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1 Introduction

Particle identification is a fundamental re-
quirement of the LHCb experiment. The abil-
ity to distinguish between pions and kaons in
a variety of final states is essential for the
physics that the experiment is designed to
study: meaningful CP-violation measurements
are only possible in many important channels
if hadron identification is available.

The particle identification is achieved us-
ing ring-imaging Cherenkov (RICH) detectors.
Their placement within the LHCb spectrome-
ter can be seen in Fig. 1, which shows the top
view of the experiment. Details of the rest of
the experiment can be found in [1, 2, 3].

In this introduction, the physics require-
ments are discussed, and an overview is given
of the RICH detector system. A brief discus-
sion of the evolution since the Technical Pro-
posal is then given, before an outline of the
rest of the document.
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1.1 Physics requirements

An example of the importance of the RICH
system is the measurement of the CP asymme-
try of B0

d → π+π− decays. This requires the
rejection of two-body backgrounds with the
same topology: B0

d → K+π−, B0
s → K−π+

and B0
s → K+K−. This can be seen in Fig. 2,

where the invariant-mass spectrum is shown
for the expected mixture of B decays. Be-
fore particle identification is applied, the sig-
nal from B0

d → π+π− is dwarfed by the back-
grounds.

Another benchmark channel of LHCb is
B0

s → D∓
s K± and the charge conjugate states,

which is used to extract the CP-angle γ from
a time-dependent fit to the asymmetries. Here
the background from B0

s → D−
s π+ decays is

∼ 15 times more abundant, as can be seen in
Fig. 3. This would overwhelm the signal if par-
ticle identification was not available.

Another method to access the angle γ is
through channels such as B0 → D0K∗0 →
K−π+K+π− and B0 → D0K∗0 → π−K+K+π−.
Positive identification of particles is essential
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for the selection of such rare decays.
Identifying kaons from the accompanying b

hadron decay in the event also provides a valu-
able flavour tag, and ensures that all events
accepted by the LHCb trigger are potentially
useful in the CP violation measurements. The
flavour tag is achieved by identifying kaons
from the b → c → s cascade decay, where the
charge of the kaon depends on the charge of
the initial b quark.

Finally, the particle-identification system
can complement the calorimeters and muon
system in the identification of electrons and
muons. For high mass particles it can provide
an improved momentum determination.

The particle identification should cover the
full angular acceptance of the LHCb spectrom-
eter, from 10 mrad to 300 mrad in the hor-
izontal (x, z) projection and to 250 mrad in
the vertical (y, z) projection. The upper limit
in momentum required for π–K separation is
determined by tracks from two-body B-decay
channels, as shown in Fig. 4 (a); 90% have
p < 150GeV/c. The identification of tagging
kaons and tracks from high multiplicity decays
determines the requirement for the lower mo-
mentum limit. As shown in Fig. 4 (b), identi-
fication down to 1GeV/c is desirable.

1.2 RICH system overview

The only feasible technique that can cover the
required momentum range is the detection of
ring images of Cherenkov light produced by
the passage of charged particles through vari-
ous radiators. To cover the full range, three
radiators are required, with different refrac-
tive indices. Silica aerogel, with n = 1.03,
is suitable for the lowest momentum tracks,
whilst the intermediate region is well matched
to gaseous C4F10. For the highest momentum
tracks, gaseous CF4 is used.

There is a strong correlation between the
polar angle and momentum of tracks, as seen
in Fig. 5: at wide angles, the momentum spec-
trum is softer. The RICH system is there-
fore divided into two detectors. An upstream
detector (RICH1) contains both the aerogel
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and C4F10 radiators, covering the full outer
acceptance of LHCb. To minimize the re-
quired photodetector area it is sited close to
the interaction region, and upstream of the
spectrometer dipole to catch particles that will
be swept out of the acceptance by the mag-
net. A downstream detector (RICH2) has a
CF4 radiator, to analyse the high-momentum
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Figure 5: Polar angle θ versus momentum, for
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d → π+π− events. The
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dicated by the dashed lines.
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tracks which will traverse the magnet. Its
coverage is limited to the region 120 mrad
(horizontal)×100 mrad (vertical), where high
momentum tracks are abundant. The in-
ner acceptances are determined by the size of
the beam-pipe, and correspond to 25 mrad at
RICH1 and 15 mrad at RICH2.

Both detectors are located in low magnetic
field regions so that the tracks do not curve
appreciably whilst passing through the radia-
tors (which would limit the resolution). Low
magnetic field is also important for the oper-
ation of the photodetectors, which are hybrid
photodiodes (HPD’s) with pixel readout. A to-
tal image surface of about 2.6m2 is required,
with an effective detector granularity of about
2.5mm × 2.5 mm.

1.3 Evolution since the Technical
Proposal

A major effort since the LHCb Technical Pro-
posal [1] has gone into the development of the
RICH photodetector system, which must pro-
vide a large fraction of active area at an accept-
able cost. The key development has been the
choice of technology for these photodetectors.
An internal LHCb review panel supplemented
by external experts prepared the photodetec-
tor choice, and considered three options: the
Pad HPD [4], the Pixel HPD [5], and the M64
Multianode Photomultiplier (MAPMT) [6].

The final choice between the three op-
tions was based on performance studies from
a full simulation and pattern recognition of
the proposed photodetectors, a consideration
of the readout electronics for the three op-
tions, the mounting and requirements for in-
tegration into the RICH detectors, and finally
on cost, risk and resource considerations. Per-
formance indicators, including photon yields,
Cherenkov angle precision, π–K separation,
particle ID matrices (efficiencies and purities),
backgrounds in two-body decay channels and
kaon tagging, were compared for the three op-
tions. As a result of these extensive studies the
Pixel HPD has been selected by the LHCb col-
laboration as the baseline photodetector. Mile-

stones with rigorous performance criteria have
been set for the Pixel HPD on the time-scale of
one year. The details of the technical criteria
and the schedule are discussed in Sections 5.1
and 6 respectively.

There is a parallel and well-focused activ-
ity to ensure that the MAPMT remains a vi-
able back-up option to the Pixel HPD, consis-
tent with the LHCb schedule. Extensive beam
tests of a prototype RICH detector with a 3×3
MAPMT array have been made, and it has
been demonstrated that the MAPMT option
meets all the necessary performance criteria if
the Pixel HPD fails to meet its milestones, al-
though with an increased cost.

There have been other major areas of de-
velopment in the RICH project since the Tech-
nical Proposal. The geometries and mechan-
ical implementations of RICH1 and RICH2
have evolved, in particular the beam pipe seal-
ing, and photodetector and mirror mounting.
There has been considerable advancement in
the RICH software: a full GEANT simula-
tion has been performed, which includes re-
alistic pattern recognition and reconstruction
of tracks in the LHCb tracking chambers. In
turn, this has resulted in more realistic RICH
reconstruction, and hence better performance
indicators of the RICH system. Future evo-
lution of the software will take place within a
C++ framework that has been established. Fi-
nally, as a result of the choice of Pixel HPD
as photodetector, the electronics readout has
evolved into a binary system both on- and off-
detector.

1.4 Structure of this document

This Technical Design Report is intended to
be a concise but self-contained description of
the RICH system, comprising both the RICH1
and RICH2 detectors. Further details can be
found in the many Technical Notes, which are
referenced throughout.

In the following section, the detector spec-
ifications are given. This is followed by a de-
scription of the physics performance of the sys-
tem, determined using simulated events. In

3



Section 4 an overview is given of the results
obtained in the laboratory and test-beam us-
ing prototypes, which give confidence that the
expected performance will be achieved. The
technical design of the detectors is presented in
Section 5. The issues of project organisation,
including the schedule and cost, are discussed
in Section 6, and finally details are given for
the back-up photodetector in Appendix A.
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2 Detector Specifications

The basic requirement of the LHCb RICH sys-
tem is to provide particle identification over a
wide momentum range, from 1–150 GeV/c.

In this section the principal features of the
detectors are described and their main param-
eters are listed. Their optimization has been
constrained by limits on the space available, on
material in the spectrometer acceptance and
on the overall cost, to which the photon detec-
tors contribute about 50%.

Prototype tests have been undertaken
which demonstrate that the parameters listed
can be achieved. These are described in Sec-
tion 4. The parameters have been used in sim-
ulation studies to evaluate the physics perfor-
mance of the RICH system. The results from
these studies are reported in Section 3.

2.1 Overall dimensions

The overall length of the LHCb detector is con-
strained by the space available in the cavern
between the interaction point and the elements
of the LHC machine.

RICH1 is required to cover the full LHCb
angular acceptance, so to reduce its physical
size it is placed upstream of the spectrom-
eter magnet. The longitudinal space avail-
able limits the length of RICH1 to about
1m, starting downstream of the vertex detec-
tor. The focusing of the Cherenkov light is
accomplished using spherical mirrors. They
are tilted, to bring the image out of the
spectrometer acceptance, so that the ma-
terial of the photodetectors does not de-
grade the tracking. The angular acceptance
of 300mrad (horizontal)×250mrad (vertical),
and the tilted optics, result in a RICH1 vessel
with dimensions approximately 2.4×2.4×1m3.
RICH1 is shown schematically in Fig. 6. It has
a 5 cm-thick aerogel radiator and a 85 cm-long
C4F10 gas radiator.

RICH2 has a reduced angular acceptance
of 120mrad (horizontal) ×100mrad (vertical),
but is required to separate pions from kaons
at energies above 100GeV. This requires a gas
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Figure 6: Schematic layout of the RICH 1 detec-
tor (seen from above). The focusing of Cherenkov
light from a track passing through the detector is
illustrated.

of lower refactive index, resulting in a reduced
yield of Cherenkov photons for a given radiator
length. An overall length of about 2m is allo-
cated, immediately upstream of the final track-
ing station T11. The requirement that the
photon detectors are situated outside of the full
LHCb acceptance then defines the lateral di-
mensions of RICH2, resulting in a vessel with
dimensions approximately 7×7×2m3. RICH2
is shown schematically in Fig. 7. The CF4 radi-
ator has an approximate length of 170 cm. To
shorten the overall length of the detector, the
reflected image from the tilted spherical mir-
ror is reflected again by a flat secondary mirror
onto the detector planes.

2.2 Cherenkov angle precision

The resolution on the reconstructed Cherenkov
angle has the following contributions:

1. Emission point: the tilting of the focus-
ing mirror leads to a dependence of the
image of a Cherenkov photon on its emis-
sion point on the track. In the recon-
struction, all photons are treated as if
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Figure 7: Schematic layout of the RICH2 detector
(seen from above).

emitted at the mid-point of the track
through the radiator, leading to some
smearing of the reconstructed angle.

2. Chromatic: the chromatic dispersion of
the radiators leads to a dependence of the
Cherenkov angle on the photon energy.

3. Pixel: due to the finite granularity of the
detector.

4. Tracking: due to errors in the recon-
structed track parameters.

These contributions are listed in Table 1
for each of the RICH radiators. The granu-
larity of the photon detectors has been chosen
as 2.5mm×2.5mm based on a comparison of
the pixel contribution with the other terms.
Reducing the pixel size would incur increased
cost with little benefit to Cherenkov angle pre-
cision.
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Figure 8: Refractive index of the radiator media
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Table 1: Some characteristics of the radiator ma-
terials used in the RICH system as determined from
the simulation (for visible light at STP); the lower
part lists the contributions to the resolution (from
emission-point, chromatic, pixel and tracking), the
total resolution per photoelectron and the mean
number of detected photoelectrons in the ring im-
age.

Material CF4 C4F10 Aerogel
L [cm] 167 85 5
n 1.0005 1.0014 1.03
θmax
c [mrad] 32 53 242

pthresh(π) [GeV] 4.4 2.6 0.6
pthresh(K) [GeV] 15.6 9.3 2.0
σemission

θ [mrad] 0.31 0.74 0.60
σchromatic

θ [mrad] 0.42 0.81 1.61
σpixel

θ [mrad] 0.18 0.83 0.78
σtrack

θ [mrad] 0.20 0.42 0.26
σtotal

θ [mrad] 0.58 1.45 2.00
Npe 18.4 32.7 6.6

2.3 Radiators

There are two radiators in RICH1. A 5 cm-
thick aerogel radiator with refractive index
n = 1.03 provides positive kaon identifica-
tion above 2 GeV/c and π−K separation up to
about 10 GeV/c. The useful wavelength range
of the Cherenkov light from aerogel is lim-
ited by Rayleigh scattering. The transmission
through a length L is proportional to e−CL/λ4

,
for wavelength λ, where C is the clarity co-
efficient. The value assumed in simulations
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Figure 9: Schematic of the Pixel HPD, illustrating
photoelectron trajectories.

and performance studies is C = 0.008µm4/cm,
however an R&D effort is currently underway
to reduce this to C = 0.004µm4/cm, which
would result in a higher fraction of unscat-
tered Cherenkov photons. Alternatively, an in-
creased aerogel radiator length could be used,
with correspondingly higher photon yield. The
second radiator in RICH1 is C4F10 gas at STP,
which occupies an L = 85 cm path length be-
tween the aerogel and the spherical mirror.
The refractive index is n = 1.0014 and it pro-
vides π−K separation up to about 50 GeV/c.

RICH2 contains CF4 gas at STP, provid-
ing an L = 167 cm path length with refractive
index n = 1.0005. Within the angular accep-
tance from 15 mrad to 120(100) mrad horizon-
tally(vertically) π−K separation is extended
beyond 100 GeV/c.

The principal characteristics, including sat-
urated (β = 1) Cherenkov angles and thresh-
old momenta for pions and kaons are listed in
Table 1, for each of the three radiators. The
variation of refractive index as a function of the
Cherenkov photon energy, which is the source
of chromatic aberration in the Cherenkov sys-
tem, is illustrated in Fig. 8.

2.4 Photon Detectors

The photodetectors are cylindrical pixellated
HPD tubes with an overall diameter of 83 mm.
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Figure 10: Quantum efficiency as a function of in-
cident photon energy assumed for the photodetec-
tors in the simulation, taken from measurements of
HPD prototypes with a quartz window.

They cover a total area of 2.6 m2, 168 HPDs
are used in RICH1 and 262 in RICH2. A
schematic drawing of the HPD is shown in
Fig. 9 and technical details are given in
Section 5.1. Each HPD has 1024 pixels
of size 0.5mm×0.5mm on the silicon diode
sensor which, for an electrostatic image de-
magnification factor of five, corresponds to
2.5 mm×2.5mm on the HPD photocathode.
The nominal operating voltage is −20 kV at
the photocathode. Two intermediate elec-
trodes define the focusing properties and the
demagnification factor, and the silicon sensor
anode is at ground potential. Each tube is
surrounded by a magnetic shield in the form
of a Mu-metal cylinder of 140 mm length and
86 mm outer diameter, that extends 20 mm be-
yond the centre of the entrance window.

The HPD has a 7 mm thick, spherical
quartz entrance window with an S20 (multial-
kali) photocathode deposited on its inner sur-
face. The quantum efficiency as a function of
the incident photon energy is shown in Fig. 10.
The corresponding energy-integrated response
is given by qint = 0.77 eV. The HPD is pho-
tosensitive over a 75 mm diameter, hence for
hexagonal close packing (0.907 coverage) of
HPD cylinders with 87 mm between centres the
effective active area of the HPDs is a fraction
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εA = 0.907 × (75/87)2 = 0.67.
The expected number of detected pho-

toelectrons from a saturated track passing
through a Cherenkov radiator of length L is
given by [7]:

Npe =
(

α

h̄c

)
LεA η

∫
QRT sin2 θc dEγ , (1)

where the first factor is a constant with value
370 eV−1cm−1, εA is the coverage of the pho-
todetector active area and η = 0.9 is the HPD
single photoelectron detection efficiency fol-
lowing conversion by the photocathode. The
energy dependent terms in the integral are the
HPD quantum efficiency Q, shown in Fig. 10,
the mirror reflectivity R (0.9 in RICH1, (0.9)2

in RICH2) and the transmission T = 0.92
of a 5 mm thick quartz plate which seals the
Cherenkov gas volume in front of the HPDs.
The numbers of photoelectrons expected for
each of the RICH radiators are listed in Ta-
ble 1.

2.5 Readout electronics

The readout electronics chain must conform
to the overall LHCb readout specifications [8].
Data from the RICH system are not used in
the Level-0 nor Level-1 triggers.

A 1024 channel, 0.25µm deep sub-micron,
radiation tolerant, CMOS front end chip [9] is
encapsulated inside each HPD. This chip ac-
cepts input data at 40 MHz and provides Level-
0 discriminated (binary) signals with 4µs la-
tency from each hit pixel, in 32 parallel chan-
nels read out at 1MHz into the on-detector
Level-0 adapter module. Each Level-0 adapter
module services two HPDs. It accepts data
at 1MHz and provides a second level of mul-
tiplexing (×16) so that the data can be read
out through 880 optical links (4 per Level-0
module) into the off-detector Level-1 electron-
ics situated at 100 m distance. The Level-
1 electronics removes events rejected by the
Level-1 trigger and derandomizes the data for
transport to the DAQ and event building net-
work.

2.6 Mirrors

The focusing of the Cherenkov light is accom-
plished using spherical mirrors in both detec-
tors. They are tilted, to bring the image out of
the spectrometer acceptance, so that the ma-
terial of the photodetectors does not degrade
the tracking. RICH2 has a secondary flat mir-
ror which reflects the image from the spherical
mirror onto the photodetector plane.

The spherical mirrors of RICH1 have a
curvature radius of 1700 mm hence a focal
length f = 850mm. The total mirror sur-
face is segmented into four quadrants each
900×750mm2 in area. Each of the quadrants is
composed of 2×2 rectangular mirror segments
of 450×375mm2. The axes of the mirror quad-
rants are tilted with respect to the beam axis
by ∼ 286 mrad horizontally and ∼ 65 mrad
vertically. The mirrors are made of polished
6 mm-thick glass coated by vacuum deposition
with 900 nm of aluminium and overcoated with
200 nm of quartz. Each mirror can be individ-
ually adjusted to a common centre of curvature
space point.

The RICH2 system has two sets of mirrors,
the primary spherical mirrors with a curvature
radius of 8000 mm (f = 4000mm) followed by
a secondary array of flat mirrors. The spheri-
cal mirror array is made of 56 hexagonal mirror
segments inscribed in a circle of 502 mm diam-
eter whereas the 40 flat mirrors are squares of
437×437mm2. RICH2 mirrors are made of the
same glass, thickness and surface treatment as
those of RICH1. The hexagonal mirror seg-
ments are arranged into two arrays, each with
a common centre of curvature and having axes
tilted by ±450mrad horizontally with respect
to the beam axis. The flat mirror planes are
tilted by 140 mrad with respect to the hori-
zontal. The mounting of the hexagonal mirror
segments allows adjustment to obtain a com-
mon mirror centre of curvature whereas the flat
mirror may be adjusted to centre the image on
the HPD detector plane.

The mean mirror reflectivity over the wave-
length range of interest (195 nm < λ <
700 nm) is expected to be 0.9.
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2.7 Alignment

The angular resolution of the RICH system de-
pends critically on the alignment of its optical
components. The precision in reconstruction
of the Cherenkov photon angle is about 1 mrad
in RICH1 and about 0.5 mrad in RICH2. To
ensure these figures are not degraded by un-
certainties in alignment the aim is to main-
tain alignment errors below 0.1 mrad. The
alignment of the optical components will be
achieved in stages. Firstly an accurate in-situ
survey of all mirror and photodetector compo-
nents will be performed to a level of < 0.5mrad
in RICH1 and ∼ 0.1mrad in RICH2. A laser
system will be used to monitor the alignment
parameters over time. Final parameters and
precision will be extracted using reconstruc-
tion of large numbers of rings from β = 1
tracks in which the ring image is formed via
reflection from an unambiguous combination
of mirror segments.

2.8 Material budget

The material which is placed within the LHCb
acceptance, due to the different components of
the RICH system, is listed in Table 2. The
total amounts to about 14% and 12% of a ra-
diation length for RICH1 and RICH2 respec-
tively.

2.9 Beam pipe access

A common requirement for all LHCb sub-
detectors is that provision has to be made

Table 2: Contributions (expressed in fractions of
a radiation length) to the material in RICH1 and
RICH 2, which fall within the LHCb acceptance.

Item RICH1 RICH2
Entrance window 0.001 0.014
Aerogel 0.033
Gas radiator 0.024 0.017
Mirror 0.046 0.046
Mirror support 0.030 0.033
Exit window 0.006 0.014
Total (X0) 0.140 0.124

for access to the LHC beam pipe, for mainte-
nance procedures, and in particular for bake-
out. Most LHCb detectors will be constructed
in two halves, so that one side can be with-
drawn, allowing access to the beam pipe. This
solution is undesirable for the RICH detectors,
as it would result in significant amounts of ma-
terial to achieve the vessel seal close to the
beam. Furthermore, in the case of RICH1,
tracks traversing the radiator on the right-
hand side of the detector emit Cherenkov light
which travels through and is detected at the
left-hand side. This would result in signifi-
cant light loss in the vertical window which
is needed to separate a split RICH1.

The access requirement is satisfied for
RICH2 by sealing the vessel with a cylindri-
cal tube, coaxial with and separated by a ra-
dial distance of 3 cm from the LHC beam pipe.
For RICH1, this solution would result in unac-
ceptable loss of angular acceptance. The seal
of the RICH1 gas vessel is therefore made di-
rect to the beam pipe in such a way that any
stresses are reduced to an acceptable level. Ac-
cess to the beam pipe for bake-out will be via
the RICH1 vessel, from which the gas, mirrors
and the seals would be removed.
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3 Physics Performance

The performance of the RICH system has been
studied using simulated data. In this section
the inputs to the simulation are described, and
details are given concerning the reconstruc-
tion and pattern-recognition algorithms. The
RICH performance is characterized, and the
particle identification results are shown in var-
ious physics channels of interest. Further de-
tails can be found in [10].

3.1 Description of simulation

Proton-proton interactions at
√

s = 14 TeV are
simulated using the PYTHIA event generator,
version 6.1 [11]. The parton distributions are
taken from CTEQ4L. A multiple-interaction
model is used, with varying impact parameter
and running pT cut-off, tuned to reproduce ex-
isting low-energy data [12]. A GEANT3-based
program simulates the effect of the LHCb ap-
paratus, and is used to reconstruct the events.
It includes all secondary interaction processes,
with thresholds of 1 MeV for electrons/photons
and 10 MeV for hadrons. The results presented
here are based on a sample of 150 000 events
of signal and background decays.

The description of the RICH detectors fol-
lows as closely as possible the designs given in
this report, including radiator volumes, mir-
rors, vessel walls and photodetector planes.
Events were generated and the input and exit
points of all charged particles traversing the
radiators were recorded. Information was also
recorded for any particle striking the photode-
tector plane.

The simulation of the Cherenkov process
is then performed with custom-written LHCb
code after the GEANT step. This enabled
studies to be conveniently made with differ-
ent sets of parameters. Taking the input and
exit point of the traversing particle in each ra-
diator, the path length is determined, and the
corresponding number of Cherenkov photons
calculated from Eq. 1.

The Cherenkov generation is performed
over the photon energy intervals 1.75 < Eγ <

7 eV for the gases, and 1.75 < Eγ < 3.5 eV
for aerogel, for which a plastic window cuts
off the high energies. The variation of refrac-
tive index with photon energy is parametrized
using the Sellmeir coefficient formalism, as in-
dicated in Fig. 8. Photons are generated with
this chromatic dependence and their emission
point distributed uniformly along the particle
trajectory. Each photon is traced through the
counter until it reaches the detector plane, or
leaves the acceptance. The following sources
of photon loss are considered:

1. Mirror reflectivity: 90% is assumed, in-
dependent of wavelength in the region of
interest, following measurements made of
prototype mirrors;

2. Quartz window: foreseen to isolate the
photodetectors from the radiator gas, an
8% loss is included;

3. Rayleigh scattering: in the aerogel, where
a clarity coefficient of C = 0.008µm4/cm
is assumed (see Section 2.3);

4. Detection efficiency: of photoelectrons in
the HPD, discussed below, 90% is as-
sumed.

The photocathode efficiency is included in the
counter simulation at the earliest level of gen-
eration, to save computer time.

3.1.1 Photodetector simulation

The photons incident on the photodetector
plane are input to an HPD simulation. Within
this simulation the HPDs are tiled on the pho-
todetector plane as specified in the engineer-
ing design studies, forming a hexagonal close-
packed arrangement with 87mm between tube
centres along the local vertical axis, and stag-
gered in the orthogonal coordinate. The shad-
owing effect of the Mu-metal shields is not im-
plemented, but will be minimized by the fore-
seen “pointing” layout of the HPDs. A diam-
eter of 75mm around each tube centre is con-
sidered to be sensitive.
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The electron optics of the tubes is not mod-
elled in detail. A simple Gaussian smearing of
230µm is applied to each impact point prior to
pixellisation, to account for the point spread
function in the optics, mapped back to the
photocathode window. An effective square
pixel size of 2.4 mm is assumed at the window.

A photoelectron striking a pixel has the
possibility to deposit only a fraction of its en-
ergy, and then to backscatter. This is mod-
elled and convoluted with a detector response
to give a pulse height in the struck pixel.
Each pixel may receive hits from more than
one photoelectron. A threshold is applied,
above which all signal is counted as a sin-
gle hit in order to simulate the binary elec-
tronics. The parameters are adjusted to give
the expected single photoelectron detection ef-
ficiency of 90%. The simulation supports the
possibility of tracking the backscattered photo-
electrons onto other pixels, however the proba-
bility of secondary hits is found to be negligible
compared to backgrounds from genuine tracks.

Information is retained within the simula-
tion on the incident particles and radiator pro-
cess which gave rise to each hit pixel. This
information has been exploited to study, for
instance, the Cherenkov angle resolutions and
the contribution of secondary tracks.

3.1.2 Simulated backgrounds

The RICH detector simulation produces radia-
tion not only from those primary tracks which
pass through the whole radiator length, but
from all background sources which appear in
the GEANT simulation. These include:

1. Traversing particles: HPDs may react
not only to incident photons, but also
to charged particles passing through the
detector, radiating Cherenkov light in
the tube window. Within the simulation
these particles may arise in both RICH1
and RICH2 from wide-angle tracks, and
in RICH1 alone from soft tracks bent
backwards in the magnetic field. The
incident positions of these tracks are
recorded and the HPD response then

simulated with a set of parameterized
distributions which vary as a function
of incident angle. The parameterization
was calibrated by comparing data taken
in test beams with photodetectors ex-
posed to charged particles, against de-
tailed stand-alone simulations of single
tubes.

2. Scattered photons: The Rayleigh-
scattered photons from the aerogel,
discussed above, provide a diffuse
background in RICH1.

3. Backward-going tracks: Secondaries
which emerge from the beam-pipe or
other material into the radiator are
simulated, and these include tracks
that travel backwards (particularly in
RICH1), which may radiate directly into
the photodetectors, giving clusters of hits
unfocused by the mirror.

4. Unreconstructed tracks: All particles
traversing the RICH radiators, that
are above threshold, produce Cherenkov
light in the simulation. Some of these,
due to their wide angle or low momen-
tum, will not be reconstructed by the
tracking system, and therefore provide
background hits for the pattern recogni-
tion.

5. Electronic and detector noise: The ef-
fect of random noise in the detectors has
been studied, and is found to be small
until the probability of a pixel firing is
increased beyond 1%, much greater than
the predicted level of gaussian noise in
the front-end electronics. This follows
because the ring-images are searched for
using the predictions from the tracking
system, and the likelihoods of different
particle-type hypotheses are then com-
pared; this comparison is robust against
additional random hits.
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3.1.3 Tracking

Tracking information is essential for the recon-
struction of RICH events. Tracker hits are
simulated with a resolution of ∼ 200µm for
the outer tracker, and 100µm for the inner
tracker. Tracks are reconstructed by fitting
these, and any Vertex Detector space points,
using a Kalman filter method. At present
there is no pattern recognition implemented
for the tracking, so Monte Carlo truth infor-
mation is used to feed the fit with the cor-
rect string of hits. Tracks are defined which
are suitable for the physics analysis, by requir-
ing that the particle passed through the mag-
net, that it is above 1GeV, and that it has
a minimum number of tracker space points.
The RICH performance is evaluated on these
well-reconstructed tracks, of which there are
typically 30 which pass through the detectors
in triggered signal events. The momentum
resolution of these tracks is 0.35% for non-
electrons. Tracks of lower quality, including
those with unreliable or non-existent momen-
tum information, are also fitted. These are
used in the RICH pattern recognition to iden-
tify background rings caused by low momen-
tum and wide angle tracks resulting from sec-
ondary interactions.

3.2 Pattern recognition

A simulated bb event in the two RICH detec-
tors is shown in Fig. 11 and 12. The two de-
tector planes of each RICH are drawn side by
side, dots mark the positions of detected pho-
toelectrons, and the expected ring images are
superimposed.

The Cherenkov rings are not perfect cir-
cles, but are roughly elliptical in shape, with
a degree of distortion that depends on the di-
rection of the track within the acceptance. In-
stead of attempting to directly fit these rings,
a substantial simplification is achieved by re-
constructing the Cherenkov angles at emission
(θc, φc) for each hit under the assumption that
it originated from a given track [7]. That
calculation accounts for the mirror geometry,
and involves the solution of a quartic equa-

tion [13]. The hits which truly originate from
that track will then all have the same value
of polar Cherenkov angle θc (within the res-
olution), and have uniformly distributed az-
imuthal angle φc.

The task of the pattern recognition is to as-
sign a particle type to each track, so as to best
describe the observed hits. Two approaches
have been developed: a “local” method which
treats each track separately (and is therefore
fast), and a “global” method that optimises
the assignment of particle types for all tracks
in RICH1 and RICH2 in the event simultane-
ously, to give the most accurate possible par-
ticle identification. A third approach is also
under study, searching for rings in the RICH
data, without relying on the information from
the tracking detectors: this may be useful as
a later stage in the reconstruction, to help in
the rejection of background hits after a first
pass has been made using the tracking infor-
mation [14].

3.2.1 Local analysis

In the local method [15] each track is taken
in turn, and the Cherenkov angle of each hit
in the detector is calculated relative to that
track. For each track a log-likelihood function
is calculated, proportional to:

∑
i

ln

(
1 +

1√
2πσθκ

exp

[
−(θi − θx)2

2σ2
θ

])
,

(2)
where θi is the reconstructed emission angle
of hit i, θx is the expected emission angle of
the track under particle-type hypothesis x, and
σθ is the angular resolution. κ is a hit se-
lection parameter, which defines an effective
bandwidth around the considered Cherenkov
angle θi; a value κ = 1 is found to give the best
performance. The normalisation is chosen such
that the value of the log-likelihood function
corresponds to the number of hits expected at
angle θ. The sum is performed over all hits,
but excludes those with θi much greater than
the saturated Cherenkov angle to save CPU
time.
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Figure 11: Event display of a simulated B0
d →

π+π− event, with the photodetector planes of
RICH 1 drawn side by side (scale in cm), and the
Cherenkov rings superimposed.

The log-likelihood function is used to cal-
culate the number of hits which can be at-
tributed to a given particle-type hypothesis,
evaluated at the mean Cherenkov emission an-
gle. A Poisson probability is then calculated
from the comparison of the number of recon-
structed hits with the number expected, from
Eq. (1), and this is used to discriminate be-
tween the different particle hypotheses.

This algorithm is a factor of 5 faster than
the standard (global) approach. The possibil-
ity of using it in the trigger, at Level-3, is under
study.

3.2.2 Global analysis

Instead of treating each track separately, in
the global method [13] the likelihood is con-
structed for the whole event. In this way the
main “background” for a track in the local
method, due to hits from other tracks, is cor-
rectly accounted for. For a given choice of par-
ticle type for each track, a likelihood is calcu-
lated that all the hits observed were produced
by the tracks reconstructed in the event, plus
unseen secondaries, noise etc. The particle-
type assumptions are then changed and the
likelihood recalculated; in this way the set of
particle types that maximises the likelihood is

Figure 12: Event display of the same event as
Fig. 11, for RICH2.

searched for.
The event likelihood is calculated by com-

paring the number of photoelectrons detected
in each pixel with the number expected in that
pixel from all sources: signal (the Cherenkov
rings from the various radiators), and back-
grounds (from scattering in the aerogel, rings
with no reconstructed tracks, electronic noise,
etc.). A fitting function is calculated as the
expected number of photoelectrons detected in
each pixel, for a given choice of particle types
for the tracks in the event. For the signal from
a single track, that fitting function takes the
form of a ring with roughly Gaussian cross-
section in radius (the parametrization is Gaus-
sian as a function of the Cherenkov emission
angle θc, and that is then converted to the
detector plane using the RICH optics). The
fitting function is illustrated in Fig. 13 for a
zoomed region of Fig. 11, for a given set of
track hypotheses. The likelihood is then deter-
mined from comparison of the fitting function
and the observed photoelectron signals. It has
the form [13]:

lnL = −
∑

track j

µj + (3)

∑
pixel i

ni ln


 ∑

track j

aij + bi


 ,

where aij is the expected number of detected
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Figure 13: Expected number of photoelectrons
in each pixel, for a region of the event shown in
Fig. 11, under a given assumption of particle types
for the tracks (×10 for the aerogel rings, for clar-
ity).

photoelectrons from track j in pixel i (under
a given set of track particle-type hypotheses),
and µj =

∑
i aij is the expectation for the total

number of detected photoelectrons from track
j; ni is the number of photoelectrons falling
into pixel i; bi is the expected background
falling in pixel i from sources without a re-
constructed track. The size and distribution
of this background contribution is a priori un-
known for the event, but a sensible estimate
can be made from the multiplicity of hits in
the tracking stations adjacent to the RICH de-
tectors. The first summation is made once per
event and then modified per iteration as each
track hypothesis is altered, whilst the second is
made over hit pixels and so is reasonably fast.

One advantage of this approach is that
the detailed description of backgrounds is eas-
ily included. For example, the distribution
of scattered photons from the aerogel, rela-
tive to the incident track direction, has been
parametrized using the simulation. The re-
sulting contribution has been included for each
track in the fitting function.

Although the pattern recognition results
are only of interest for those tracks useful in
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Figure 14: The CPU time of the RICH recon-
struction and pattern recognition for triggered and
accepted signal events, and the dependence of the
reconstruction time on the number of hit RICH pix-
els in the event.

the physics analysis, it is important to include
all possible tracking information. Therefore all
reconstructed tracks above a minimum stan-
dard are included, with their quality flagged
to the algorithm by the assignment of an ap-
propriate Cherenkov angle resolution error.

The search for the maximum-likelihood so-
lution is initiated with all tracks taken as pi-
ons (the most numerous particle type). The
assumption for each track is then changed in
turn to each of the other possible hypotheses,
and the change which gives the largest increase
in event likelihood is chosen. This procedure
is then iterated until no further improvement
in likelihood is seen.

It is possible to improve the results by re-
peating the maximum-likelihood search a sec-
ond time with an improved background esti-
mation. The expected number of photoelec-
trons seen in each HPD based on the results
of the first search is compared with the ob-
served number, and the difference attributed
to that background induced by particles with-
out track information. A second maximum-
likelihood search is performed with this new
estimate. This properly accounts for biases
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Figure 15: Number of hit pixels per event in Level-
0 triggered and accepted two-body events for (a)
RICH 1, (b) RICH2.

caused by, for instance, local hot spots arising
from charged particles incident on HPD win-
does.

Figure 14 shows the number of seconds per
event spent on the reconstruction and pattern
recognition for single signal events decaying
within the LHCb acceptance and passing the
Level-0 trigger. This is measured on a machine
of 100 MIPS processing power. The time taken
increases strongly with the hit multiplicity, as
expected, but the mean of about 40 seconds
per event is acceptable. Further optimisation
of the speed could still be made if needed.

3.3 Performance

3.3.1 Photon yield and resolution

Figure 15 shows the number of hit pixels per
event for single signal events decaying within
the LHCb acceptance and passing the Level-0
trigger. As can be seen, a large fraction of the
observed hits (∼ 70% overall) originate from
tracks produced in secondary interactions.
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Figure 16: Occupancy as a function of position
on the photodetector plane, for RICH1 (above),
RICH2 (below).

The resulting occupancy of the photodetec-
tors for triggered and accepted signal events
is shown in Fig. 16, as a function of position
on the photodetector plane. It is highest in
RICH1, in the region illuminated by tracks at
low angle, and reaches 8% there. Over the rest
of RICH1, and all of RICH2, the occupancy
is below 1%.

The mean number of detected photoelec-
trons from a saturated track is listed for the
three radiators in Table 1. The resolution
on the reconstructed Cherenkov angle for such

15



-10 -5 0 5 10

Emission

-10 -5 0 5 10

Chromatic

-10 -5 0 5 10

Pixel

-10 -5 0 5 10

All RICH

-10 -5 0 5 10

Tracks

-10 -5 0 5 10

RICH + tracks

∆ Θ c  [ mrad ]

E
nt

rie
s 

/ 0
.4

 m
ra

d

Figure 17: Components of the single photon
Cherenkov angle resolution for C4F10. Shown on a
linear scale are the emission point, chromatic and
pixel distributions, and the convolution of these
three (‘all RICH’). Shown on a logarithmic scale
are the tracking component and the total resolu-
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tracks has contributions that are also listed in
Table 1. These contributions are determined
from the RMS widths of the distributions ob-
tained with each feature in turn enabled in the
simulation. Figure 17 shows the components
of the resolution for C4F10. The final resolu-
tion is Gaussian with a small tail arising from
imperfections in the tracking. The values of
the final resolutions per photoelectron are 2.00,
1.45 and 0.58 mrad for the aerogel, C4F10 and
CF4 radiators respectively.

3.3.2 Particle identification

The performance of the RICH reconstruction
has been tested using all of the tracks that
pass through the RICH detectors in simulated
B0

d → π+π− events. The results are shown in

Table 3. Each track gives a single entry: the
column gives the true particle type (or X if the
track is below threshold in all radiators) and
the row gives the reconstructed particle type
(or X if the track is reconstructed as being
below threshold in all radiators). The perfor-
mance can be quantified in terms of the ef-
ficiency ε (the fraction of true particles of a
given type that are identified correctly) and
the purity P (the fraction of tracks that have
been identified as a given particle type that
are truly that type). As can be seen, the ef-
ficiencies are typically better than 80%. The
purities are also high, except for muons, which
suffer from significant pion contamination due
to the much larger number of pion tracks (close
in mass to the muon).

Instead of simply choosing the maximum-
likelihood solution, the separation between dif-
ferent particle hypotheses can be varied. This
is expressed in terms of Gaussian sigma us-
ing the correspondence Nσ =

√
2∆ lnL, where

∆ lnL is the difference in log-likelihood be-
tween the two hypotheses (Nσ > 0 for the
nominal maximum-likelihood requirement).

Table 3: Results from the global pattern recog-
nition applied to well reconstructed tracks in trig-
gered and accepted signal events between 1 and 150
GeV/c. Each track gives one entry in the table, and
X denotes tracks below threshold in all radiators;
the rows give the reconstructed particle type, P is
the purity and ε the efficiency. The sample corre-
sponds to 500k tracks, but has been renormalised
to 1000.

True particle type

Rec e µ π K p X P
e 97.4 0.7 24.6 1.4 0.5 3.1 0.76
µ 4.0 8.7 69.5 2.0 0.5 4.9 0.10
π 2.5 1.3 545.7 3.3 0.7 5.1 0.98
K 0.3 0.1 12.7 70.6 4.8 4.3 0.76
p 0.2 0.0 1.7 4.3 35.9 0.0 0.85
X 9.9 0.8 19.8 3.2 0.0 55.6 0.62

ε 0.85 0.76 0.81 0.83 0.85 0.76

Figure 18 shows the average number of
sigma separation versus momentum between
the pion and kaon hypotheses for true pions
in triggered and accepted signal events. Bet-
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Figure 18: Number of sigma separation between
pion and kaon hypothesis versus momentum for
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Top: logarithmic momentum scale, Bottom: linear
momentum scales.

ter than 3σ separation is achieved for particles
with momenta between 2 and 100 GeV/c, with
useful separation extending down to 1GeV/c
and up to 150 GeV/c.

Figure 19 shows the same information for
events of low, medium and high multiplicity,
defined by bins of 0 − 1000, 1000 − 2000 and
> 2000 hit pixels in RICH 1. The significance
of the separation is reduced for high multi-
plicity events, particularly in the intermediate
momentum region; however, the performance
at the low- and high-momentum limits is not
strongly affected.

The particle-identification efficiency is
shown as a function of momentum in Fig. 20,
for pions and kaons. Here a pion is consid-
ered successfully identified if the particle-type
hypothesis selected is that of a pion or lighter
particle (π, µ or e), and similarly for the kaon
if the selected hypothesis is that of the kaon or
heavier particle (K or p).

3.3.3 Two-body B decays

Isolation of the two-body decays B0
d → π+π−

and B0
s → K+K− is described in detail in [10].
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Figure 19: Number of sigma separation between
pion and kaon hypothesis versus momentum for
true pions in triggered and accepted signal events,
in different bins of RICH1 multiplicity. Top: loga-
rithmic momentum scale, Bottom: linear momen-
tum scales.

The two-body mass spectrum for the B0
d →

π+π− selection was shown in Fig. 2, before the
use of RICH information. A momentum cut of
< 150 GeV/c has been imposed on both can-
didate tracks. The following branching ratios
have been assumed: 0.5×10−5 for B0

d → π+π−

and B0
s → K−π+, 1.9 × 10−5 for B0

d → K+π−

and B0
s → K+K−, and 8× 10−5 for Λb → pπ−

and Λb → pK− ; no combinatoric background
is included. Without the RICH, the back-
grounds dominate. Particle identification in
the RICH system is applied by demanding that
both tracks be identified as a pion or lighter
particle. The resulting mass spectrum is shown
in Fig. 21: the signal events now dominate.
Tighter cuts could be applied to further re-
duce the background, if required, at the cost of
efficiency loss; the change in the selected sam-
ple as the particle-identification cuts are varied
will give a strong control of the background.

Figure 22 (a) shows the momentum spec-
trum of those tracks correctly and incorrectly
identified by the RICH in the B0

d → π+π− se-
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Figure 20: Identification efficiency for pions and
kaons versus momentum, for triggered and ac-
cepted signal events.

lection. It can be seen that a large fraction of
the misidentified kaons are of high momentum.

3.3.4 Multi-body B decays

Separation of the decays B0
s → DsK and B0

s →
D−

s π+ is described in detail in [10].
The mass spectrum for the B0

s → DsK se-
lection was shown in Fig. 3, before the use
of RICH information on the π or K coming
directly from the Bs decay. Prior to parti-
cle identification the signal is submerged un-
der background from B0

s → D−
s π+ decays;

no combinatoric background is included. It
has been assumed that the branching ratio for
B0

s → D−
s π+ is 15 times higher than that for

B0
s → DsK. This background is almost en-

tirely removed using the RICH. A momentum
cut of < 150 GeV/c has been imposed on the
candidate kaon. For the RICH selection it is
demanded that the candidate track be identi-
fied as a kaon or heavier particle. The resulting
mass plot after particle identification is shown
in Fig. 23.

Figure 22 (b) shows the momentum spec-
trum of those tracks correctly and incorrectly
identified by the RICH in the B0

s → DsK se-
lection.
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3.3.5 Kaon tagging

The performance of the RICH has been in-
vestigated in tagging the initial-state flavour
of B mesons. For this study two-body decays
were considered which had both tracks within
the acceptance, and which passed the Level-
0 and Level-1 triggers. (The Level-1 trigger
is included here, as it selects events with sec-
ondary vertices, which will affect the impact-
parameter distribution of tracks, used in se-
lecting kaon tag candidates.)

A set of pre-selection cuts were applied to
isolate candidate tracks with a high probabil-
ity of being decay products from the accompa-
nying decaying b hadron in the event. These
were:

1. transverse momentum greater than
0.4 GeV/c;

2. impact-parameter significance greater
than 3 and an absolute impact param-
eter less than 3 mm;

3. momentum greater than 2 GeV/c;

4. Vertex Detector hits on the track.

An average of about three candidates pass this
selection per event, of which ∼ 15% are kaons.
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Figure 24: Momentum distribution of true kaons
after tag pre-selection, and prior to application of
RICH information for accepted signal events, pass-
ing Level-0 and Level-1 triggers. Also indicated are
those kaons that pass through the aerogel.

The momentum spectrum of these kaons is
shown in Fig. 24, peaked towards low momen-
tum as expected.

The RICH selection is then applied. Tracks
are selected as kaons if they have an assigned
kaon hypothesis and are above threshold. The
efficiency and purity of this selection as a func-
tion of momentum are shown in Fig. 25 and 26.
The mean efficiency is (85.6±0.6)% and mean
purity is (82.2 ± 0.7)%.

The charge of the selected kaon is then used
to tag the flavour of the event. If more than
one kaon passes all the cuts, that with the high-
est impact parameter is chosen. The perfor-
mance is shown in Fig. 27. (31.2±0.5)% events
have a kaon tag, and of these (31.0±0.9)% are
incorrectly tagged. For comparison, perfect
kaon identification would give an efficiency of
(30.6±0.5)% and mistag rate of (26.8±0.9)%.
The mistag rate, ω, and efficiency, ε, may be
combined into a tagging power, P, which ex-
presses the statistical performance of the tag:

P =
√

ε (1 − 2ω) .

For perfect identification P = 0.257, whereas
for the RICH P = 0.212. This matches the
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Figure 25: Kaon tag efficiency versus momentum
for accepted events passing the Level-0 and Level-1
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Figure 26: Kaon tag purity versus momentum for
accepted events passing the Level-0 and Level-1
triggers; the performance before the use of RICH
information is also shown.

performance that was assumed for the physics
studies presented in the Technical Proposal [1].

3.3.6 Tracking requirements

The dependence of the particle-identification
performance on the precision of the track pa-
rameters has been investigated [15, 13]. As can
be seen in Fig. 28, no significant degradation is
seen as long as the momentum resolution sat-
isfies ∆p/p < 0.01, and the track angular res-
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Figure 27: Kaon tag performance for accepted sig-
nal events passing the Level-0 and Level-1 triggers,
showing the relative contributions of no tag, right
tag and wrong tag. The performance is indicated
for perfect kaon identification, and for the RICH.
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Figure 28: Variation of the identification efficiency
with tracking performance and detector noise level.

olution is better than 1 mrad in RICH1 and
0.3 mrad in RICH2. These requirements are
satisfied by the tracking system of LHCb.
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3.3.7 Future developments

A smooth migration is planned from conven-
tional software to a fully object-oriented im-
plementation. The basis of the migration is
the new detector analysis environment [17],
that allows the use in parallel of code written
in FORTRAN and new algorithms written in
C++.

To ease the migration an object-oriented
approach to the RICH reconstruction has been
studied, in parallel to the baseline reconstruc-
tion program. The development was based on
the unified software development process [18].
In a first iteration the problem domain was
analysed by means of a detailed description of
the detector and the relevant physics processes.
In addition the reconstruction algorithm was
defined by the baseline program [13]. When
applicable, so-called use-cases were applied to
describe important aspects.

Entities most relevant for the reconstruc-
tion process have been identified. Their rela-
tions have been studied and an object model
has been developed. It is characterised by so-
called “smart” event and detector entities, that
provide support for a customisable reconstruc-
tion algorithm. For example, the track ob-
jects can be interrogated not only about simple
track parameters such as their momentum or
angle, but also more complex quantities such
as the length of radiator that they traverse in
each RICH.

Care has been taken to decouple dependen-
cies. Event entities within the reconstruction
algorithm are related to the event model of
LHCb by a so-called adapter pattern [19]. This
concept provides smart entities for the recon-
struction, whilst shielding the reconstruction
environment from development of the global
event model.

In a similar way the actual reconstruction
algorithm is implemented by a strategy pat-
tern. This allows a customisable reconstruc-
tion framework to be developed, that can be
used in the future for the implementation of
different algorithms.

Currently the development has reached a

state that allows a comparison to be made
with the results presented in the Technical Pro-
posal [1]. As an important step, the physics
performance and resource consumption have
been studied and are found to be equiva-
lent [20]. A full implementation, considering
the updated geometry and additional sources
of detector noise, is foreseen in the near future.
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4 Prototype results

4.1 Overview

There has been an intensive programme of
development work undertaken for the LHCb
RICH detectors. A summary of the work is
described in this section.

Prototypes of the RICH1 and RICH2 de-
tectors have been constructed to study a num-
ber of important properties of radiators and
photodetectors in a test-beam and in the labo-
ratory. These studies include measurement of:

1. The performance of the aerogel radiator,
its photon yield, scattering properties,
clarity and refractive index;

2. The simultaneous detection of
Cherenkov rings from gaseous and
aerogel radiators;

3. The characteristics of the C4F10 and CF4

gas radiators, the photon yield and chro-
matic properties;

4. The performance of HPD’s for detecting
Cherenkov photons, the efficiency, and
the resolution of the Cherenkov angle;

5. The detailed electron optics of prototype
Pixel HPD tubes, including a full-scale
tube with 72-18 mm demagnification;

6. The operation of Pixel HPD tubes in the
presence of a magnetic field;

7. The behaviour of the HPD detectors
when charged particles pass through the
device.

In addition, a programme of work to evalu-
ate the optical characteristics of prototype mir-
rors and the stability of their supports is well
underway. The methods used for measuring
the optical and mechanical properties of mir-
rors and supports are also described below.

4.2 Prototype tests

4.2.1 The RICH1 and RICH2 proto-
type detectors

The beam tests described here used prototypes
of the LHCb RICH1 and RICH2 counters in
a number of configurations :

1. A 1
4 -scale prototype of the RICH1 detec-

tor [21], shown schematically in Fig. 29.
The purpose of this prototype was to si-
multaneously measure Cherenkov rings
from aerogel and gaseous radiators, ei-
ther air or C4F10. A 240 mm focal-
length mirror reflected the Cherenkov
rings onto an array of seven commercial
61-pixel Hybrid Photo-Diodes (HPD’s)
at the photodetection plane.

2. A full-scale RICH1 prototype was con-
structed by adding extension tubes to
increase the gaseous-radiator length to
100 cm [21], and to focus the rings onto
the photodetector plane using a 1117 mm
focal-length mirror.

3. A full-scale prototype of the RICH2 [22],
is shown schematically in Fig. 30. A
4003 mm focal length mirror reflected
Cherenkov photons from approximately
1.8 m of CF4 gaseous radiator onto an
array of seven HPD’s and a single Multi-
Anode Photomultiplier (MAPMT) at
the photodetection plane.

A variety of photodetectors were used in
the beam studies :

1. The 61-pixel HPD manufactured by
DEP2. This HPD, shown schematically
in Fig. 31, has an S20 (trialkali) photo-
cathode deposited on a quartz window.
Photoelectrons are accelerated through
a 12 kV potential onto a 61-pixel silicon
detector. This device gives an approxi-
mate gain of 3000. The pixels are hexag-
onally close packed and measure 2 mm

2Delft Electronische Producten(DEP), The Nether-
lands
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Figure 29: Layout of the 1
4 -scale prototype of the

RICH 1 detector.
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Figure 30: Schematic diagram of the RICH2 test
beam setup and two photodetector configurations.

between their parallel edges. The signal
is read out by a Viking VA2 [23] ASIC.
Using the measurements made by DEP,
the quantum efficiency of the S20 photo-
cathode is shown in Fig. 32 as a function
of the photon wavelength, and compared
to the 2048-pixel HPD (see below).

2. A 2048-pixel HPD, manufactured in col-
laboration with DEP. This device is de-
scribed in Section 4.3.

3. A full-scale prototype Pixel HPD with a
61-pixel silicon sensor, manufactured in
collaboration with DEP. This device is

Hybrid PhotoDiode: 61  pixel Diodes :  2 x 2 mm2    
DEP (NL) + LHCb development

Single-photon sensitivity

LED pulse height spectrum
from one pixel

Silicon Pixel pattern

Read-out ASIC

-12 kV

Ground

Quartz window

S20 photo
cathode

Photon

Figure 31: A schematic of the 61-pixel HPD

also described in Section 4.3.

4. The Pad HPD, fabricated in-house at
CERN [24]. This consists of a vacuum
tube of 12.7 cm diameter, with a 2.3 fold
demagnified image on the silicon sensor
which consists of 2048 1mm×1mm pix-
els. The low noise analogue chain was
based on Viking VA3 chips.

5. The 64-channel MAPMT manufactured
by Hamamatsu. The performance of this
device is summarized in Appendix A.

4.2.2 Simultaneous detection of gas
and aerogel rings in RICH1

The 1
4 -scale prototype of the RICH1 was used

to simultaneously measure Cherenkov rings
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Figure 32: Quantum efficiencies of the 2048-pixel
HPD and the 61-pixel HPD as a function of photon
wavelength.

from aerogel and C4F10. The C4F10 was con-
tained within a volume of length 40 cm be-
tween a Mylar window and the mirror, and
samples of aerogel were placed at the beam en-
trance window. Aerogel with nominal refrac-
tive index n = 1.03 was procured from KEK
and Matsushita.3

Figure 33 shows data taken with a
10GeV/c π− beam, with an 18 mm thickness
of aerogel (KEK) and C4F10 radiator. The
C4F10 ring is too large to be contained within
the central HPD; the radius of the arc is com-
patible with that expected from the refractive
index of 1.0014. The outer HPD’s exhibit the
ring from the aerogel radiator, clearly demon-
strating the simultaneous detection of gas and
aerogel rings.

4.2.3 Radiator properties

RICH 1 C4F10 gas radiator

The number of photoelectrons per event
and the Cherenkov angle resolution have been
measured for C4F10, air and aerogel in the

3Supplied by E. Nappi, Univ. of Bari, Italy.
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Figure 33: Display of the hits in a run taken with
a pion beam in the 1

4 -scale prototype, showing the
rings from aerogel and C4F10 radiators.

1
4 -scale prototype with a 10GeV/c π− beam.
Comparisons have been made with expecta-
tions from a detailed simulation of the proto-
type geometry, incorporating measurements of
optical transmission and reflection for each of
the elements.

The numbers of photoelectrons per event
were counted for the gaseous radiators and the
aerogel, with and without Mylar filters (which
absorb wavelengths below 350 nm). The back-
ground to the raw photoelectron count was es-
timated by counting hit pixels not in the sig-
nal region. For the air and C4F10 radiators the
background correction is small (∼5%), whereas
for the aerogel samples it is ∼25%. The
background consists of photoelectrons from
scattered photons in the aerogel, a contribu-
tion from backscattered photoelectrons in the
HPD’s, and electronic noise. Efficiency cor-
rections include losses due to a 3 σ pedestal
cut and the geometrical acceptance of the pho-
todetectors. The results are shown in Table 4.
The observed values are in excellent agreement
with simulation, which includes photon ab-
sorption and reflection, the quantum efficiency
and wavelength cutoff of the phototube, and
backscattering of photoelectrons at the HPD
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Radiator Nobs Ncorr Ncorr/Npred

Air 40 cm 4.9 4.8 0.99
C4F10 40 cm 7.9 32.7 1.06
Aerogel 1.8 cm 1.8 10.7 0.82

Table 4: Numbers of photoelectrons per event for
the various radiators. Nobs is the observed number,
Ncorr is the number after background and accep-
tance correction, and Npred is the predicted num-
ber from the simulation. The aerogel sample is
from KEK.

anode.
From the estimate of the photoelectron

yield (Npe) of a photodetector, the figure of
merit (N0) is calculated using:
N0 = Npe/(εAL sin2 θc)
where εA is the fraction of the Cherenkov ring
covered by the photodetector, L is the length
of the radiator and θc is the mean Cherenkov
angle. Using the observed yields, the figure
of merit is estimated to be 250 cm−1 for C4F10

and 50 cm−1 for the aerogel (with Mylar filter).
The Cherenkov angle resolution was mea-

sured in the full-scale prototype of RICH1.
Rings were reconstructed in the detector plane
by fitting an ellipse to the observed hits. The
centre of the ellipse was measured to an event-
by-event precision of 0.58 (0.28) mrad for the
detectors with (without) a Mylar filter placed
in front of them.

Sources of uncertainty which limit the
Cherenkov angle resolution were included in
the simulation, and are as follows :

1. Chromatic Error: This is due to the vari-
ation of refractive index of the radiator
with wavelength and is largest in the UV
region. Use of Mylar filters reduces this
contribution.

2. Emission point uncertainty: This arises
due to the fact that the beam trajectories
do not pass through the centre of curva-
ture of the mirror. The magnitude of this
effect is increased due to the substantial
tilt angle of the mirror with respect to
the beam axis in this measurement. The
emission point is assumed to be in the

Source No Mylar Mylar
Chromatic aberration 1.03 0.20
Emission point uncertainty 0.58 0.58
Finite pixel size 0.56 0.56
Gas pressure variations 0.02 0.02
Particle trajectory error 0.28 0.58
Total predicted 1.34 1.01
Total observed 1.40 1.10

Table 5: Predicted Cherenkov-angle resolution
in RICH1 prototype. Contributions (in mrad)
and comparison with the observed value (with and
without Mylar filter).

middle of the radiator, regardless of the
true but unknown point of emission.

3. The pixel size of the photodetector.

4. Measurement of beam trajectory: This
contribution depends on the method
used to determine the particle trajectory.
When the beam telescope is not used, the
error is determined by the precision in lo-
cating the centre of the ellipse fit to the
ring. When the beam telescope is used
the error is due to the granularity of its
silicon detector pixels.

The predicted resolution contributions are
listed in Table 5 for a 15.5GeV/c π− beam.
The combined total is in excellent agreement
with the observed value. When a silicon tele-
scope is used to determine the beam trajec-
tory, a resolution of 1.06 mrad is measured
(with Mylar filter), close to the expectation of
0.96 mrad from simulation.

RICH 2 CF4 gas radiator

The contributions to the resolution for CF4

gas have been studied from reconstruction of
Cherenkov rings in the full-scale RICH2 pro-
totype. The beam provided negative particles
(mainly pions) with momenta of 120 GeV/c.
During different data-taking periods, air and
CF4 were used as radiators, with pressure and
temperature monitored for correcting the re-
fractive index [22]. Seven 61-pixel HPDs and
one MAPMT were placed on a ring of radius
113 mm on the detector plate. An online dis-
play, obtained by integrating events in a run,
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Figure 34: Display of events in a run using CF4

in the RICH2 prototype. For clarity the photode-
tectors are magnified. In this picture, the shade of
a pixel gets darker with the number of hits on the
pixel.

is shown in Fig. 34. The Cherenkov ring falling
on the photodetectors is clearly visible.

The number of photoelectrons per event
has been measured by the same method de-
scribed above, with and without Pyrex filters
on the front face of the photodetectors (Pyrex
transmits wavelengths above ∼300 nm). The
results obtained for the photoelectron multi-
plicities after correcting for background and
signal loss are summarized in Table 6. It can
be seen that there is excellent agreement be-
tween data and Monte Carlo.

Pyrex No
Filter Filter

Data 0.29 ± 0.01 0.86 ± 0.03
Simulation 0.31 0.86

Table 6: The average photoelectron yield per event
per detector after corrections, for 120GeV/c π−

using CF4 radiator in the RICH2 prototype.

The Cherenkov angle resolution using the
CF4 radiator was also measured. The sources

Source
Chromatic aberration 0.13
Emission point uncertainty 0.05
Finite pixel size 0.13
Beam angle 0.06
Alignment 0.08
Total predicted 0.21
Observed 0.26

Table 7: Resolution components in mrad in the
single photon Cherenkov angle distributions (with
Pyrex filter) for 120GeV/c π− using CF4 radiator
in the RICH2 prototype.

of uncertainty in the Cherenkov angle, de-
scribed above, were included in the simula-
tion. The resolutions from each component
are shown in Table 7. Reasonable agreement
is observed. The expectation from the LHCb
Technical proposal [1] is for a RICH2 angle res-
olution of 0.35 mrad. Although the observed
resolution of 0.26 mrad cannot be compared di-
rectly because of non-identical operating con-
ditions and geometry, the required resolution
has nevertheless been achieved.

Figure 35 shows a plot of the the mean
Cherenkov angle calculated from the hits in
the seven 61-pixel HPDs, where the beam was
a mixture of kaons and pions, approximately in
the ratio 1:9, at 50 GeV/c. Although the geo-
metrical coverage provided by the photodetec-
tors in this test is approximately one quarter
of what will be provided in the LHCb RICH2
detector, clear peaks corresponding to the two
charged particle types can be seen in the figure.

Aerogel studies

Independent laboratory and beam tests
have been carried out to evaluate the perfor-
mance of a variety of aerogel samples.

The optical properties of aerogel have been
tested in the laboratory, by measuring the light
transmission, T, as a function of wavelength
and of aerogel thickness. Two samples were
tested, one produced by Matsushita and the
other produced by Novosibirsk [25]. For a
2 cm-thick tile it was found that, at 600 nm,
T=65% in the case of the hydrophobic aero-
gel produced by Matsushita, and T=82% for
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Figure 35: The mean Cherenkov angle from the
61-pixel HPDs without pyrex filter. CF4 radiator
was used in the RICH2 prototype, where the beam
was a mixture of kaons and pions at 50 GeV/c.

the same thickness of hygroscopic aerogel pro-
duced at Novosibirsk.

Samples of aerogel of different thickness
and optical properties were exposed to pion
and proton beams with momenta between 6
and 10 GeV/c in the T7 PS testbeam at
CERN. The number of photoelectrons and the
radius of the Cherenkov rings were measured
in order to determine the performance of pro-
ton/pion separation.

Tiles of dimension 55×55×10 mm3,
(cut from the original ones of
110×110×10 mm3) produced by Matsushita,
and 100×100×20 mm3, produced in Novosi-
birsk, were exposed to the beam [26]. The
Cherenkov photons were detected by two large
diameter Pad HPDs with 2048 channels [24]
positioned in the focal plane of the mirror.
These provided a geometrical coverage of
about 1/5 of the total ring. Data were
taken with thicknesses of the aerogel radiator
varying between 2 and 6 cm, and also with
a Mylar film interposed at the exit side of
the aerogel in order to absorb photons above
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Figure 36: Photon yields in Aerogel, compared
with simulation.

3.1 eV. Photons above this energy are most
affected by Rayleigh scattering.

The photoelectron counting was found to
be in reasonable agreement with the Monte
Carlo expectations for all the aerogel thick-
nesses, as shown in Fig. 36. A clarity coeffi-
cient C = 0.005µm4/cm and refractive index
n = 1.034, were used in the simulation. With
6 cm of aerogel, the mean photoelectron yield,
extrapolated to a full ring is 13.4, with the hy-
groscopic (Novosibirsk) aerogel (compare 6.6
in Table 1 for 5 cm of hydrophobic aerogel).
Off-ring, a mean of 2.8 photoelectrons has been
measured, extrapolated to a circular region
centered on the Cherenkov ring and covering
an area approximately twice that inscribed by
the ring.

The Cherenkov angles, reconstructed from
the photon hit coordinates, were measured
at various momenta. Pion/proton separation
was achieved at all beam momenta, as can be
seen, for example, in Fig. 37. This shows the
Cherenkov angles produced by 8 GeV/c pions
and protons. The analysis of the test-beam
data is still in progress.

From the preliminary analysis, it appears
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Figure 37: Cherenkov angles measured from the
rings of pions and protons produced by an 8 GeV/c
beam in Aerogel.

that the properties of the aerogel radiator pro-
vided by Novisibirsk are well suited to the
needs of the LHCb RICH1 detector.

4.3 Pixel HPD tests

From the performance studies of the earlier
versions of cross-focused image intensifiers [27],
it has been established that they can reach a
spatial resolution of 10 µm and that the image
distortions at the edge are below 10%, which
can later be corrected for. Their electron op-
tics is not perturbed by external electric fields
and they can be shielded against low external
magnetic fields [28].

As part of a staged R&D programme,
two pixel HPD prototypes have been specially
manufactured by DEP in collaboration with
LHCb. The first is a half-scale prototype with
a 2048 pixel anode. This tube provided a test
of an HPD encapsulating a fine-grained pixel
sensor. The second is a full-scale prototype
with a 61-pixel anode. This tube provided a
test of an HPD with the required electron op-
tics. Studies with these prototype tubes are
described in this section. The final prototype
tube, a full-scale HPD encapsulating a fine-
grain pixel sensor, is currently in production.

4.3.1 Electron Optics

The half-scale prototype HPD :
This HPD has electrostatic cross-focusing by
which the image on the photocathode is de-
magnified by a factor of four at the anode.
The operating voltage of is 20 kV, providing
a gain of approximately 5000. The anode is an
array of 2048 silicon pixels bump-bonded to
an LHC1 [29] binary readout ASIC. The tube
has a diode structure and the electrodes are
designed to demagnify the 40 mm cathode di-
ameter onto the 11 mm diagonal of the LHC1
chip. The tube has an active input window
diameter of 40 mm and the silicon pixels are
rectangles of size 0.05 mm × 0.5 mm. Details
of this device and its readout can be found in
[30]. It represents a half-scale prototype of a
final tube which will have an 80 mm diame-
ter input window and 1024 square pixels with
0.5 mm side.

The demagnification properties of the tube
were measured [30] precisely using a red LED
light source mounted on an x − y translation
stage, which scanned its full active diameter.
From the binary signals produced by the sili-
con detector at the anode, the location of the
photoelectron at the anode (ra) was estimated
as an average of the hit pixel positions recorded
over several measurements.

The demagnification law was parametrized
as ra = αrc + βr2

c , where rc is the photo-
electron location at the cathode, α is the
linear component of demagnification and β
is the non-linear component arising from the
distortions at the edge of the tube. In this
equation the origin is on the axis of the tube
and the change in sign for the hit coordinates
due to cross-focusing is not included. From
the data, α and β were found to be 0.225
and 1.2×10−3 mm−1 respectively. This result
was verified by simulating the electron optics
using the POISSON program package [31, 32]
to determine the voltage distribution in the
tube and thus the trajectory of the photo-
electrons, giving α and β to be 0.214 and
1.9×10−3 mm−1 respectively. These values are
in agreement with the corresponding estimates
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from real data.

The full-scale prototype HPD :
Four full-scale prototype tubes with 72 mm ac-
tive input diameter have been manufactured
by DEP. These tubes were designed to have
a nominal demagnification factor of 4 (72 mm
to 18 mm). The input optical window of the
tubes is made of quartz and the photocathode
is a multi-alkali S20 type. The electron op-
tics is based on a tetrode structure. One tube
was equipped with a phosphor screen anode
coupled to a CCD camera, and was used to
verify the imaging properties and the electron
optics behaviour in low magnetic fields. The
pixel size of the CCD camera which viewed
the phosphor screen (11 µm×11µm) was small
enough to allow characterization of the tube to
a precision beyond that required for the LHCb
granularity (∼ 2.5×2.5mm2). The photocath-
ode quantum efficiency was measured at the
DEP factory to be 19% at 400 nm. The tube
was operated at 20 kV. The other three tubes
were fitted with a 61-pixel silicon anode, iden-
tical to the sensor of the commercial DEP de-
vice described in Section 4.2.1. The sensor is
segmented into hexagonally close-packed pix-
els that measure 2 mm between their parallel
edges.

The demagnification of the 72:18 mm tube
was measured [33] as described above. The full
active diameter of the tube (75 mm if refraction
at the input window is taken into account) was
scanned by the LED, and the results are shown
in Fig. 38. The experimental values have excel-
lent agreement with the design curves, except
at the outer diameter of the tube.

The values of α and β were found to be
0.216 and 0.7×10−3 mm−1, respectively. In ad-
dition, the point spread function (PSF) of the
tube, which shows how much the electron tra-
jectories from a point source at the cathode
would spread out when they arrive at the an-
ode, was also estimated. The PSF from the
LED data is calculated to be ∼33 µm on the
tube axis and ∼54 µm at the edge, which is in
reasonable agreement with the design values.
The measured light spot standard deviation is

Figure 38: Measured de-magnification of the phos-
phor tube electron optics (black dots). The trian-
gles and the full line refer to the design values.

shown as a function of photocathode radial co-
ordinate in Fig. 39. Electron optics measure-
ments performed on the three HPD tubes con-
firmed the above results [34, 35].

4.3.2 Beam tests

The two types of pixel HPD described in
Section 4.3.1 have been tested in the proto-
type RICH counters. Results are reported in
Ref. [36, 34, 22]. The data used were collected
during 1998 and 1999 at the CERN SPS facil-
ity; details of the test beam and experimental
setup were given in Section 4.2 and in Ref. [21].

The half-scale prototype HPD :
For the half-scale 2048-pixel HPD, the
RICH1 [36] and RICH2 [21] prototypes were
used with an air radiator and 100 GeV/c π−

beam. The 2048-pixel HPD and three 61-pixel
HPDs were placed on a ring of radius 90 mm on
the detector plate. Pyrex filters were placed in
front of the photodetectors in order to limit the
transmission to longer wavelengths for some
runs. A pixel threshold map was established
on the 2048-pixel HPD using an LED [30]. For
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Figure 39: The measured light spot standard de-
viation as a function of photocathode radial coor-
dinate (black dots). The solid line is the calculated
contributions of the LED finite spot size and the
CCD pixel size.

this, the high voltage applied on the tube was
varied, and the voltage for each channel to be-
come active was recorded.

The photoelectron yield from data and sim-
ulation in the presence and absence of a pyrex
filter is shown in Fig. 40. Using the observed
yields, the figure of merit is estimated to be
97 ± 16 cm−1 in the case without the pyrex fil-
ter and 30 ± 5 cm−1 in the case with the filter.
The quantum efficiency of the photocathode of
this tube was low, and substantial improve-
ments (a factor of two) have been achieved
with later devices.

Figures 41(a) and (b) show the recon-
structed Cherenkov angle distribution from the
pixel HPD obtained using an air radiator and
pyrex filter, compared to a 61-pixel HPD which
was diametrically opposite to it on the detector
plate. The 2048-pixel HPD has a better reso-
lution than the 61-pixel HPD since the pixel
granularity along the ring is 0.2 mm for the
former and is 2 mm for the latter.

The source of systematic uncertainty in

Figure 40: Number of photoelectrons per event in
the 2048-pixel HPD (a) with pyrex filter in simula-
tion and real data (b) with no filter in simulation
and real data.

Figure 41: Cherenkov angle distribution for (a)
2048-pixel HPD and (b) 61-pixel HPD.
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Source
Chromatic aberration 0.15
Emission point uncertainty 0.05
Finite pixel size 0.02
Beam angle 0.06
Alignment 0.06
Total predicted 0.17
Observed 0.18

Table 8: Resolution components in mrad of the
single photon Cherenkov angle distributions for
the 2048-pixel HPD (with Pyrex filters) with a
120GeV/c π− beam.

the Cherenkov angle measurement from each
component is tabulated in Table 8. In each
case, the overall simulated resolution is in good
agreement with that measured in the data.
The required resolution for the LHCb RICH
detectors is achieved with the 2048-pixel pho-
todetector.

Figure 42 shows the Cherenkov angle
distribution for the 2048-pixel HPD without
pyrex filter where the beam used was a
mixture of pions and electrons at 10.4 GeV/c.
Good separation is obtained between the two
particle types.

The full-scale prototype HPD :
To test the full-scale prototype tube, the
RICH1 prototype was operated with a ∼1 m
C4F10 radiator at various pressures, with a
120 GeV/c π− beam [34, 35]. The analogue
readout system comprised a VA2 readout sys-
tem [5]. Because of the coarse 61-pixel sensor
granularity, the studies provide a valuable test
of tube operational characteristics and pho-
ton yield, but not of the Cherenkov angle res-
olution. Figure 43 displays the events in a
high pressure run where the Cherenkov ring
spanned the three HPDs.

The signal and background in each pixel
were determined from analysing the corre-
sponding ADC spectra. The photon yields,
obtained in low pressure runs where the
Cherenkov ring was contained within a single
HPD, are compared to detailed simulation in
Table 9. Excellent agreement is observed. Us-
ing the observed yields, the figure of merit is es-
timated to be 202 ± 16 cm−1. The Cherenkov
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Figure 42: Single photon Cherenkov angle distri-
bution for the 2048-pixel HPD without pyrex filter
with an air radiator and using a 10.4 GeV/c beam
composed of pions and electrons.

Figure 43: Display of events in a run where the
ring covers the three HPDs. In the figure, the shade
of a pixel gets darker with the number of hits on
the pixel.
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angle resolution also agrees with expectations.

Ring Yield Simulated
location per event yield
HPD-1 8.50± 0.08 8.53 ± 0.61
HPD-2 7.27± 0.04 7.19 ± 0.56
HPD-3 7.37± 0.05 7.56 ± 0.62

Table 9: Photoelectron yield per event (after back-
ground subtraction) The background is estimated
with a 4σ pedestal threshold cut.

4.3.3 Magnetic field tests

Magnetic field tests have been carried out
on the full-scale HPD equipped with a phos-
phor screen anode. A small solenoid and a
Helmholtz coil were used to provide fields up
to 3 mT. The performance of the electron op-
tics were studied and full details appear in a
technical note [38]. A 200 mm long, 0.9 mm
thick cylindrical Mu-metal shield was used.
The shield extended 20 mm beyond the cen-
tre of the entrance window, resulting in mini-
mal light shadowing of the photocathode. The
shield attenuation and the image distortions of
the shielded tube were measured in longitudi-
nal and transverse fields of 1, 2 and 3mT. In
the case of a transverse field, a non-uniform
image shift occurs, maximal at the tube axis
and about 0.3 mm at 3 mT. In the case of a
longitudinal field, image rotation and distor-
tion occur. The effects are shown in Fig. 44.
Important points to note are:

• The periphery of the image remains con-
fined within the boundary of the silicon
pixel detector (at 3mT).

• The point spread function is barely af-
fected.

• Image distortions can be corrected off-
line.

Figure 44: Displays of the image of a cross, seen
on the phosphor anode. The image with and with-
out magnetic field are superposed on each display.
Top: Transverse field of 3 mT. Bottom: Longitudi-
nal field of 3mT.

4.3.4 HPD response to charged parti-
cles

When a charged particle traverses the quartz
entrance window of an HPD from either its
front or back face, Cherenkov light is produced
along its trajectory. The Cherenkov photons
can in principle make multiple internal reflec-
tions within the window, with a finite proba-
bility of an electron conversion every time the
photon impinges on the inner (photocathode)
surface. This effect can result in multiple spu-
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Figure 45: Displays of the average number of pixel hits in data (left) and in simulation (right), for 120
GeV/c charged pions passing at 135◦ to the HPD axis, ie. entering from the rear.

rious hits in the HPD, and render those pixels
dead for genuine Cherenkov photons from the
RICH radiators.

Beam tests have been performed to study
the effect of charged particles [35] using the
prototype 72 mm pixel HPD. The HPD has
a 7 mm quartz window with 61 × 2.5 mm
hexagonal pixels. The purpose of the study
was to investigate the number of pixels firing
as a function of beam incidence angle through
the HPD window. The resulting patterns of
hits are compared with Monte Carlo simula-
tion. The coarse pixellation of the prototype
HPD allows only a qualitative study to be
made since the granularity of the final 1024-
pixel device will have greatly improved photon
counting capabilities.

A beam of 120 GeV/c pions was incident
through the centre of the HPD window at five
different angles : 0◦ (pions entering the HPD
window normally from the front), 45◦, 90◦,135◦

and 180◦ (pions entering the HPD window
from the rear). A comparison of data with
the simulation for pions incident at an angle of
135◦ is shown in Fig. 45. Although more pho-
tons than predicted are seen in the data, good

qualitative agreement is observed. Based on a
pulse height analysis for photon counting, Ta-
ble 10 summarises the comparison of data and
Monte Carlo at the five angles of incidence. In
all cases the event shapes are distinctive, and
are in good agreement with simulation. It is
expected that such characteristic patterns of
hits can be searched for in data, and masked
off when counting true Cherenkov hits. Impor-
tantly, a tube is not rendered completely dead
due to the passage of a charged particle. Typ-
ically 25-35% of the tube must be masked off,
a fraction which is angle dependent. Simula-
tions have shown [10] that 10-15% of all hits
in the RICH detectors will originate from these
charged particle hits.

4.4 Testing the pixel chip

A prototype LHCb readout chip is being devel-
oped as a collaborative effort with the readout
chip for the ALICE Inner Tracking system [37,
39]. Experience of operating and maintaining
large numbers of pixel channels has been ob-
tained with previous chips in heavy-ion exper-
iments [29].
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Angle Nobs NMC

0◦ ≥138 172
45◦ ≥119 58
90◦ ≥258 273

135◦ 83 25
180◦ 168 129

Table 10: Numbers of photoelectrons per event
in data and simulation for 120 GeV charged pions
passing through the entrance window of the HPD.

Some of the requirements that the pixel
chip must meet [5, 9] are:

• Peaking time at or below 25 ns for the
front-end amplifier.

• Discriminator threshold below 2000 elec-
trons with a pixel-to-pixel spread below
200 electrons.

• Radiation tolerance to an integrated 10
year dose of 30 kRad.

As described below, these goals have been al-
ready achieved with prototype chips. In the
first of these chips [41], developed for X-ray
photon imaging, the threshold of each pixel
cell can be adjusted individually using a 3-bit
register to reduce the channel-to-channel varia-
tion. This chip has been demonstrated to have
a minimum threshold of 1400 electrons with an
RMS spread of 80 electrons.

Another chip [42], developed with 0.5 µm
commercial CMOS technology has a peaking
time of 25 ns. The measured time-walk is less
than 25 ns for signals that are 100 electrons
above a typical threshold of 1650 electrons. In
addition, the chip was found to be radiation
tolerant up to 600 kRad.

Based on this design, a third chip [43] was
developed with 0.25 µm commercial CMOS
technology. It was demonstrated to have a
minimum threshold of 1500 electrons and a
threshold spread of 160 electrons. With an
adjustment of individual pixel thresholds us-
ing the 3-bit register, this spread could be re-
duced to 25 electrons. For this chip the elec-
tronic noise was measured to be 220 electrons

and the static power consumption per chan-
nel was 50 µW. It was also shown that this
chip remains functional up to an X-ray dose
of 30 MRad. A set of these chips were sub-
jected to a bake-out at DEP, similar to that
during the HPD manufacturing process, and
the subsequent electronic tests [5] showed no
degradation of the chip performance.

4.5 Mirrors

4.5.1 Test facility

Over the past two years, an optical labora-
tory has been set up at CERN. Its main task
consists of studying, characterizing and qual-
ifying optical elements for future RICH and
other optically-based particle detectors. In
the RICH project for the LHCb detector, the
main optical elements are the mirrors and their
mounts.

Mirror parameters are being partially de-
termined on the basis of measurements on mir-
ror prototypes [44]. Further, to ensure the
required quality, mirror specifications have to
be verified by measurements. It is planned
to check the most critical specifications on all
the mirrors, that is: visual inspection, to as-
sess cracks, bubbles, etc., dimensions, average
value of radius of curvature, R, average angu-
lar resolution, and average reflectivity.

Mirror mount prototypes have to be char-
acterized in their adjusting precision and sta-
bility [45, 46]. Long-term stability is a very
critical parameter. It is important to keep the
variations well below what will be required by
the off-line alignment procedure. We aim at a
stability in the range of σ < 0.1 mrad. The
issue of possible radiation damage on compo-
nents has also to be addressed.

To carry out the aforementioned checks,
three benches have been set-up and two more
are being assembled. Special attention has
been paid to automate the setups as much as
possible, in order to minimize operator manip-
ulation and to increase reliability.
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4.5.2 Mirror quality

Each spherical mirror will be tested for its ra-
dius of curvature and average angular preci-
sion before installation inside the RICH ves-
sel. The setup measures the variation from
the ideal mirror spherical surface by imaging
a point source reflected from the sample mir-
ror and by analyzing the size and shape of the
resulting focal spot. Thus, it provides a di-
rect measurement of R and the average angu-
lar precision σθ [44].

By measuring a sample of mirrors, we will
obtain a distribution in R. For RICH2, its
standard deviation should not exceed

σR =
σd

rc − σd
∼ 1.0% of R,

where σd is the photodetector precision and rc

the Cherenkov cone base radius.
If the mirror had a perfect spherical sur-

face, the spot on the focal plane should have
the same dimensions as the point source,
as the measurement is intrinsically spherical
aberration-free. However, geometrical distor-
tions can be present for mirrors with large
surfaces (≥0.10 m2) and thin substrates (≤
7 mm). These distortions should be distin-
guished from polishing imperfections, which
greatly depend on the hardness of the sub-
strate and also generate poor optical quality.
The net result is an enlargement of the focal
spot with the presence of irregularities on the
borders. We will therefore define that a circle
in the focal plane which contains 95% of the
reflected light has a diameter D0 = 4σs where
σs is the RMS of the spot size.

We have tested 40 RICH mirror prototypes
and provided feedback to the mirror manufac-
turers. In Fig. 46, the fraction of reflected light
falling into circles of different diameters for a
mirror prototype is shown. In Fig. 47, the di-
ameter D0 of the light spot is shown as a func-
tion of the distance d of the light spot from
the mirror surface for different light fractions
inside the circle [44]. These measurements per-
mit the precise calculation of R and σθ, which
are equal to 6644 mm and to 0.026 mrad re-
spectively for this mirror.

Figure 46: Light fraction inside circles of different
diameters. Shown is the corresponding D0.
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Figure 47: Spot size as a function of distance d
for a COMPASS mirror. This demonstrates the
procedure for finding the radius of curvature.

Mirror quality has been improving with
time and the measurements performed allow
us to conclude that mirrors with a Simax glass
substrate, a thickness of 6 to 7 mm, a ra-
dius of curvature of 8m and a diameter up to
∼500 mm are feasible with the geometrical re-
quirement of σθ = 0.03 mrad. That is, they
are capable of focussing 95% of the reflected
light into a circle with diameter D0 = 2mm
at the plane defined by the mirror radius of
curvature R = 8m. Finally, two effects on the
mirror geometrical quality have yet to be care-
fully analyzed: the influence of the final mirror
mount and the mirror long-term behaviour.

Spectral reflectivity is another parameter
that is measured in the CERN optical labora-
tory to qualify RICH mirrors. In order to min-
imize mirror manipulation, we incorporate the
reflectivity measurement into the same bench
as for the previous set-up. It makes use of a
hand-held spectrophotometer and it enables us
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Figure 48: Mirror support horizontal tilt (arbitary zero). Shown in the insert is the strong mechanical
relaxation observed at the start of the measurement.

to measure in the wavelength range from 200
to 850 nm.

4.5.3 Mirror supports

Two set-ups for the evaluation of the adjust-
ment characteristics and the long-term stabil-
ity of mirror mounts were developed. The
detailed principles and results can be found
in [45, 46]. A few mount prototypes have been
tested and in particular the one retained for
RICH2, which is based on the membrane prin-
ciple and it is exclusively made out of Poly-
carbonate material [45]. In Fig. 48, its long
term stability is shown by means of the moni-
toring of its tilt chart during over 5000 hours.
The vertical and horizontal tilts stay well into
the 0.03 mrad required. However, the 1.7 kg
weight loaded on the mount simulates a smaller
mirror than that foreseen for RICH2, there-
fore a measurement with a heavier weight has
started.

The mount alignment precision is shown in
Fig. 49 [46]. The adjustment range is 3mrad,
which should be sufficient for the machined
mounting holes in the supporting structure. A
tilt change of 0.1 mrad corresponds to a screw

turn of 36◦, which enables a sufficiently pre-
cise adjustment. The relationship between tilt
and screw-turn is nearly linear4. The RMS of
the parasitic coupling, crosstalk between the
horizontal and the vertical movement, was less
than 0.01 mrad.
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Figure 49: Results from the mount prototype.
The measurement was repeated twice. A linear fit
to the measurement is shown.

4The screw used had a pitch of 0.7 mm, that means
a displacement of the wedge of 0.0875 mm for 45◦ turn.
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5 Technical Design

5.1 Pixel HPD Photon Detector

The photodetector planes of the RICH detec-
tors cover a total area of 2.6m2 over which
it is necessary to detect single photons with
a high efficiency and with spatial granularity
of about 2.5mm×2.5mm. The photodetectors
need to be sensitive to Cherenkov light at vis-
ible and UV wavelengths and readout must be
fast, compatible with the 25 ns time between
LHC bunch crossings and the overall LHCb
readout scheme [8]. The photodetectors will be
situated in the fringe field of the spectrometer
magnet and will experience a radiation dose of
up to 3 kRad/year.

The baseline photodetector technology se-
lected for the LHCb RICH is the Pixel hybrid
photon detector (HPD) which uses a silicon de-
tector anode inside the vacuum envelope. Pho-
toelectons released by photons incident on the
photocathode are accelerated onto the silicon
sensor by an applied high voltage ∼ 20 kV,
resulting in a signal ∼ 5000 e in the silicon.
This device, shown schematically in Fig. 9,
has been developed commercially, in a long-
standing collaboration with DEP. It is based
on an image intensifier technology, employing
electrostatic cross-focussing to accelerate and
image photoelectrons from the photocathode
onto the anode, demagnifying by a factor ∼ 5.
The anode assembly comprises a segmented sil-
icon pixel sensor which is bump-bonded to a
pixel readout chip. This assembly is encap-
sulated within the vacuum tube and must be
compatible with the bake-out and other fea-
tures of the vacuum tube and photocathode
deposition process. During LHCb operation at
nominal luminosity the channel occupancy of
the photodetectors due to Cherenkov photons
is typically 1%, and the probability of multi-
photon hits is low. This has permitted the
use of a binary readout scheme, with conse-
quent low power consumption and simplifica-
tions in the electronics chain between detector
and DAQ.

As described in Sections 4.2–4.4, all fea-

Figure 50: A prototype 80 mm HPD, produced
by DEP. The 61-pixel PGA is seen reflected by a
mirror placed behind the tube.

tures of this pixel HPD have been tested in pro-
totypes. Full-scale devices with external read-
out electronics (see Fig. 50) have been used to
verify the electron optics and to measure the
detected photon yield from Cherenkov light
produced by charged particle beams. A half-
scale device, with encapsulated pixel electron-
ics has similarly been used to detect Cherenkov
rings in a test beam. The current sched-
ule for the development project foresees an
LHC-speed pixel readout chip in operation be-
fore end 2000. This will be encapsulated in
a full-scale HPD. Rigorous performance crite-
ria have been defined as a milestone for this
HPD; they require >85% efficiency for detec-
tion of a photoelectron in operational chan-
nels, with 95% of channels satisfying this crite-
rion. In addition, the threshold set to detect a
photoelectron signal is required to satisfy the
following: signal/threshold >2.5, and thresh-
old/noise >6. The schedule for this milestone
is discussed in Section 6. The implementation
of an alternative, backup photodetector tech-
nology using commercial metal channel multi-

Table 11: Measured quantum efficiency (Q) at
given wavelengths λ for a thin-S20 multi-alkali pho-
tocathode deposited on a 7 mm-thick quartz win-
dow.

λ (nm) 200 240 270 400 600
Q (%) 10.2 22.0 25.7 19.3 4.3
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Figure 51: Outline drawing of the Pixel HPD and its magnetic shield.

anode photomultipliers (Hamamatsu R7600-
03-M64 MAPMT), equipped with hemispheri-
cal quartz lenses to increase the active area, is
described in Appendix A.

Technical details of the Pixel HPD and
its readout electronics are summarized in
the following sections. More details on the
Pixel HPD [5], the readout chip [9] and the
MAPMT [6] can be found in LHCb notes.

5.1.1 Vacuum tube and electron optics

The vacuum tube is assembled from metal (ko-
var) and ceramic sections as shown in Fig 51.
The entrance window is made from 7mm-thick
quartz. It is spherical in shape and has a thin-
S20 multi-alkali photocathode deposited on its
inner surface. The quantum efficiency (Q) was
measured on a prototype tube and values are
listed in Table 11, and result in an energy inte-
grated efficiency

∫
QdE = 0.77 eV. Cherenkov

photons can be detected over an active diame-

ter of 75mm and the overall diameter is 83mm,
resulting in an active area fraction of 0.82.

Photoelectrons are focussed using the
tetrode structure shown in Fig. 51. The nom-
inal voltage at the photocathode is −20 kV. A
300V potential difference between the photo-
cathode and first electrode defines the magnifi-
cation. The radial coordinate ra (expressed in
mm) at the anode is related to the coordinate
at the cathode window, rc by

ra = 0.200rc − (4 × 10−4)r2
c .

Taking into account the lensing effect of the
entrance window the 0.5mm square anode pix-
els correspond to 2.62mm on the tube axis and
2.82 mm at the periphery. The RMS point
spread function is approximately constant over
the entrance window and equal to 0.4mm.

The performance of the electron optics was
measured using a full-scale prototype tube
equipped with a phosphor anode coupled to
a CCD. These measurements were described
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Figure 52: Top: Photograph of the ceramic PGA
carrier. Bottom: the pixel chip wire-bonded to the
carrier.

in Section 4.3.1; the effects of magnetic fields
were also studied and reported in Section 4.3.3.
Fringe fields up to 3mT are expected at the lo-
cation of the HPDs in RICH1. In RICH2 the
fringe fields are stronger and will be attenuated
by large soft iron enclosures, but the HPDs
still require local magnetic shielding. This lo-
cal magnetic shielding is provided by 0.9mm
thick Mu-metal cylinders, 86mm in diameter
and 140mm long. In order to shield effectively
they extend 20mm beyond the photocathode.
The shield is shown in Fig. 51 and is insulated
electrically from the tube.

5.1.2 Anode assembly

The 20 kV photoelectrons strike the back sur-
face of a silicon pixel sensor. To minimize the
energy lost by photoelectrons in the (insensi-
tive) n+ layer at the sensor surface, the back

(ohmic) side is formed by a thin 150 nm n+

implant, a standard fabrication option offered
by the manufacturer, Canberra5. The sensor is
segmented into small reverse-biased diode pix-
els with dimensions 50µm×500µm, arranged
as a matrix of 320×32. Each pixel is connected
via a solder-bump bond to a readout cell with
matching dimensions on the front-end pixel
readout chip. The readout chip, with bonded
sensor, is mounted and gold-wire bonded to a
ceramic pin grid array (PGA), manufactured
by the Kyocera6 company and proven to be
compatible with the HPD manufacturing pro-
cess. A photograph of the PGA carrier de-
signed to encapsulate the ALICE-LHCb pixel
chip is shown in Fig. 52.

5.1.3 Pixel chip

The binary readout chip [9] must satisfy the
following requirements. It must discriminate
single photoelectron hits with high efficiency
and time-tag them with the LHC bunch cross-
ing. This implies a front-end amplifier shap-
ing time < 25 ns and a discriminator threshold
< 2000 e with pixel-to-pixel spread of < 200 e.
This value of the threshold allows detection
of single photoelectrons that experience charge
sharing among neighbouring pixels. Secondly,
the characteristics of LHCb operation place de-
mands on the digital circuits which store the
discriminated hits. Single event occupancies
up to 8% (corresponding to a time-averaged
occupancy of 4% when including beam cross-
ings with 0,1,2...interactions), a 1MHz mean
Level-0 trigger rate and a long (4µs) Level-0
latency require the storage of large numbers of
hits for long periods, and the ability to trans-
fer data at high rate to avoid dead time losses.
The requirements are summarized in Table 12.
With these specifications the photoelectron de-
tection efficiency, taking into account the 18%
backscattering probability, is expected to reach
90%.

The LHCb pixel chip comprises super-
pixels (corresponding to one channel) of

5Canberra Semiconductors N.V. Belgium.
6Kyocera Corporation, Japan.
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Figure 53: Schematic of the Pixel cell architecture.

Table 12: Specifications for the RICH binary
Level-0 electronics

Operational threshold < 2000 e
Dynamic range Linear between

0—5000 e, with
recovery for large
signals

Max. noise occupancy 1%
Time resolution 25 ns
Channel size 500µm×500µm
Maximum time-averaged 4%
pixel occupancy
Bunch crossing rate 40.08MHz
Average L-0 trigger rate 1MHz
Level-0 latency 4µs
L-0 derandomizer depth 16
Max. readout time 900 ns
Rad. dose in 10 years 30kRad

500µm×500µm, arranged as a matrix of 32×
32. Each super-pixel will be sub-divided into
10 pixel cells of 50µm×500µm. This arrange-
ment of small pixel cells reduces the input ca-
pacitance and the cell occupancy seen by each
analogue input. The schematic circuit of each
cell is shown in Fig. 53 and includes a differen-
tial pre-amplifier (250 e RMS noise) and shaper
(25 ns) followed by discriminator (3-bit thresh-
old adjustment). Discriminator outputs from

10 pixels will be ORed to enable one of 20 de-
lay units, whose delay can be set to match the
trigger latency. Thus a maximum of 20 hits
can be stored at any one time in one chan-
nel. Following the Level-0 trigger, data are
stored in a FIFO buffer with capacity for 16
events. The four 4-event FIFOs of the top-
most pixels within a super-pixel are configured
together to form this 16-deep buffer. The main
task of this FIFO is to de-randomize the data
after the Level-0 accept. This architecture al-
lows the data from each chip to be read out in
< 900 ns; (32 rows ×25 ns + headers) through
32 parallel lines at 40MHz, thus ensuring that
dead time losses in the DAQ are maintained
below 1%.

The chip is fabricated in 0.25µm CMOS
technology using a layout adapted for tolerance
to ionising radiation and single event upset.
The total power consumption of the 10,240 cell
chip is ∼ 0.5W.

The current development of the chip [40]
has 8192 pixel cells and combines both ALICE
and LHCb functionality. In ALICE mode the
matrix of 256×32 cells is read out as individual
cells, whereas in LHCb mode, 8 cells are ORed
to form a super-pixel. The ALICE-LHCb chip
will be delivered to CERN in September and
tested during October. It will then be mounted
with the silicon sensor into the PGA carrier
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and encapsulated into an HPD. Only minor
modifications to this chip are required to meet
fully the LHCb specifications. These include:

• Increasing cell matrix to 320 × 32 with
10 cells ORed in a super-pixel: It
is desirable to increase the size of
a super-pixel from 425 µm×400µm to
500 µm×500µm. The increase from
425 µm to 500 µm in the x-direction re-
quires a simple spacing of the input
columns and end-of-column logic. In the
y-direction, one option is to add a fur-
ther two 50 µm pixel cells within a super-
pixel. This will provide four further de-
lay units to store hits and is the optimum
in terms of performance. Another possi-
ble solution, which involves fewer modifi-
cations to the current design, would be to
maintain eight cells per super-pixel and
increase the pixel front-end (and the sen-
sor) pitch to 62.5 µm. This does, how-
ever, restrict the number of delay units to
16, and simulations are underway to as-
sess the implications, given the estimated
occupancies. All the modifications de-
scribed above may require re-sizing of the
buffers which drive the control signals
across the chip and up the pixel columns.
Measurements of the ALICE/LHCb chip
will provide data on this issue.

• Logic to monitor FIFO and prevent over-
flow: The current ALICE/LHCb chip re-
lies on external logic to monitor the con-
tent of the FIFO buffers. This will be
included in the final version to prevent
overflow of the buffers and control the
readout when events are available.

• Logic to attach bunch-crossing tag to
data packet: To ensure correct synchro-
nisation between the Level-0 electronics
and the Level-1 boards ∼100 m away, a
header will be added to the data packet.
This will take the form of a 12-bit bunch
crossing number, stored on the arrival
of the corresponding Level-0 trigger for
each accepted event. A 12-bit counter

will be implemented on the chip to gen-
erate this number.

• Addition of four on-chip DACs to pro-
vide bias voltages: The ALICE/LHCb
chip requires the magnitude of the front-
end calibration pulses to be set by exter-
nal DACs. For accurate determination of
the noise and threshold dispersion, the
precision and range of these signals are
such that 12-bits are needed. A design
for an 8-bit DAC has been implemented
into the current chip, and it is planned
to use two such DACs to provide the 12-
bit range and precision. By modifying
the output stages of the DACs, one will
set a coarse control, and the other a fine
control.

The possibility of implementing the addi-
tional logic and DACs in a separate PILOT
chip, external to the HPD, as described in Sec-
tion 5.2, is under investigation. This has ad-
vantages for the timescale and allows flexibility
in system integration.

5.1.4 Integration

The photodetector arrays will be constructed
from hexagonal close-packing of the HPDs, in-
cluding their Mu-metal magnetic shields. The
packing pitch is 87mm, resulting in an active-
to-total area fraction of 0.67. A total of 430
HPDs is required, 168 for RICH1 and 262 for
RICH2. Each pair of HPDs is connected via its
PGA to a Level-0 interface board from which
optical fibre links transmit binary signals to
the Level-1 electronics in the counting room.
Configuration of the encapsulated pixel chips
is provided via a JTAG interface which is ser-
viced by the LHCb Experiment Control Sys-
tem (ECS).

The high voltages for the photocathode
and focussing electrodes are provided from a
low-ripple supply with a 250MΩ voltage di-
vider. The bleeder current of 80µA exceeds
the average photocathode current by at least
104. For redundancy each column of HPDs
in RICH1 and each half column (maximum of
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8) in RICH2 has its own HV supply and bias
voltage for the silicon sensors.

Further details of the off-detector readout
electronics and the photodetector mounting
are included in Sections 5.2—5.4.

5.2 Readout electronics

5.2.1 Overview

The RICH readout system has the following
major components :

• The first stage of readout is the binary
front-end pixel chip, encapsulated inside
the Pixel HPD vacuum envelope, and de-
scribed in Section 5.1.3.

• Each pair of pixel chips is connected via
the HPD pin grid arrays to a “Level-0
Adapter Board”, mounted on-detector.
The adapter board further multiplexes
the data, drives optical data links to
the off-detector (Level-1) electronics, and
distributes clocks and triggers to the
front-end chips. The binary pixel chip
and the adapter board are together re-
ferred to as the “Level-0” electronics.

• The “Level-1 Readout Board” is located
∼100 m away from the detector in the
counting room. This board receives
the multiplexed data from the adapter
boards via the optical links, it buffers
and processes the data, and transports
the data to the LHCb DAQ system.

A schematic of the LHCb readout architec-
ture is shown in Fig. 54. Tables 13 and 14 give
a summary of the total number of units in the
system and the Level-0 and Level-1 parame-
ters, respectively. These tables will be referred
to in the following sections.

The design philosophy of the RICH readout
has been to avoid building customised electron-
ics where suitable commercial and/or general-
purpose devices are available, except where
a significant gain in simplicity or cost sav-
ing can be achieved. The Level-1 electron-
ics have higher complexity and have therefore

been moved away from regions of high radia-
tion dose into the LHCb counting room. This
eases accessibility for maintenance, and elim-
inates problems of radiation damage and sin-
gle event upsets (SEU’s). It also facilitates the
use of radiation-soft Field-Programmable Gate
Arrays (FPGA’s).

LHCb will use the RD12-developed Tim-
ing, Trigger and Control Receiver ASIC
(TTCrx) [47] to synchronize the front-end elec-
tronics to the rest of the LHCb sub-detectors
and for the local distribution of the clocks and
triggers. Downloading configurations to the
pixel chip and the adapter board is provided
by a JTAG interface [48] which allows read and
write access to all registers. The JTAG inter-
face is serviced via the Experimental Control
System (ECS) [49]. The RICH detectors do
not contribute to the Level-0 or Level-1 trig-
ger decision.

The readout system is designed to allow ef-
ficient stand-alone running, calibration, mon-
itoring and debugging. These features, to-
gether with a full description of the RICH
readout system, are described in Ref. [50].

5.2.2 The Level-0 Adapter Board

The first stage of readout is the binary pixel
chip, described in Section 5.1.3. On a Level-0
trigger accept, the data from a pair of pixel
chips are multiplexed out at a 40 MHz rate
as two 32-bit streams to the Level-0 adapter
board. The multiplex grouping of 32 is chosen
to match the maximum average LHCb Level-
0 trigger rate of 1 MHz. There are 84 and
136 adapter boards for RICH1 and RICH2,
respectively (one for each pair of HPD’s, and
five extra for RICH2 in order to read out single
HPD’s in odd-numbered columns).

The Level-0 adapter board is shown
schematically in Fig. 55. The main functions
are:

1. To provide a further multiplex stage for
the data from the Pixel HPD’s and to
drive the data via optical links to the
Level-1 electronics. G-Link protocol is
a candidate technology.
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Figure 54: A schematic of the LHCb RICH readout architecture.
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Item RICH1 RICH2 Total

HPD’s 168 262 430
Readout channels 172032 268288 440320

HPD adapter boards 84 136 220
G-Link transmitters 336 524 860
TTCrx & ECS interface 84 136 220

Level-1 boards 21 33 54
G-Link receivers 378 594 972
TTCrx & ECS interface 21 33 54
FPGA’s 210 330 540
SLink drivers 21 33 54

Crates & power supplies 2 2 4

Table 13: The total number of units (excluding spares).

2. To receive, phase and fan-out the clocks
and triggers via the TTC.

3. To receive and distribute the LHCb ECS
commands to the binary chips.

4. To receive, regulate and distribute the
various local low-voltage power to the bi-
nary chip.

The Level-0 Adapter Board provides a
second level of multiplexing of the data of
16:1, which matches the bandwidth of the
optical fibre links to the Level-1 electronics
(∼1.0 Gbits/s). This second multiplexing
stage is necessary to minimize the number of
optical links, and hence the cost. The time
available for reading out the data from the
Level-0 into the Level-1 boards is 900 ns, de-
termined by the average Level-0 accept rate of
1 MHz, with 100 ns contingency.

Referring to Fig. 55, the “PILOT” chip [51]
is used to control the readout of the pixel chip,
to interface between the pixel chip and the G-
Link and serialiser ASIC, and to provide JTAG
distribution. The PILOT, G-Link and seri-
aliser chips are active design projects [52, 53].
Settings and configuration values of the pixel
chip – the shaping current, the bias currents,
the discriminator values, the masking, the out-
put multiplex grouping, the pixel grouping, the

running mode and the calibration values – will
be downloaded to the binary chip via the ECS.
The ECS will also monitor and report error
states of all components.

Since the Level-0 Adapter module is lo-
cated on-detector and in a hostile environ-
ment, radiation-tolerant components will be
required. The expected maximum charged
particle radiation level in the RICH electronics
region is ∼30 kRad per ten years. The rate of
SEU’s is expected to be low enough that auto-
mated detection and recovery will be effective,
and flagged and reported through the ECS.

5.2.3 Multiplexing and Data Links

The data links from the Level-0 to the Level-1
will be fibre optics of length ∼100 m. The data
will be serialised at Level-0, transmitted at
∼1.0 Gbits/s, received by commercial G-Link
receivers at Level-1, deserialised, and phase-
aligned to the TTC clock. The total number
of data fibres from the two RICH detectors will
be 860.

5.2.4 Level-1 Electronics

The Level-1 module performs the following
functions :
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Level-0 ASIC parameters

Number of pixel channels per HPD 1024
Number of bits per digitised detector channel 1
Maximum channel occupancy <8% (<1% typical)
Average Level-0 accept rate 1 MHz
Multiplexing at ASIC output 1024:32
Level-0 multiplexer output clock speed 40 MHz
Location On detector

Level-0 adapter board parameters

Number of ASIC’s per module 2
Multiplexing factor at output link 16:1
Output link multiplexer clock speed 1.25 GHz
Effective maximum output bandwidth/fibre 1.00 Gbit/s
Output data links per adapter board 4
Location On detector

Level-1 trigger parameters

Average Level-1 accept rate 40 kHz
Maximum latency 2048 events
Location Counting room

Event building network input parameters

Maximum input bandwidth per Readout Unit (RU) 1.0 Gbit/s
Maximum number of inputs per RU 4
RU input standard SLink
Average bandwidth into RU’s 420 MByte/s
Location Counting room

Table 14: Parameters of the RICH readout.
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Figure 55: A schematic of the Level-0 Interface
Unit.

1. Receives multiplexed data from the
RICH detectors via the ∼100 m optical
links;

2. Buffers the data during the Level-1 la-
tency;

3. Removes events accepted by the Level-0
for which a negative decision was made
by the Level-1 trigger;

4. Provides an interface to the Timing and
Control (TTC) system and the Detector
Control System (DCS);

5. Transports the data onwards to the DAQ
and event building network.

The Level-1 architecture is shown schemat-
ically in Fig. 56 and the relevant Level-1 read-
out parameters are summarised in Table 14.
Each Level-1 board will receive the multi-
plexed data from four Level-0 adapter modules

on a total of 16 × 1 Gbit/s fibres. In addition,
binary data from a Level-0 reference module
(see below) will arrive on an extra two fibres.
This gives a total of 972 optical links which are
input to a total of 54 Level-1 boards.

At Level-1, the data are aligned, then
stored in external DRAM of at least 2048
events depth until a Level-1 decision is made.
This depth allows for the maximum time of a
Level-1 trigger decision (2048 µs) at an aver-
age Level-0 accept rate of 1 MHz. The Level-1
latency is variable and has an average 40 kHz
accept rate. On receipt of a Level-1 trigger ac-
cept the data are output-formatted. The logic
will also include algorithms for zero suppres-
sion. The data are subsequently copied into
a derandomizer register of depth 16, ready for
transmitting to the LHCb Readout Units and
the Event Building network. All Level-1 elec-
tronics modules will be driven from the same
global clock (distributed via the TTC system).

All the buffering control and processing de-
scribed above is implemented in FPGA tech-
nology. FPGA’s are chosen to give maximum
flexibility, with the possibility of reconfiguring
the logic should it become necessary.

Accepted data stored in the Level-1 deran-
domizer buffer will be further multiplexed at
the output stage of the Level-1 on 54 links,
one per Level-1 board. The links are capable
of sustaining a maximum rate of 1.25 Gbits/s
into the Readout Units [54], one Readout Unit
receives data from up to four Level-1 boards.
Table 14 summarises the expected data flow
requirements taking into account all data for-
matting overheads. The DAQ interface will
use the SLink protocol [55], which will be im-
plemented in FPGA technology. The average
event size of RICH data is 10.5 kByte, which
gives a bandwidth from Level-1 into the Read-
out Units of 420 MByte/s.

For error monitoring, a “Level-0 Reference
Module” will continuously generate reference
data that can be compared with Level-0 ac-
cepted data. This will emulate the Level-0
readout chain, and be equipped with a pixel
chip in carrier form. The reference module will
be located close to the Level-1 electronics in
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Figure 56: A schematic of the ODE architecture.

the low radiation environment and will there-
fore not suffer from SEUs. The integrity of the
data can be checked event-by-event, by using
the Level-0 data bunch-crossing ID in data, the
bunch-crossing ID from the Level-0 reference
module, and the expected value, calculated us-
ing the TTC bunch crossing ID. Errors due to
missing clocks, phase shifts etc in the real data
will hence be detected. All errors are flagged
in the data and also reported via the ECS.

The 54 Level-1 modules can be comfortably
accommodated in four 9U crates (two each for
RICH1 and RICH2). We envisage housing the
electronics in four racks. Each rack would then
contain one 9U chassis for the Level-1 electron-
ics, with the possibility of one further 9U chas-
sis for the corresponding readout units.

5.2.5 Power supplies

Commercial power supplies are well known for
not being radiation tolerant, hence all bulk
regulated commercial supplies will be located
within the counting room area. For the Level-
0 adapter boards, it is proposed to have a
base supply located in the counting room and
radiation-tolerant on-detector regulators pro-

viding local regulation and control.

5.2.6 Ongoing developments

A prototype adapter board has been designed
to read out the prototype HPD with encapsu-
lated 256×32 binary pixel chip. The board has
been fabricated and is currently under test.

Tests of prototype Level-1 modules are well
underway. The 1999 test-beam readout system
used the CMS Front End Driver (FED) [56]
which already implements much of the re-
quired functionality. This includes the the im-
plementation of the Level-1 buffering and pro-
grammability in FPGA technology. The ex-
tension to a binary front end with TTCrx and
ECS functionality is currently under develop-
ment. A Level-1 preproduction prototype will
be available by the end of 2001.

5.3 RICH1 Mechanics

The acceptance of the RICH1 detector cov-
ers the angular range up to ±300 mrad in the
horizontal (xz) plane and up to ±250 mrad
in the vertical (yz) plane. An aerogel radia-
tor lies between z=1060 mm and z=1110 mm,
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Figure 57: RICH1 mechanics. The arrangement of the main components.

and a radiator of C4F10 fills the region be-
tween z=1110 mm and z=2050 mm. The mir-
rors are tilted by ∼286 mrad horizontally and
∼65 mrad vertically. The detector will be
operated at ambient temperature and within
∼50 Pa of the atmospheric pressure. The ar-
rangement of the main components of RICH1
is shown in Fig. 57. Figures 58 and 59 show
the top (xz) view and side (yz) views of the
detector.

Details of the RICH1 design can be found
in reference [57].

5.3.1 Gas vessel and support structure

A frame of stainless-steel box-section stiffened
by plate will provide an adequately stable sup-
port for the RICH1 components. The mir-
rors are the most demanding as they require
that their angle be maintained to ∼0.1 mrad.
The frame also supports the section of the vac-
uum chamber, which passes through RICH1,
by means of four wires at the entrance and exit
window of the detector. The wires are attached
to rings on the vacuum chamber.

As well as supporting the vacuum cham-
ber during operation, the frame is intimately
involved in its installation [58]. It will require

the RICH1 frame to be moved transverse to
the beam by ∼2.5 m and carrying the vacuum
chamber with it. Permanent support points, to
which the frame can be returned with a preci-
sion of order 0.1 mm will be provided. These
support points will probably be on the concrete
floor at y = −2150mm.

During access to the inside of RICH1, the
vacuum chamber will need protection. This
protection will be mounted on a temporary
bench standing on the vessel floor at y =
−1100mm.

The frame will be sealed to contain the
C4F10 gas radiator. The vacuum chamber acts
as part of the boundary to the gas volume.
Kapton foils of 150 µm thickness and ∼400 mm
diameter will be glued to flanges on the vac-
uum chamber (Fig. 60). Carbon-fibre com-
posite seals the rest of the boundary within
the RICH1 acceptance. Fused-silica windows
of 5 mm thickness in front of the photon de-
tectors and stainless-steel sheet elsewhere seal
the rest of the volume.

The Kapton foils must not impose undue
stress on the vacuum chamber. They have un-
dulations moulded in to make them more flex-
ible. They will be assembled from three layers
of Kapton cut radially, passed over the vac-
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Figure 58: RICH1 mechanics. Top view.

uum chamber and bonded together in place.
All seals, including the fused silica windows,
must withstand a working pressure differential
of 300 Pa guaranteed by the gas supply. A
peak differential pressure of 500 Pa is set by
high throughput safety bubblers. Further in-
formation about the fluids system can be found
in Section 5.5 and in Reference [59].

5.3.2 Photon detector mounting

The Pixel Hybrid Photon Detectors (HPDs) [5]
are arranged in a hexagonal close-packed array
with 87 mm spacing. Local reduction of the
residual magnetic flux density will be achieved
with a magnetic shielding alloy around each
HPD. Each pair of HPDs is served by a single
electronics card (Level-0 interface) as shown in
Fig. 61.

The individual magnetic shields for the
HPDs are grounded. The high voltage compo-
nents of the photon detectors will be insulated
from their magnetic shields by two layers of
125 µm Kapton film. All electrical connections
to a photon detector will be made through the
end opposite the photocathode.

Since the photon detectors must point to-

Figure 59: RICH1 mechanics. Side view.

wards the incident light, their axes are not nor-
mal to the image plane on which the photo-
cathodes lie. They are rotated towards the
beam by ∼ 500 mrad horizontally and away
from the beam by ∼ 125 mrad vertically. In
this way the magnetic shields cast minimal
shadows on the photocathodes. It is the verti-
cal rotation which forces the photon detectors
on each side to be separated into quadrants.

The magnetic shields will be located with
a precision of ±0.4 mm in a metal web. This
web is built up with increasing offsets along the
photon detector axis for successive tubes. This
ensures the correct angle between tube axes
and the image plane. A black plastic mould-
ing, screwed to the HPD and the web, will lo-
cate them in z and provide some light-tighting.
An aluminium frame surrounds the web. It
provides the means to withdraw and replace
the quadrant reproducibly. As the quadrants
will need to be withdrawn to the sides in or-
der to replace photon detectors, they will be
mounted on rails with the working positions
defined by dowels. Once the photon detec-
tors are mounted, there will be no further ad-
justment of position because there is no room
for useful movement in z and the image can
be moved over the photocathodes by adjusting

49



Figure 60: The Kapton seal between the vacuum
chamber and the RICH1 structure. These seals are
constructed from 3 layers with the radial cuts that
are needed to pass them over the vacuum chamber.
The cuts are staggered to prevent leaks along one
joint.

the mirror.

5.3.3 The mirrors and the mirror sup-
port

The four mirrors are parts of spheres of ra-
dius 1700 mm, with their centres at (±500,
±110, 275). The shorter focal length and in-
creased tilt compared to the Technical Pro-
posal [1] are imposed by the need to accom-
modate the photon detectors with the vertex
detector tank. Each quadrant covers an area
of 900 × 750 mm2 and is divided into 4 mirror
segments supported at their centres. The base-
line choice of material is 6 mm thick aluminised
glass protected by a coating of quartz [45].

The mirror support is designed to allow ad-
justment of the horizontal and vertical angles
of each mirror segment from outside the RICH
gas radiator volume. There will be limited ad-
justment of the z-positions, but only from in-
side the gas envelope. The support structure
for each segment consists of a 3-legged spider
made of a composite material (Fig. 62). These
segments are in the Cherenkov gas enclosure.
Dedicated tests are scheduled to define the ma-
terial and the compatibility with the fluorocar-
bon gas.

The legs radiate from a central hollow

Figure 61: Part of the photon detector array for
one quadrant in RICH1.

cylinder glued to the mirror with epoxy resin.
This central position is the only place where
the spider is fixed to the mirror. Adjustment
of the angle of a mirror segment will be made
by worm and cam mechanisms mounted where
the feet of the spider locate on a space-frame.
This supports all the segments on one side of
the beam. The space-frames (Fig. 62) consist
of C-frames outside the acceptance. Interme-
diate members carry the worm and cam mech-
anisms. All the mirrors on each side of the
beam have to be removed from RICH1 when
access is needed to the beam-pipe. This will
be done by withdrawing the space-frames, with
the mirror segments attached, to a protective
housing at the side. The motion will take place
along rails near the top of RICH1. The work-
ing position for each side is defined by two sup-
port points on the rail and one point fixing z
near the bottom of RICH1.

All the segments on one side of the beam
will be aligned with the assembly withdrawn
from RICH1. The centres of curvature are
thereby accessible. When the mirrors are in-
side RICH1 the centres of curvature are in-
side the vertex detector tank, but the relative
alignment of mirror segments can be checked
by shining parallel light onto two or more seg-
ments at once and examining the image on the
focal surface [60].
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Figure 62: Two halves of the space-frame which
supports the mirror adjustment points in RICH1.
Each quadrant covers an area of 900 × 750 mm2.

5.3.4 Aerogel

The aerogel radiator [25] will be assembled
from tiles approximately 200 × 200 × 50 mm3.
They will be housed in an envelope of alu-
minium with the Cherenkov light leaving via
a window of 250 µm thick transparent plas-
tic. The aerogel of the preferred type is hy-
groscopic. Provision will be made to flush the
envelope with dry nitrogen.

5.4 RICH2 Mechanics

The acceptance of the RICH2 detector [61]
covers the angular range up to ±120 mrad in
the horizontal projection, xz-plane, and up
to ±100 mrad in the vertical projection, yz-
plane. The enclosed gas volume extends from
z=9450 mm to z=11470 mm. The optical sys-
tem consists of two spherical mirror arrays and
two flat mirror arrays. The radius of curvature
of the spherical mirrors is 8000 mm. The tan-
gent to the spherical mirror plane at x = 0

in the xz-plane is ±450 mrad with respect to
the x-axis. The flat mirror plane is tilted
in the xz-plane by ±140 mrad with respect
to the x-axis. The two detector planes are
thereby defined between [x, z] [±4052,10342]
and [±3635,10827]. The flat mirror plane is
outside the 120 mrad acceptance. The mean
Cherenkov radiator length is about 1670 mm.
The gas is CF4 at atmospheric pressure [59]
and ambient temperature. Figure 63 gives the
horizontal projection and Fig. 65 gives the side
projection of the detector. Figure 64 gives xy-
projections of the detector.

5.4.1 Gas vessel and support structure

The supporting mechanical structure is an
open rectangular space frame where all struc-
tural components are kept outside the ac-
ceptance of the LHCb spectrometer which is
±300 mrad in the horizontal plane (the bend-
ing plane) and ±250 mrad in the vertical plane.
The structure is welded and the total weight is
about 11000 kg. The entrance and exit win-
dows are light-weight composite material pan-
els made from 48 mm polymethacrylimid foam
with 1 mm thick glass-fibre reinforced epoxy
sheets, G10, on each side. A thin skin of metal
foil is added to the G10 plates which faces the
Cherenkov gas volume. The total radiation
length for each panel is 1.4 % X0. The windows
are designed to withstand the hydrostatic pres-
sure of the Cherenkov gas +200

−100 Pa as defined at
the top of the detector. A tube, coaxial to the
vacuum chamber, runs through the detector.
The tube is 3 mm thick and made from G10.
It has a 30 mm larger radius than the vacuum
chamber. A 5 mm-thick plate of fused quartz
separates the Cherenkov gas volume and the
volume occupied by the photon detectors.

5.4.2 The mirror array and support

The spherical mirror arrays are made from a
matrix of smaller hexagonal mirror segments,
as seen in Fig. 64. Each mirror is inscribed in
a circle of diameter 502 mm and made from
a 6 mm-thick glass substrate with a UV en-
hanced aluminium coating. A quartz protec-
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Figure 63: Horizontal projection of the RICH2 mechanics.

tive coating will be added onto the reflective
surfaces. (See Reference [45]). Only one size
of mirrors is used apart from at the vertical
edges where half mirrors are introduced. Spe-
cial segments have to be foreseen near to the
inner tube. The acceptance of the spherical
mirror arrays extends to 125.4 mrad in the hor-
izontal plane to reflect all the Cherenkov light
created by particles inside the 120 mrad ac-
ceptance. Along the vertical axis the mirror
arrays extend up to about 120 mrad. The flat
mirror segments are similar, but are assumed
to be squares of 437 × 437 mm2 (Fig. 64).

A 40 mm-thick aluminium honeycomb flat
panel is the supporting structure for both the
spherical and the flat mirror arrays. The light-
weight metallic structure is preferred here in
order not to have any problems of compatibil-
ity with the fluorocarbon gas and maintaining
a high degree of mechanical stability. The av-
erage overall radiation length is 3.3 % X0. The
plate is referred to a tri-square which acts as an
optical bench. This optical bench is supported
by the space frame.

A polycarbonate ring is glued with stan-
dard epoxy resin to the back of each of the

spherical mirror segments and a corresponding
flexible polycarbonate membrane is inserted
into the aluminium honeycomb flat panel. A
polycarbonate hollow rod connects these two
elements–see reference [46] and Fig. 66. This
flexible mirror mount has been demonstrated
to be stable in the vertical and in the horizontal
projection to within 0.03 mrad over 5000 hours
after the first 100 hours relaxation period [45].
We have chosen polycarbonate for the mirror
support due to its excellent mechanical stabil-
ity and long, 346 mm, radiation length. It also
has a low, 0.2 to 0.3 %, Total Mass Loss and a
low water absorption of 0.15 % 7. We started
a year ago a long term stability test of poly-
carbonate in fluorocarbon by immersing test
samples in warm, 40◦C, vapour of C6F14.

5.4.3 Overall magnetic shielding

A heavy iron structure is used to shield the
photon detectors from the stray magnetic
field–see Reference [62] and Fig. 63. A triple
layer of 40 mm-thick soft steel, separated by

7MATLAB: 003 and Bayer Corp. Plastics Div.
Makrolon, Polycarbonate

52



7332

9230
8700

70
20

11
00

11
00

Figure 64: RICH2 mechanics. Projections onto the xy plane with the windows partially removed.
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Figure 65: Side view of the RICH2 mechanics.

about 115 mm, surrounds the sides of the de-
tector. In addition, two 40 mm thick soft steel
walls close the front of the detector while leav-
ing full acceptance for the Cherenkov photons.
The weight of this structure is about 11000 kg
on each side which takes the total weight of
RICH2 to about 34 tonnes.

With reasonable assumptions about the
stray magnetic field, this structure will assure
a residual magnetic flux density below 1 mT in
the region of the photon detector plane. Local
reduction of the flux density will be achieved
with a cylinder made of magnetic shielding al-

Figure 66: The mirror support in RICH2.

loy around each HPD. This cylinder is an inte-
gral part of the HPD assembly. Further details
are in Reference [5].

5.4.4 The detector plane

The Hybrid Photon Detectors (HPDs) [5] are
arranged in groups of two, located by means of
their own pins on a common multilayer board
through a ZIF socket, thus making an elemen-
tary subassembly unit. Each of these units is
located in an aluminium supporting frame that
houses 8 sub-assemblies arranged in columns.
These sub-assemblies are mechanically fixed to
the HPDs back-plate through spacers made
of thermoplastic resin–see Fig. 67 and Refer-
ence [63]. The frame also houses one elec-
tronics board (Level-0 interface) on the back
of each unit.

There are in total 9 supporting frames on
each panel which can be individually pulled
backward without disturbing the neighbouring
ones, sliding on their own guides. They are
fixed by means of dowel pins and screws to a
main supporting frame. This main supporting
frame is made of aluminium.

All HPD cables will leave the HPD through
its back-plate, and will be routed by the side
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of the supporting frame. Local strain relief of
the cables to the frame can be easily foreseen.

As the heat generated by the HPDs them-
selves is relatively low, we do not expect any
problem in draining it away with natural, or
eventually forced, gas flow. The heat power
loss of the electronic boards on the rear side of
the detector plane will probably not require a
conductive cooling system as the packaging is
rather open.

Figure 67: The arrangement of the HPDs at the
detector plane in RICH2.

5.4.5 Mechanical structure analysis

A preliminary study of the RICH2 mechani-
cal structure was performed to assess the re-
sponse of the structure under static and dy-
namic loading conditions. The complexity of
the geometry of the structure is such that a
Finite Element Analysis is necessary to calcu-
late the exact mechanical behaviour. Both an
initial static and modal analysis have been car-
ried out.

The rigid mechanical space frame of the
RICH2 structure was modelled 8. Structural
contributions from the thin stainless steel pan-
els and the low-mass composite entrance and
exit windows are ignored in the calculations.
Figure 68 shows a maximum static deflection

8ANSYS 5.5 Elements Reference Manual 4-993

of 1.4 mm occurring at the centre of the up-
per longitudinal beams. A modal analysis was
performed using the same geometry and con-
straints to enable the determination of the first
three natural frequencies of the structure. In
this calculation only the mass of the magnetic
shielding together with the self mass of the
structure are included in the model.

Further work is now envisaged to subse-
quently optimize the mechanical design with
regards to the important stability and accu-
racy requirements of the detector.

Mode 1 2 3
Frequency (Hz) 1.2 1.4 2.9
Twist along z z x

Table 15: The relative movement of the nodes in
the RICH2 structure.
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Figure 68: Static deflection of the RICH2 space
frame. Magnetic shielding and mirror plane in-
cluded.

5.5 The Gas Systems

The RICH1 radiator with its volume of 4 m3

will use C4F10 and RICH2 will be filled with
100 m3 of CF4. The main parameters can be
found in Table 16 and in Fig. 69. Further infor-
mation about the systems can be found in Ref-
erence [59]. Both radiators remain gaseous at
normal temperature and pressure. To keep the
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photon absorption at an acceptable level, the
oxygen and water impurities have to be limited
to about 100-200 ppm. The nitrogen contam-
ination has an effect on the refractive index
and therefore will be kept constant and below
1 %. Both gas systems will run in a closed
loop circulation, distributed over three regions;
at the surface in the gas building, in the cav-
ern behind the radiation wall and at the de-
tector. The expected circulation flow rate per
hour will be close to 10 % of the total gas vol-
ume. The exact rate will depend on the level
of impurities in the system. An inline purifier
consisting of a 3Å or 4Å (C4F10, CF4) and a
13X (CF4) molecular sieve will remove the wa-
ter impurities as well as trace gases. Two gas
inlets and two gas outlets, one of each at the
bottom and on the top of the detector, will
be connected to the distribution system. A
pump in the return line allows the gas to be
compressed before entering the gas buildings
at the surface. To stabilise the pressure in the
RICH detector, the pump will be driven by a
frequency regulator controlled by pressure sen-
sors in the detector. A buffer volume in the
RICH2 gas circuit is needed in order to react
to fast changes of the atmospheric pressure.

RICH1 RICH 2

Cherenkov Gas C4F10 CF4

Detector Volume (m3) ∼ 4 ∼ 100

Flow Rate (m3/h) ∼ 0.4 ∼ 10

Impurity
O2 (ppm) 100-200 100-200
H2O (ppm) 100-200 100-200
N2 (%) ≤1 ≤1

Relative Pressure (Pa) ≤50 ≤50
Stability

Table 16: Cherenkov Gas Parameters

To recover the fluorocarbons of the RICH1
and RICH2 detectors, recovery plants are rec-
ommended. They will separate the fluorocar-
bon from nitrogen and oxygen. The C4F10 will
be liquefied at a temperature of -50◦C and CF4

at -160◦C, which allows the nitrogen and oxy-
gen to be vented while they remain in gaseous
state. The CF4 of RICH2 will only be re-
covered during the filling and emptying phase,

while the C4F10 recovery will be implemented
in the RICH1 closed loop system (Fig. 69).
The existing DELPHI supply and return pipes
between the SGX building and the UX cavern
will be reused by the LHCb experiment and
hence for the two RICH systems. The gas con-
trol will follow the general recommendations
of the Joint Control Project of the four LHC
experiments (JCOP).

5.6 Alignment

The angular resolution of the RICH detectors
of LHCb depends critically on having an ac-
curate alignment of all its optical components.
The experimental aim is to have an angular
resolution of 1.4 mrad in RICH1 and 0.5 mrad
in RICH2 [1]. In order to ensure that any un-
certainty in the alignment does not degrade
the angular resolution of the RICH detectors,
the aim is to maintain such an alignment error
below 0.1 mrad.

It is foreseen that the alignment strategy
be carried out in three stages [60] [45]:

1. Installation and survey of the mirror and
detector components;

2. Monitoring of the alignment with a laser
alignment system;

3. Final alignment with data.

5.6.1 Installation and Survey

The first step towards providing an alignment
procedure is to accurately survey the positions
of the mirrors and photon detectors as they are
mounted.

In the case of RICH1, the assembly of the
whole module will be performed in a separate
laboratory. The centres of curvature of each
mirror quadrant, the centre of the photocath-
ode of each HPD and the directions of the axis
of each HPD will be known to ±0.5 mm in the
transverse co-ordinates (x and y) and ±2 mm
in z. The centres of curvature for the four seg-
ments in a mirror quadrant will be adjusted
until these coincide in a single point. The
hexagonal web that supports the HPD array
has a mechanical tolerance of ±0.4 mm but this
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(a)

(b) (c)

Figure 69: Flow diagram for the RICH gas systems: (a) the distribution system for C4F10; (b) and (c)
the conceptual layout for RICH2 and RICH1, respectively.

can be further constrained by a pre-surveyed
array of LEDs and a mask perpendicular to the
HPD axis to illuminate these and to give the
relative positions of the HPDs with respect to
the support frame. The RICH1 detector would
then be positioned in place and the vacuum
chamber installed, allowing one to obtain the
relative positions of the frame structure with
respect to the vacuum chamber co-ordinates.

For the case of RICH2, each of the mirror
and detector components will be assembled in-
dependently in clean laboratory conditions and
then brought together. Each spherical (flat)
mirror will be aligned with respect to the other
mirrors to form a sphere (plane) with the cen-

tre of curvature pointing to the centre of the
hypothetical focal plane. The superstructure
is surveyed and the optical bench is defined.
This defines the reference axes and the focal
points. Then the spherical walls are mounted
and aligned with respect to these focal points
by means of a laser point source9. Next, the
flat walls are mounted and the point source
is moved into a position situated roughly on
the particle beam axis. The photon detector
plane is installed and surveyed with respect to
the superstructure. Then the flat and spher-
ical walls are aligned to generate a single im-

9The mirrors are aligned to generate a point image
corresponding to the point source.
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age point on the normal to the photodetector
plane. When the RICH2 detector is lowered in
the pit and placed on the beam axis, the rel-
ative alignment of the flat and spherical walls
is repeated to check and correct eventual mis-
alignments. The overall alignment error fore-
seen is set solely by the survey (±1 mm shift on
the photodetector plane) and by the precision
of the optical mounts. The resolution for the
spherical and the flat mirrors and the mount
precision will set the overall resolution of the
optical system. At the photocathode plane, it
can be expressed as√∑

i σ2
i × l2i

where li is the path length of the light to the
photocathode and i denotes the different com-
ponents; spherical/flat mirror and the mirror
mounts. For equal error on all the components
and an overall error σ ≤ 0.1 mrad gives σi ≤
0.06 mrad.

5.6.2 Laser Alignment System

A laser alignment system for each of the two
RICH detectors can perform the following two
functions:

1. It can perform a quick and final cross-
check of the link between the mirror
planes and the photon detector plane be-
fore any gas is introduced into the gas
enclosure.

2. It can be used to continue monitoring
the positions of the detector components
throughout data taking, thereby making
allowances for thermal and vibrational
corrections.

The laser alignment system would consist
of a series of discrete laser points installed in
front of the first mirror plane (at least two
points per mirror) that can be compared with
their theoretically mapped positions on the
photon detector plane. The unambiguous na-
ture of the laser points simplifies the alignment
procedure, allowing one to optimise the tilts
and positions of the mirrors in real time. The
delivery system for these laser beams could

be an array of single-mode optical fibres with
collimator optics, producing diffraction limited
Gaussian shaped laser beams. These have been
proposed for the multi-point alignment system
of the ATLAS muon spectrometer [64, 65, 66]
producing beams with a width of 2-3 mm over
distances between 10-20 m [64]. These fibres
with their collimating optics could be arranged
in a matrix, supported by a light frame struc-
ture, in front of the spherical mirrors, only
adding minimally to the material budget inside
the acceptance of the RICH detectors. The fi-
bres could be mounted on the spherical mir-
rors themselves, perpendicular to the mirror
surface. This would avoid having a support
structure. Alternatively a laser system with a
piezo-assisted mirror can scan the whole mir-
ror array onto the photodetectors. The aim
is for an initial alignment precision of about
0.5 mrad. Further discussion on these systems
is given in Reference [60].

5.6.3 Alignment with data

The final stage in the alignment process would
involve performing an iterative alignment pro-
cedure with the data themselves, by selecting
tracks with β ∼= 1, and minimising the resid-
uals incurred by tilt and position adjustments
with respect to the theoretically expected po-
sitions of Cherenkov photons unambiguously
associated to mirror segments, if the mirrors
and detectors were ideally aligned [67, 68].

If the reconstructed Cherenkov angle is θrec

and the expected angle is θexp, any misalign-
ment in the mirror segments with respect to
the photon detectors is observed by measuring
the difference between the two angles as a func-
tion of the reconstructed azimuthal Cherenkov
angle φrec:

θrec − θexp = A cos(φrec − φ0), (4)

where A and φ0 are fit parameters.
The positions and tilt angles of the mirror

segments are displaced in such a manner that
the Cherenkov angle residuals are minimised.
This procedure has to be iterated a number
of times to achieve the optimal residuals in all
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the mirror segments. A preliminary study per-
formed within the context of RICH2 [68], sug-
gests that if the initial alignment has an ac-
curacy of ∼ 0.5 mrad, then a total alignment
accuracy of 0.2 mrad (including mirror qual-
ity) can be achieved.

5.7 Monitoring and Control

The performance of the RICH detectors of
LHCb can be kept under control if one is
able to monitor physically relevant quanti-
ties throughout the duration of the experi-
ment [60]. The main factors that affect the
performance are the conditions of the gas, in-
cluding its refractive index and transmission
characteristics, the stability of the support
structures, the functionality of the electronics
and the efficiency and quality of the photon
detectors.

Each of the closed circuit re-circulation gas
systems for the two RICH detectors [59] in-
clude control and monitoring systems to en-
sure the quality of the two gases, C4F10 and
CF4. The following parameters will need to be
monitored in the re-circulation plants:

1. Flow meters to measure the gas flow;

2. Pressure sensors for atmospheric pres-
sure and for pressure differentials be-
tween gas inlet and outlet;

3. Gas purity analysers, to measure the
concentration of water and oxygen (to re-
main below 100-200 ppm);

4. Temperature sensors in the gas vessel;

5. The temperature, pressure and valve
controls of the cryogenic plant;

6. The nitrogen concentration in the gas
(which should be constant ≤ 1 %) by
means of an ultrasonic sensor to measure
the velocity of sound [69];

7. The refractive index of the gas as a
function of pressure with a Fabry-Perot
interferometer [70, 71] consisting of a

monochromator, etalon and CCD cam-
era10;

8. The transparency and attenuation length
of the gas between 200 and 800 nm with a
monochromator and a gas vessel of vary-
ing length [72].

The mechanical stability of the support-
ing frame needs to be monitored to ensure
that thermal and vibrational movements do
not affect the position resolution of the mir-
ror mounts and the photon detector mounts.
Semi-transparent position sensitive amorphous
silicon sensors [64, 65, 66], developed for the
optical multi-point alignment system of the
ATLAS muon spectrometer, can be deployed
on the mechanical frames. Deflections in the
supporting structures are measured by align-
ment reference points delivered by lasers at-
tached to single-mode fibres with collimating
optics. The sensors consist of two 20×20 mm2

orthogonal layers of 64 strips that can achieve
a spatial resolution of ∼ 1 µm [64, 73].

The following detector electronics parame-
ters will need to be measured and controlled:

1. High voltage of the photon detector
tubes;

2. Voltage across the HPD focusing ele-
ments;

3. Bias voltage for the pixel detector;

4. Leakage current of the pixel detectors;

5. Low voltage for the detector electronics;

6. Binary electronics discriminator thresh-
old;

7. Test pulse for electronics calibration.

The identification of dead channels and the
measurement of photon detector efficiencies
can be performed with a diffuse pulsed light

10One would compare to the average n obtained from
the reconstruction of the Cherenkov angle.
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source (either an LED, a xenon lamp with fil-
ters or a monochromator) inside the RICH ves-
sels. The magnetic field at the position of the
photon detector plane will also be monitored
with a series of Hall probes.

The control hardware and software of the
RICH detectors of LHCb will conform to the
accepted format for the Joint Control Project
(JCOP) of the four LHC experiments [74]. The
LHCb Experimental Control System (ECS)
will interface with the Detector Control Sys-
tem (DCS) of the the RICH detectors. Pro-
grammable Logic Controllers (PLC) will run
each of the devices under the Supervisory Con-
trol and Data Acquisition (SCADA) software,
which will be common to all LHC experi-
ments11. The SCADA system will be versatile
enough to allow the configuration of multiple
device components running on a variety of data
buses.

Device user interfaces will allow users to
control and monitor parameters, alarm levels
and execute specific actions. Proper logging of
the data will be carried out within this frame-
work. A partitioned data model in which the
control units are mounted locally will allow au-
tonomy from the general operation and will
minimise the network traffic. The use of com-
mon hardware and software control systems
amongst all the LHC experiments allows one
to standardise solutions for common problems.
The RICH control systems group will work in
close collaboration with the ECS group of the
LHC to find common solutions for all the con-
trol demands of the LHCb RICH detectors.

5.8 Cabling and Infrastructure

Low voltage power cables and optical fibres
from the counting room to RICH1 and RICH2
will be of the order of 80-100 metres in length.
The aim is to keep the lengths of the power ca-
bles as short as possible to reduce both ohmic
losses and to improve the stability of the base
supplies in the counting rooms. Therefore the
power cable route should be as direct and as

11A commercial tool contracted out by a tendering
process.

short as possible but routed along standard ca-
ble trays. The cables will route through the
RICH photodetector enclosure using standard
low voltage sockets and panel mounting plugs.

The fibre optic route should not incur sharp
bends or compressive/tension loads for the fi-
bres. There is not the same restriction on
the overall length. Lengths of fibres termi-
nating at the same Level-1 module will be of
equal lengths to better than 1/6 metre (0.5 ns).
The differences in time due to fibre length
to each receiving module can be compensated
within the TTCrx for time differences span-
ning 16 bunch crossings (400 ns). The ideal
optical fibre route should pass through the
RICH photodetector enclosure without incur-
ring a penalty of additional coupling connec-
tors at the wall. Options are currently being
investigated. The conceptual design is shown
in Fig. 70.

The high voltage cables, 20 kV, will be
routed from the control room to the RICH ves-
sels. There will be a total of 64 cables. The
cables will ideally pass through the RICH pho-
todetector enclosure via a multi-way HV gas-
tight connector. The total energy due to the
charge in any cable will not exceed 2 Joules.
The proposal is to terminate the cables and fi-
bres at the RICH1 and RICH2 areas at eight
regions. This corresponds to the quadrants in
RICH1 and RICH2.

General cable information:

1. 64 high voltage cables carrying 20 kV.

2. 64 low voltage cables for each voltage12

It is hoped to reduce the number of the
transmitted voltages by using local on-
board regulators. In this scheme, total
current capacity in any cable for each
voltage is seen not to exceed 5 A.

3. Each supply will have its own current
carrying return (Common).

The installation program for power sup-
plies/racks/links and commissioning will fol-
low the LHCb schedule.

12+5 V; 3.3 V; 2.0 V; +1.6 V digital; +1.6 V ana-
logue; +0.8 V analogue; +0.8 V digital.
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Figure 70: Layout of the LHCb experiment showing the detectors, the counting rooms and the cable
routing. RICH electronics racks are located in the counting rooms.

The common point for the low voltage and
the high voltage will be at the detector end.
Care will be taken to ensure that if any break
or open connection occurs in these cables or
links the high and low voltages do not drift to
dangerous levels. Where necessary, earthing
standards, currently being studied by LHCb,
will be adhered to.

5.9 Safety aspects

The RICH detectors of LHCb will follow the
CERN safety rules and codes, CERN safety
document SAPOCO 42 and European and/or
international construction codes for structural
engineering as described in EUROCODE 3.

Specific risks, and actions, as discussed in
the Initial Safety Discussion (ISD) with the
CERN Technical Inspection and Safety (TIS)
Commission:

1. The Cherenkov gases, C4F10 (CAS-RN
355-25-9) and CF4 (CAS-RN 75-73-0),
are not flammable and have UN classifi-
cation 2.2 13. Due to the relatively large

13UN classification 2.2 corresponds to non-toxic and
non-flammable substances.

quantities of these gases in the cavern,
4 m3 of C4F10 and 100 m3 of CF4, and
the high density of these gases, 10.5 g/l
for C4F10 and 3.9 g/l for CF4, oxygen de-
ficiency meters will be installed near to
the detectors.

2. As the detectors will be operated with
a maximum overpressure towards the at-
mosphere of 500 Pa set by high through-
put bubblers, the vessels are not classi-
fied as pressure vessels 14.

3. The quartz plates, which isolate the
photon detector environment from the
Cherenkov gas, will be tested 15.

4. Particular attention will be given to the
Welding Procedure Specification both for
the aluminium and for the stainless steel
and to the inspection of these welds.

5. The photon detectors will be run at
20 kV 16. The total current for each sup-
ply line will be ≤ 100µA. The low volt-

14Safety code D2 Rev.2
15Safety Instructions 34
16H.V.A. as defined in Safety Instructions 33
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age supply to the detector read-out is be-
low 15 V 17. The total power dissipation
on the detectors is ≤ 1kW and ≤ 8kW in
the counting rooms in the cavern. Ap-
propriate interlocks and current moni-
tors will be installed together with inter-
rupts at the source.

6. Work will occasionally be done inside the
gas enclosure of the detector. Appropri-
ate purge of the fluorocarbons and ven-
tilation will be ensured 18.

7. The high pressure part of the gas sys-
tems is located in the surface buildings.
The systems will be built according to
the appropriate rules 19.

8. The effects of Seismic activity will be
studied in collaboration with TIS.

17Safe Extra Low Voltage (S.E.L.V.) as defined in
Safety Instructions 33

18Safety Code A4 Rev
19Safety Instruction 42 and Safety Code D2 Rev.2
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6 Project Organisation

6.1 Schedule

The overall work programme and schedule is
summarized in Fig. 71. It covers the period up
to mid 2005, the time at which LHC collisions
are anticipated. The schedule is planned to
ensure that the RICH detectors are fully com-
missioned and operating together with other
LHCb sub-detectors by this time.

A critical task is the production of the HPD
photon detectors. The manufacturer (DEP)
has proposed a production rate of 20 HPDs per
month. Before this production can commence
the anode assembly, including the pixel read-
out chip must be available for encapsulation in
the HPD. In the event of a delay in the read-
out development DEP could increase the pro-
duction rate to 30 tubes per month, but this
contingency would require an additional fabri-
cation plant with consequent increase of 3% on
the HPD price. The schedule for the backup
MAPMT technology, given in Appendix A,
also ensures that the RICH detectors will be
ready by mid-2005. This is possible due to the
fact that the readout electronics is external to
the tube, so its production and testing can be
carried out in parallel with tube manufacture.

6.1.1 Completion of R&D

Several of the tasks included in the schedule
will involve further R&D before production.

1. The pixel chip: the current ALICE-
LHCb iteration of this chip will be deliv-
ered in September 2000. Following test-
ing it will be bump-bonded to the sili-
con sensor then encapsulated and tested
in an HPD. Design of the final chip will
continue during 2000 and testing will be
completed in 2001.

2. Readout electronics: Prototypes of the
Level-0 adaptor board, the optical links
and the Level-1 readout board will be
produced during 2000 to verify the com-
plete binary readout chain.

3. Engineering design: the design of the
RICH vessels, support structure, mir-
rors and their adjustable mounting sys-
tem will be reviewed and, in the case of
the optical components, undergo further
testing before finalizing detailed draw-
ings by end 2001.

4. Aerogel: large tiles with high clarity will
enhance the low-energy particle identifi-
cation performance. An ongoing R&D
programme testing high clarity samples
produced at Novosibirsk will continue
during three further years.

5. Alignment, monitoring and control: dif-
ferent options are proposed to fulfil the
various tasks in this category, and pro-
totyping and testing will continue before
the final technique is chosen before end
2001.

6.1.2 Construction

The major construction tasks include:

1. RICH vessels, superstructure, optics and
photon detector mounting: require a pro-
duction time of approximately one year,
and will be completed during 2003. The
production time of the largest compo-
nent, the RICH2 vessel and support, has
been estimated at 10 months by a com-
mercial engineering company.

2. Photodetectors: the rate of production
proposed by DEP is 20/month, thus two
years are needed. Years 2002 and 2003
are foreseen in the schedule.

3. Readout electronics: the pixel chip pro-
duction is scheduled during 2001, in
time for encapsulation in the produc-
tion HPDs. Production of the read-
out electronics chain (from HPD pin-out
to DAQ) is scheduled to be completed
by end 2003. The only LHCb-specific
electronics components are the radiation-
hard chips required for the Level-0 inter-
face board. These involve common LHC
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developments (TTC chipset, voltage sta-
bilizers) and an adaptation of the optical
link multiplex and driver chips, designed
for use by the ALICE collaboration. The
Level-1 electronics make maximum use of
FPGAs to implement specific function-
ality. The modules are situated in the
counting room and so are not exposed to
a high radiation dose.

4. Gas systems: similar circulation and
recovery systems are foreseen for the
RICH1 and RICH2 gas radiators. These
have been designed by the LHC gas
group and will be ready when required
for commissioning detectors in 2004.

5. Testing: systematic tests and certifica-
tion of the photodetectors and readout
electronics will be a time-consuming task
and must follow the production process.
An extensive series of measurements of
the photocathode response and the elec-
tron optics will require about two days
per HPD tube, so two test facilities will
be installed in the collaborating insti-
tutes to complete the task within two
years.

It is planned to test the RICH1 detector,
equipped with one quadrant of mirrors,
photodetectors and readout, in a charged
particle beam during the second half of
2003.

6.2 Installation and commissioning

The LHCb spectrometer magnet will be in-
stalled and its field measurements completed
at latest by end 2003. RICH1 installation
can begin from early 2004. Due to the re-
stricted space in the LHC tunnel, RICH1 will
need to be partially assembled in situ. RICH2
will be assembled in a clean surface labora-
tory, then lowered into the cavern, and in-
stalled mid 2004. Both RICH1 and RICH2 de-
tectors will undergo commissioning during the
second half of 2004. By early 2005, commis-
sioning with other LHCb sub-detectors, using

Table 17: RICH project Milestones. * See Sec-
tion 6.3

Date Milestone
Mechanics and Optics

2002/Qtr 1 Mechanical designs completed
2003/Qtr 4 Mechanics and Optics completed
2004/Qtr 1 Begin Assembly RICH1 in IP8
2004/Qtr 3 Begin Installation RICH 2 in IP8

Photodetectors
2000/Qtr 4 Prototpye HPD completed *
2001/Qtr 3 Place HPD order *
2004/Qtr 1 Production/testing completed

Readout electronics
2002/Qtr 2 Prototype chain tests completed
2004/Qtr 1 Production/testing completed

RICH Detectors
2005/Qtr 2 Commissioning completed

common DAQ will begin. Six months of oper-
ation in this mode are foreseen to ensure the
RICH detectors will be ready to take data at
nominal LHCb luminosity by mid 2005.

6.3 Milestones

Key milestones for the RICH project are listed
in Table 17.

The photodetector milestone at the end
of 2000 requires further comment. At the
time when this milestone was established the
schedule for delivery of the pixel readout chip
was anticipated by early 2000. Finalising and
checking the design, prior to submission, and
the chip production schedule have taken longer
than expected, with the result that the pixel
chip will not be delivered and tested before mid
October. In addition, the bump-bonding con-
tractor, with whom the CERN pixel detector
group had a long-established relationship, has
withdrawn its services and trials with new con-
tractors have to be established. It now appears
unlikely that the end 2000 milestone of demon-
strating an HPD with the encapsulated pixel
chip can be met. A delay of 4-6 months is es-
timated before the technical criteria could be
achieved. By making use of the contingency,
offered by the accelerated DEP HPD produc-
tion, it would still be possible to meet the 2004
milestone for completion of HPD production
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ID Name
1 Work to TDR
9 Photodetectors

10 Prototype HPD (ALICE-LHCb chip)
11 Complete Chip design
12 Chip manufacture
13 Chip testing
14 Tube assembly and test
15 Prototype tests completed
16 Final Front End chip
17 Design
18 Chip submission
19 Chip manufacture
20 Chip testing
21 Pre-production prototype
22 Carrier design
23 Carrier submission
24 Carrier manufacture
25 Tube assembly and testing
26 Prototyping completed
27 Production Pixel HPDs
28 Prepare specs/invite tenders
29 Place anode assembly orders
30 Anode production and testing
31 Place tube order
32 Tube production and testing
33 Assemble and Test Supermodules
34 Photodetector Assembly completed
35 Off Detector Electronics
36 HPD interface Board
37 Specification of test board completed
38 Design and Prototyping
39 Prototype completed
40 Specification of board for final chip
41 Pre-production prototype design/test
42 Pre-production prototype completed
43 Production/Testing of modules
44 Production Testing completed
45 Level-1 Electronics
46 Specification completed
47 Design and Prototyping
48 First prototype ODE/TTC/DCS completed
49 Preproduction prototype completed
50 Production/Testing of modules
51 Production/Testing completed
52 Alignment System Development
54 DAQ
56 Slow controls
58 RICH-1 Construction
59 Review design and detail
60 Vessel and support
61 Gas System
62 Mirrors
63 Aerogel
64 Alignment System
65 Prototype Beam test
66 Complete beam test
67 RICH-2 Construction
68 Review design and detail
69 Vessel and support
70 Gas System
71 Mirrors
72 Alignment System
73 Magnet Installation/Commissioning
74 RICH Assembly/Commissioning
75 RICH-1 Installation/Assembly/Commissioning
76 RICH-2 Assembly
77 RICH-2 Installation/Commissing
78 Ready for LHCb Data Taking

31/12

01/01

25/12

31/12

01/04

30/09

30/06

01/05

29/12

01/09
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Figure 71: Schedule of RICH project, up to start of LHCb data taking in mid-2005
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and testing. The situation will be reviewed at
the end 2000 milestone date, when more in-
formation on the status of the pixel chip and
on the bump-bonding process will be available.
Options to be considered at this time would in-
clude pursuing the HPD, with a revised sched-
ule, or changing over to the backup MAPMT
technology.

6.4 Costs

The total cost for the RICH detector system is
estimated to be 7677 kCHF. Costs are shown
in Tables 18 and 19, separately for RICH1 and
RICH2. Where appropriate, spares have been
included. More than 70% of the total cost es-
timate is based on quotes from industry or re-
cent purchases of similar items (e.g. mirrors
and quartz plates by the COMPASS collabo-
ration).

6.5 Division of responsibilities

Institutes currently working on the LHCb
RICH project are: CERN, Universities of Bris-
tol, Cambridge, Genova, Glasgow, Edinburgh,
Milano, Oxford, Imperial College (London)
and the Rutherford Appleton Laboratory.

The sharing of responsibilities for the main
RICH project tasks is listed in Table 20. It
is not exhaustive, nor exclusive. For exam-
ple software is clearly a major task, where it is
understood that the RICH group is responsible
and will have the resources (8 FTE) to provide
all RICH specific software, for DAQ, monitor-
ing, reconstruction, pattern recognition, and
Level-3 trigger algorithms. The responsibili-
ties for the MAPMT as specified in the Ta-
ble are limited to maintaining its viability as a
backup, until the HPD satisfies the milestones.
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Table 18: RICH1 project costs (kCHF).

Item Unit Number sub-total
of units (kCHF)

Mechanics: 629
Vessel superstructure m3 5
Spherical mirror m2 3
Mirror support structure module 1
Photodetector support module 4
Quartz window m2 1.5
Aerogel litre 50

Photodetectors: 1473
Vacuum tube piece 184
Ceramic carrier piece 184
Silicon sensor piece 184
F/E chip piece 184
Anode assembly (incl bump bond) piece 184
Silicon bias supply module 28
HV supply module 28

Electronics: 537
Adapter board board 92
L0-Trigger/clock links link 92
L0-L1 data links link 368
L0 reference module module 2
L1 boards board 23
L1-Trigger/clock links link 23
L1-RU data links link 23
Readout Units module 7
Crates crate 2
power supplies/cables piece 28

Services: 365
Freezer module 1
Compressor module 1
Storage tank module 1
Tubing, instr/high pressure system 1
Tubing, instr/low pressure system 1
Programmable controllers system 1
Optical alignment system system 1
Gas system monitoring system 1
Refractive index monitoring system 1

RICH1 TOTAL 3004
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Table 19: RICH2 project costs (kCHF).

Item Unit Number sub-total
of units (kCHF)

Mechanics: 1204
Vessel superstructure m3 100
Spherical mirror m2 9.2
Plane mirror m2 7.6
Mirror support structure module 4
Photodetector support module 2
Quartz window m2 2
Magnetic shielding tonne 22

Photodetectors: 2290
Vacuum tube piece 288
Ceramic carrier piece 288
Silicon sensor piece 288
F/E chip piece 288
Anode assembly (incl bump bond) piece 288
Silicon bias supply module 36
HV supply module 35

Electronics: 814
Adapter board board 150
L0-Trigger/clock links link 150
L0-L1 data links link 574
L0 reference module module 2
L1 boards board 36
L1-Trigger/clock links link 36
L1-RU data links link 36
Readout Units module 11
Crates crate 2
power supplies/cables piece 36

Services: 365
Freezer module 1
Compressor module 1
Storage tank module 1
Tubing, instr/high pressure system 1
Tubing, instr/low pressure system 1
Programmable controllers system 1
Optical alignment system system 1
Gas system monitoring system 1
Refractive index monitoring system 1

RICH2 TOTAL 4673
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Table 20: RICH project: Sharing of responsibilities

Task Institutes
Photon detectors:

Pixel chip design, production CERN
Pixel chip testing CERN, Glasgow
HPD production CERN
Photodetector test facilities Edinburgh, Glasgow
MAPMT backup (<2001) Edinburgh, Genova, Oxford

Readout Electronics:
Design, production Cambridge, Oxford
Testing Cambridge, Oxford
DAQ interface Cambridge, CERN, Oxford

RICH1 Mechanics:
Project management Imperial
Vessel and superstructure Imperial
Mirror support, engineering and manufacture Bristol
Mirror procurement, characterization and testing Bristol, CERN
Photodetector mount Imperial

RICH2 Mechanics:
Project management CERN
Vessel and superstructure RAL
Mirror support, engineering and manufacture CERN
Mirror procurement, characterization and testing CERN, Milano
Photodetector mount Genova
Overall magnetic shield Milano

Radiators:
Gas systems CERN
Aerogel Milano

Experimental Area Infrastructure CERN
Monitoring, Control, Alignment:

Design, production CERN, Edinburgh, Milano, RAL
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A Back-up Photodetector

A.1 Multianode photomultiplier

The multianode photomultiplier tube
(MAPMT) consists of an array of square
anodes each with its own metal dynode chain
incorporated into a single vacuum tube. The
most dense pixelization available, 8× 8 pixels,
provides the spatial resolution required for
the LHCb RICH detector. Figure 72 shows
a schematic of the MAPMT. The dynode
structure is separated into 64 square pixels
of 2.0 × 2.0 mm2 area, separated by 0.3 mm
gaps.

The 64-pixel MAPMTs are commercially
available and have been tested by LHCb in
1998 [22]. Since then the manufacturer, Hama-
matsu, has provided some modifications which
better match our specifications. The MAPMT
R7600-03-M6420 has a 0.8 mm thick UV-glass
window with a semi-transparent photocathode
deposited on the inside. Light transmission
through the UV-glass window extends down
to a wavelength of 200 nm. The photons
are converted into photoelectrons in a Bial-
kali photocathode. The quantum efficiency of
the MAPMT, measured by Hamamatsu, has
a maximum of 22% at 380 nm. For each
pixel the photoelectrons are focused onto a
12-stage dynode chain and multiplied through
secondary emission. The mean gain of the
MAPMT is about 3 × 105 when operated at
a voltage of 800 V.

The geometrical coverage of the MAPMT,
i.e. the ratio of the sensitive photocathode area
to the total tube area including the outer cas-
ing is only ∼ 48%. This fraction can be in-
creased by placing a single lens with one re-
fracting and one flat surface in front of each
MAPMT [75], as shown in Fig. 73. In the thin
lens approximation a single refracting surface
with radius-of-curvature R has a focal length

20With respect to its predecessor, the R5900-00-M64,
the borosilicate window is replaced by a UV-glass win-
dow which increases the integrated quantum efficiency
by 50%. In addition, a flange of 1 mm size around the
MAPMT is removed, thereby improving the packing
fraction by 14%.

Figure 72:
Sketch of a multianode photomultiplier tube.

d
f

Multianode PM

Active areaLens

Light

Figure 73:
Schematic view of lens system, in front of
the close-packed photomultipliers (side view).
The focusing of normally incident light is illus-
trated. The full aperture of the lens is focused
onto the sensitive area of the MAPMT.
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Figure 74: A schematic of the beam test setup.

f = R/(1 − 1/n) where n is the refractive in-
dex of the lens material. If the distance d of the
refracting surface to the photocathode is cho-
sen to be equal to R the demagnification factor
is (f − d)/f ≈ 2/3. Over the full aperture of
the lens, light at normal incidence with respect
to the photodetector plane is focused onto the
photocathode, thus restoring full geometrical
acceptance.

A.2 Tests of the MAPMT

The results of the extensive R&D programme
carried out for the MAPMT over the last two
years are summarized here. More details can
be found in references [76, 22].

A.2.1 Cluster test with lenses

Single MAPMTs and an array of 3 × 3
MAPMTs have been tested in the full-scale
RICH1 prototype, shown in Fig. 74, in a beam
at the CERN SPS facility. The cathode volt-
age was set at −1000 V. Quartz lenses with
a radius of curvature of 25 mm and maximum
height 24 mm were mounted onto the front face
of each MAPMT to focus the Cherenkov light

onto the sensitive area of the tubes. The ves-
sel was filled with gaseous CF4 at a pressure of
700 mbar, giving an expected Cherenkov an-
gle of 26 mrad for highly relativistic particles.
Measurements were taken with a 120 GeV/c
π− beam at intensities of typically a few 104

particles per spill of the CERN SPS cycle.
The main aim of the tests was to demon-

strate that the MAPMT is a viable photo–
detector for the LHCb RICH system. These
tests fall into three main areas:

1. Demonstration of the performance of the
MAPMTs, both individually and in an
array, with and without lenses;

2. Operation with pipelined read–out elec-
tronics, compatible with the LHC 25 ns
bunch crossing interval and partially sat-
isfying the requirements of the LHCb
trigger and read–out architecture;

3. Testing the functionality of the tubes in
a real detector environment, i.e. the ef-
fect of charged particles traversing the
tubes and the lenses, and the impact of
magnetic fields on the performance of the
tubes (with and without shielding).
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Further tests of tubes and the electronic
read–out were performed using LED scanning
facilities. The MAPMTs were protected from
extraneous light by a dark box housing. The
light source used was a blue 470 nm LED with
a maximum luminosity of 1000 mcd and a view
angle of 15◦. The pulsing of the LED was per-
formed using a FET circuit which provided a
switching rate of 10 kHz with a pulse dura-
tion of approximately 10 ns. The LED was
mounted externally and coupled into the dark
box using a monomode fibre giving a spot size
of 50 µm. The MAPMT and the fibre tip
were both mounted on a motorised stage. The
stages could be positioned with a resolution
better than 5 µm which allowed precise scans
over the MAPMT acceptance. A stepper mo-
tor driver, interfaced to a PC, was used to con-
trol the stages.

A.2.2 Fast readout

The tests involving individual MAPMTs were
performed using a read-out chain of CAMAC
amplifiers and ADCs [22]. The pipelined elec-
tronic read-out system is shown schematically
in Fig. 75. The nine MAPMTs were mounted
onto a bleeder board, which provided the me-
chanical support and dynode chain resistor
network for up to 16 MAPMTs in a 4 × 4 ar-
ray. The board also adapted the MAPMT an-
ode feedthrough pitch of the 1024 data chan-
nels to the Pin Grid Array (PGA) pitch of the
kapton cables which then coupled the output
signal channels to the front-end boards. Each
front-end board multiplexed the analogue sig-
nals from one or two MAPMTs and was the
carrier for the front-end ASIC (Amplification-
Specific Integrated Circuit), the APVm [78].
The APVm shaped, amplified, buffered and

multiplexed the input signals. The front-end
boards included an AC-coupler fan-in made
from a ceramic base. The large signals from
the MAPMT have to be attenuated by about
a factor of ten to be within the dynamic range
of the APVm. The front-end boards were
then coupled to a single interface board, which
fanned-out the power, the trigger signals, the

Figure 75: A block diagram of the electronic read-
out and data acquisition systems. The components
within the dashed box were in the experimental
area.

clock and the Philips I2C control signals [79]
for the APVm. The analogue pipeline sig-
nals from the APVm and the accompanying
output data synch were routed directly to the
Front-End Digitiser (FED) and the rest of data
acquisition system. The control of the front-
end ASIC was performed using the outputs
of the SEQSI programmable front-end con-
trol module [80]. The six APVm ASICs each
produced an analogue data output which was
digitised using the Front-End Digitiser (FED).
The FED is a PCI Mezzanine Card (PMC)
which was fixed to a VME based mother-board
and processor unit21. The FED PMC was a
prototype module for the read-out of the CMS
inner tracker [56]. The front-panel of the CMS
FED PMC has 8 analogue input data channels,
a trigger and a clock input. The data from the
front-end boards were both level shifted and
amplified, to fall within the dynamic range of
the Flash ADCs (FADCs) on the FED PMC,

21CES RIO, model No. 8061.
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Figure 76: Cherenkov ring from a CF4 gas radiator at a pressure of 700 mbar, using MAPMTs with
(right-hand plot) and without (left-hand plot) quartz lenses mounted in front of the tubes. The common-
mode noise has been subtracted, and cross-talk due to the electronics chain has been corrected for.

by a separate level-changing board.

A.2.3 Detection efficiency

The data taken with the array of 3 × 3
MAPMTs and the pipelined read-out electron-
ics have been analysed as follows. A common-
mode baseline variation in all pixels of a front-
end board has been subtracted on an event-
by-event basis. With the pipelined read-out
electronics cross-talk was observed. Using
LED runs this cross-talk has been investigated
and several sources were identified. Within
the APVm chip neighbouring sample channels
have an asymmetric cross-talk. Pixel x induces
a signal in pixel y but not vice-versa. This
cross-talk is large (pulse-height ratio r ∼ 0.33).
It is present only in some channels, with repet-
itive patterns, and its occurence varies for the
different front-end boards. A symmetric cross-
talk was also observed (r ∼ 0.15) in neigh-
bouring channels at the APVm input which is
attributed to the ceramic fan-in. No cross-talk
has been observed when a tube is read out with
the CAMAC based electronics thus confirming
that the above effetcs are entirely generated in
the electronic read-out.

To count the number of observed photo-
electrons npe the pulse height of a signal is re-
quired to exceed the pedestal by 5σ where σ
is the standard deviation of the pedestal peak.
Cross-talk is removed by rejecting signals in
a pixel if there is a larger signal in one of its
cross-talk partner pixels. Genuine double hits
are lost by this procedure and npe is corrected
for it. The integrated signals of two runs (of
6000 events each) are shown in Fig. 76, one
with and one without the lenses in front of
the MAPMTs. The Cherenkov ring is clearly
visible and the effect of the lenses is nicely
demonstrated. The gain in npe by employing
the lenses is 45%. The background is small
and is estimated from the pixels away from the
Cherenkov ring. A few dead pixels are visible.
These are due to the electronics and do not
occur when using CAMAC electronics. The
number of observed signals is also corrected for
multiple photo-electrons arriving in one pixel.
The loss of the signal below the 5σ threshold
cut is not corrected for. It is estimated by fit-
ting the pulse height spectra to be about 9%.

The results for the photon counting are
given in Table 21 and compared with a full
Monte Carlo simulation. Checks have been
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With lens Without lens
Total 6.78 4.69
background 0.26 0.21
npe 6.51 4.49
Simulation 6.21 3.94

Table 21: Photon counting.

made by changing the cross-talk subtraction
method, and comparing different runs under
the same conditions. The systematic error on
npe is estimated to be about 5% of its value.
The statistical error is negligible. By calcu-
lating npe for the individual tubes, the quan-
tum efficiency is found to vary by about ±10%
for the different tubes. The results from the
single tube measurements with the CAMAC
read-out are in agreement with these results.
The Cherenkov angle resolution is in agree-
ment with the expectations.

A pulse height spectrum for the MAPMT
is shown in Fig. 77, measured with a light scan-
ning facility. The pedestal peak and the broad
signal containing mostly one photo-electron
are clearly visible. Comparing the width of the
single photon peak with its mean value yields
a lower limit of 3.7 for the gain at the first
dynode. This corresponds to a probability of
2.5% or less for no multiplication occurring at
the first dynode. The signal to pedestal width
ratio is 40:1. The loss of signal efficiency due
to the requirement that the signals have to ex-
ceed a level 5 σ above the pedestal value has
also been studied and is in agreement with the
value measured with the pipelined read-out.

The gain variations for the 64 different dyn-
ode chains within a tube are about a factor of
two with an RMS spread of about 30% about
the mean value. A degradation of the gain is
visible for the edge columns. This has been
investigated in detail by scanning across the
tubes in steps of 0.1 mm. The collection ef-
ficiency of the tube deteriorates towards the
geometric edge of these pixels and the overall
efficiency of the MAPMT is reduced by a few
percent. The pixel size as defined by the 50%
efficiency points of a pixel is 2.1 mm which is
a little larger than the 2.0 mm opening of the

Pulse Height  [ADC Counts]

E
nt

rie
s 

/ [4
 A

D
C

 C
ou

nt
s ]

MaPMT

Figure 77:
Single photon spectrum of an MAPMT pixel.

dynodes reported from the manufacturer.

A.2.4 Traversing particles

A few million events have been recorded us-
ing the CAMAC read-out where charged par-
ticles were traversing one MAPMT. Data were
taken with and without a quartz lens in front
of the tube and for different angles of the par-
ticle direction with respect to the axis normal
to the photo cathode. For small incoming par-
ticle angles the Cherenkov photons emitted in
the lens and in the photo cathode produce hits
in only about 7 to 9 pixels. Most photons
produced in the lens undergo total internal re-
flection. Only for angles around 45 degrees a
charged particle produces signals in about 20
to 30 pixels. These results are in agreement
with a simulation. Charged particles travers-
ing the MAPMT are thus a small and manage-
able background.

A.2.5 Magnetic field tests

The sensitivity of the MAPMT to magnetic
fields has been studied by placing a single tube
into a Helmholtz coil which can provide ax-
ial magnetic fields of up to 3mT. Using a
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LED light source, the efficiency of the tubes
has been measured for magnetic fields trans-
verse and parallel to the photodetector axis.
The MAPMT is measured to be insensitive to
transverse magnetic fields up to 3 mT. For lon-
gitudinal fields larger than 1mT, however, the
efficiency of the MAPMT deteriorates. This
loss occurs mostly in the two edge rows and
at 3 mT the collection efficiency is reduced
to 50 % with respect to no field. A square
Mu-metal tube of wall thickness 0.9 mm ef-
fectively reduces this efficiency loss. Measure-
ments have been made with a shielding tube
extending along the z-axis beyond the entrance
window of the tube by 13 mm and 32 mm, re-
spectively. At 32 mm extension the efficiency
is not affected by the magnetic field any more.
An estimate of the field strength required to
saturate this Mu-metal is around 30 mT. The
MAPMT can thus be effectively shielded with
a Mu-metal structure.

A.3 Implementation in RICH

A short summary of the implementation is
given here for the MAPMT back-up solution,
concentrating on the differences to the HPD
design. For a detailed description see [6].

The basic unit, called a module, consists
of an array of 4 × 4 MAPMTs and is shown
in Fig. 78. The 16 tubes are mounted onto a
mother-board which distributes the high volt-
age to the photocathode and the dynodes of
each tube and connects the 1024 anode chan-
nels of a unit to the front-end electronics (hy-
brid) which are mounted on the back of the
mother-board. The modules will be mounted
onto a square metal or carbon-fibre support
structure. The single quartz lenses in front
of each tube and the grid of Mu-metal sheets
will be made an integral part of the structure.
The MAPMTs must point towards the inci-
dent light. Thus the support structure will be
tilted and offset accordingly, and enclosed in
an aluminium frame. The outermost modules
only have to be partially equipped with tubes
to cover the sensitive area. Table 22 summa-
rizes the main geometrical parameters.

Figure 78: A 4 × 4 MAPMT module.

The front-end electronics of the MAPMT
is located on the back of the mother-board
(Level-0 interface board). This board also pro-
vides the mechanical support for the tubes and
distributes the high voltages to the dynode
chains of each tube. It feeds the 1024 sig-
nals lines from the 16 tubes mounted on the
front to the back and connects these with wire
bonds to the hybrids which contain the front-
end chips. The F/E electronics of the MAPMT
is analogue and based on the SCTA128, or the
BEETLE chip if it becomes available. Eight
front-end chips will read out the all tubes of
one module.

The gain of the MAPMT is 3 × 105 which
has to be attenuated to match the dynamic
range of the SCTA128 or the BEETLE chip.
An attenuation of about a factor of ten is nec-
essary. Three solutions are pursued: an at-
tenuator network integrated into the hybrid;
a modification of the preamplifier stage of the
F/E chip; or operating the MAPMT at lower
gain [77]. An average single photo-electron sig-
nal over pedestal width of 40:1 can be achieved
exploiting the low noise of the front-end chip.
One difference to the HPD option is the lo-

75



MAPMT Modules:
Module size [mm2] 109 × 109
Active/total area 0.79
Quadrants/Halfplane: RICH1 RICH2
Horizontal tilt [mrad] ± 440 ± 240
Vertical tilt [mrad] ± 125 0
Modules per row 5 6
Modules per column 5 11
Totals: RICH1 RICH2
Modules 100 132
Tubes 1480 2024
RICH totals:
Modules 232
Tubes 3504
Channels 224256

Table 22: MAPMT Geometry.

cation of the off-detector electronics (ODE).
For analogue signals, copper links will be used
between Level-0 F/E and Level-1 ODE. This
limits the distance between these to a length
of 12 m. The Level-1 electronics will require
receivers and ADCs for the front-end and will
need to be designed to tolerate problems due
to radiation, particularly single event upsets.
Access will be severely restricted.

A binary readout scheme for the MAPMT
will also be studied. This has several potential
benefits, including:

1. The use of fibre-optic links and the
radiation-hard fibre driver technology for
data transfer between Level-0 and Level-
1, as proposed for the HPDs.

2. Level-1 electronics in the counting room
facilitates access and commissioning.

3. Re-use of the expertise and designs de-
veloped for the HPD.

4. Simplified grounding.

In Table 24 a schedule for the MAPMT
back-up project is presented. The front-end
chip and the mother-board/hybrid are now the
most time-critical parts of the project. A few

Level-0 & Front-end chip
Modules / chips 232 / 1856
Channels per module 1024
Readout channels 237568
Multiplexing 32-fold
Data links to Level-1 7424
Level 1
Bandwidth (3% occupancy,
without/with zero suppr.) 85 / 7.7 Gbits/s
VME modules 78
Multiplexers 5

Table 23: MAPMT Electronics.

working mother-boards and hybrids plus front-
end chips are needed before the testing of large
quantities of MAPMTs can start. Of these
the mother-board/hybrid is the most serious
as there is little possibility of saving time. The
schedule of the front-end chip would be short-
ened if the MAPMT could be operated at lower
gain without the need of a redesign or attenu-
ator network (see Reference [77]). The test of
a RICH1 half-plane in the 2003 test beams at
CERN is also critical since the production and
testing of the final modules would not start be-
fore 1/2003. The ODE schedule would greatly
benefit with the binary readout option (for rea-
sons listed above).
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ID Name
1 Work to TDR
2 Photodetector Choice
3 Simulation of Detector Performance
4 Complete Simultion of Performance
5 Engineering Design
6 Complete Engineering Design
7 Prepare RICH TDR
8 Submit TDR
9 Choose Backup Photodetectors

10 Photodetector s
11 Prepare specs/invite tenders
12 Place  orders for Photodetectors
13 Test Photodetectors
14 Assemble and Test Supermodules
15 Photodetectors completed
16 Readout Electronics
17 MaPMT Front End Electronics
18 Test 40 MHz Read-out (APVm)
19 Design MAPMT specifics
20 Design multiplexing
21 Design completed
22 Fabrication of MAPMT prototype chip
23 Testing/ 2nd iteration redesign
24 Production of final chip
25 Test of final chip
26 Design of motherboard and hybrid
27 Production of motherboard and hybrid
28 Prototyping completed
29 Production/Testing of modules
30 Production Testing completed
31 Off Detector Electronics
32 Specification completed
33 Design and Prototyping
34 First prototype ODE/TTC/DCS completed
35 Preproduction prototype completed
36 Production/Testing of modules
37 Production/Testing completed

12/1

1/1

7/1

9/1
1/1

9/3

7/1

9/3

1/6

5/4

6/30

8/31
5/31

1/1

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3
1999 2000 2001 2002 2003 2004

Table 24: Project schedule for the MAPMT if it were to become the base-line photodetector, up to July
2004 when assembly of the RICH detectors will start at CERN.

77



References

[1] LHCb Technical Proposal, CERN/LHCC
98-4.

[2] LHCb Magnet Technical Design Report,
CERN/LHCC 2000-7.

[3] LHCb Calorimeters Technical Design Re-
port, CERN/LHCC 2000-36.

[4] C.Joram et al., “Proposal to use the
Pad HPD as Photodetector of the LHCb
RICH”, LHCb 2000–63 RICH.

[5] T.Gys et al., “The use of Pixel Hybrid
Photon Detectors in the RICH counters
of LHCb”, LHCb 2000–64 RICH.

[6] F.Muheim et al., “Proposal for Multi-
Anode Photomultiplier tubes as Photode-
tectors for the LHCb RICH”, LHCb 2000–
65 RICH.

[7] T.Ypsilantis and J.Seguinot, Nucl. Instr.
Meth. A 343 (1994) 30.

[8] J.Christiansen, “Requirements for the L0
front-end electronics”, LHCb 99–29.

[9] K.Wyllie, “Level 0 electronics for the
LHCb RICH” LHCb 2000-75 RICH.

[10] G.Wilkinson et al., “A simulation study
of the LHCb RICH performance”, LHCb
2000–66 RICH.
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