ Sub-system ‘ Task ‘ Milestone ‘
Detectors:
SPD/PS end of optimization of engineering design 7/2001
start of serial production 7/2001
end of supermodule assembly 12/2004
end of installation 3/2005
ECAL end of optimization of engineering design 5/2001
start of serial production 6/2001
end of module assembly 11/2004
end of installation 2/2005
HCAL end of optimization of engineering design 6/2001
start of serial production 10/2001
end of optics assembly 6/2004
end of installation 12/2004
Electronics:
SPD end of optimization of engineering design | 12/2002
start of serial production 3/2003
end of acceptance tests 9/2004
end of installation 4/2005
PS end of optimization of engineering design | 12/2002
start of serial production (of chips) 7/2002
end of acceptance tests 11/2004
end of installation 4/2005
ECAL/HCAL | end of optimization of engineering design 9/2002
start of serial production (of cards) 10/2003
end of acceptance tests 1/2005
end of installation 4/2005

The schedule given in Figure 6.1 and discussed above is the preferred planning scenario
based on realistic estimations of production rates and spending profiles. However, some
tasks could be delayed without affecting the completion of other tasks in time. In Table 6.1
are summarized the crucial milestones, that are not all coinciding with the preferred
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planning, but that have to be met in order not to delay the overall project completion by
the middle of 2005.

6.2 Distribution of responsibilities

Institutes currently working on the LHCb calorimeter system are: CERN; Univer-
sity of Paris-Sud LAL Orsay and University of Clermont-Ferrand II (France); IFIN-
NH Bucharest-Magurel (Romania); INR Moscow, ITEP Moscow and IHEP-Serpukhov
Protvino (Russia); University of Barcelona (Spain).

How the major tasks of the calorimeter project are shared among the participating
institutes, is listed in Table 6.2. Tasks like calorimeter specific software developments,
including reconstruction algorithms and DAQ monitoring, will be shared among all par-
ticipating institutes.

Table 6.2: List of participating institutes in the calorimeter project.

‘ Task ‘ Participating Institutes
Detectors:
SPD/PS CERN, INR
ECAL CERN, ITEP
HCAL Bucharest, CERN, ITHEP
Support structures CERN
Electronics:
SPD Barcelona
PS Clermont
ECAL/HCAL LAL
Photomultipliers and High Voltage:
SPD/PS Barcelona, Clermont
ECAL/HCAL Bucharest, CERN, IHEP, ITEP, LAL

The overall responsibility for detector construction is shared among INR for SPD/PS;
ITEP for ECAL and IHEP for HCAL. The responsible institutes for electronics production
are LAL for ECAL/HCAL, Barcelona for SPD and Clermont for PS. CERN will have the
responsibility for construction of the support structures, and a responsibility in the overall
coordination and in the procurement of materials.

6.3 Cost

The cost of the calorimeter system has been evaluated, taking into account realistic labor
prices in different countries. The total cost is 15’360 kCHF (with a western equivalent
value of 17610 KCHF), where the SPD/PS system contributes with 2’840 kCHF, the
ECAL with 77970 kCHF and the HCAL with 4’550 kCHF. Table 6.3 shows the cost
estimates split according to the individual tasks of the participating institutes.
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Table 6.3: Calorimeter project costs (kCHF).

| Ttem | Cost |
Detectors:
SPD/PS 11401
ECAL 4’4502
HCAL 3’3503
Support structures 350
Electronics:
SPD 110
PS 990
ECAL/HCAL 2’010
Photomultipliers and High Voltage:
SPD/PS 550
ECAL/HCAL 2’410

For the mechanical and optical detector parts about 5% spare modules have been
included. For the electronics equipment >10% spare cards and crates and 5% spare
photomultiplier tubes have been accounted for. Wherever possible, the cost estimation of
the sub-components is based on quotes from industry.

Lthe western equivalent value is 1’390 kCHF
2the western equivalent value is 5’450 kCHF
3the western equivalent value is 4’350 kCHF
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