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Abstract
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1 Introduction
This paper reports results from a prototype

Ring Imaging Cherenkov (RICH) counter which uses
an array of hybrid photo-diode detectors (HPDs)
to detect the Cherenkov photons. This is a proto-
type of the upstream RICH detector of the LHCb
experiment [1]. The LHCb experiment is a single-
arm spectrometer, recently approved to run at the
CERN Large Hadron Collider. The data were col-
lected during the spring and summer of 1997 at the
CERN PS facility.

The LHCb experiment is designed to make
precision measurements of CP violation in B de-
cays. The experiment utilises two RICH detectors.
The upstream detector (RICH-1) covers polar angles
between approximately 25 and 330 mrad, and the
downstream detector (RICH-2) covers polar angles
between approximately 10 and 120 mrad. The RICH
detectors are crucial in providing charged π/K sep-
aration for particles with momenta between 1 and
> 100 GeV/c. The detectors reduce backgrounds in
selected final states, eg. B0

d → π+π−, B0
s → D±

s K∓,
hence minimising systematic errors on CP violation
measurements. They are also used to provide an ef-
ficient flavour tag of B mesons using kaons.

The RICH-1 detector [1, 2, 3] combines gas
and aerogel radiators to provide π/K separation
over the momentum range 1 − 65 GeV/c. The aero-
gel is placed against the entrance window, with a
second C4F10 gas radiator behind it. With a refrac-
tive index of n=1.03, a 5 cm thick slab of aero-
gel provides low momentum π/K separation up to
∼ 10 GeV/c. It gives an expected mean number
of ∼ 15 detected photoelectrons for a fully satu-
rated (β = 1) track. The C4F10 gas radiator (with
n=1.0014) is approximately 95 cm long, covers the
momentum range up to 65 GeV/c, and gives an ex-
pected mean number of detected photoelectrons of
∼55. A spherical mirror of focal length 1 m is com-
mon to both the gas and aerogel radiators. The mir-
ror is tilted by ∼ 250 mrad to reflect Cherenkov
photons out of the spectrometer acceptance and
onto the photodetector plane. The RICH-2 radiator
comprises approximately 180 cm of CF4 gas.

The LHCb RICH counters use arrays of pho-
ton detectors to observe the Cherenkov light. HPDs
are the chosen baseline option for the LHCb pho-
ton detectors as they provide large-area coverage,
whilst the silicon segmentation gives the necessary
detector granularity [4]. HPDs have low noise, a high
quantum efficiency and good single-photon sensitiv-
ity. However, when operated at 20 kV with a gain
of ∼5000, the signal charge resulting from one pho-
toelectron is relatively small. The devices used in
the tests reported here were manufactured commer-
cially by DEP1). They have an hexagonal array of
61 pixels. The pixels have an area of approximately

1) Delft Electronics Products BV, 9300AB Roden, NL.

2 × 2 mm2 which is the same as that proposed for
LHCb, but with a much smaller active photocathode
area of ∼ 190 mm2.

The aim of the prototype RICH tests de-
scribed here is to measure, in a realistic beam envi-
ronment, the following :

• The signal-to-noise ratio of the HPDs and
whether they are able to detect the relatively
small numbers of photons with an acceptable
efficiency.

• Photon yields from aerogel, air and C4F10 ra-
diators and to compare that observed with
expectations from theory and simulation. The
aim is to ensure enough redundancy to allow
robust pattern recognition in the full LHCb
RICH-1 detector.

• To reconstruct the Cherenkov angle, and un-
derstand the contributions to its measure-
ment resolution. The aim is to determine the
overall precision of the RICH so as to verify
the π/K separation performance of the LHCb
detector as a whole.

This paper presents detailed analyses of data from
the RICH-1 prototype and comparisons with simu-
lation. It is structured as follows. Section 2 briefly
describes the features of the RICH-1 prototype, its
electronic readout and accompanying silicon tele-
scope. Section 3 describes the data selection criteria
and photon detector performance whilst Section 4
describes the technique of geometrical alignment of
the individual elements. Details of the detector sim-
ulation are given in Section 5. An estimation of the
photon yields from aerogel and gas radiators are
described in Section 6. Section 7 presents the re-
construction of the mean Cherenkov angle for the
aerogel and C4F10 radiators, and contributions to
the angular resolution of these measurements. Fi-
nally, a summary is given in Section 8, including
plans for future work.

2 Experimental arrangement
This section briefly describes the experimen-

tal layout of the RICH-1 prototype detector. A full
description of the apparatus, and the detector con-
figurations used, can be found in [3].

The tests make use of two distinct geometri-
cal configurations of detector prototype, referred to
throughout as Configurations 1 and 2. Configura-
tion 1 is a 1

4 scale model of RICH-1. It is used with
a total of 5, and later 7, HPDs to study the photon
yield and Cherenkov angle resolution from aerogel
and the photon yield from gas radiators. Configura-
tion 2 is a full-scale prototype of the optical layout
of RICH-1 and is used to measure the Cherenkov
angle resolution with the C4F10 gas radiator. The
geometry and characteristics of the two configura-
tions are described below :

• Configuration 1 consists of a vessel of di-
mensions 800×600×600 mm. The vessel is
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aligned such that the beam passes through a
block of aerogel, followed by 400 mm of air or
C4F10 gas radiator. This is shown schemat-
ically in Figure 1. Cherenkov photons pro-
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Figure 1: Schematic layout of Configuration 1, the
1
4 -scale prototype RICH-1 vessel.

duced are reflected and focused by the mirror
onto an array of HPDs. These are mounted on
movable elements, placed 246 mm from the
mirror centre, at an 18o tilt relative to the
beam.

• Configuration 2 uses two extension tubes
to increase the active gaseous radiator length
of Configuration 1 to 1 m. The mirror focal
length is also increased to 1117 mm. The ge-
ometry is shown schematically in Figure 2.

A three-dimensional coordinate system is defined
for the purpose of reconstruction and alignment.
The origin of the orthogonal axes is defined to lie at
the point where the beam intersects the mirror sur-
face. The z-axis then lies along the beam direction,
pointing upstream. The x-axis is then defined to lie
in the horizontal plane in the direction of the de-
tector plane, with the y-axis pointing vertically up-
wards. The two detector configurations share com-
mon components which are :

• The radiators : Two types of silica aerogel
samples are used, both with areas of 110 ×
110 mm2 perpendicular to the input beam di-
rection. They are referred to here and in [3]
as samples 1 and 2, with thicknesses of 18 and
11 mm respectively2). Their optical transmis-
sions were measured in the laboratory and are
shown in Figure 3(d). The aerogel samples

2) Respectively manufactured by the KEK Laboratory,
Japan, supplied by J.Seguinot, Collège de France, and
by Matsushita Company, Japan, supplied by E. Nappi,

Beam

HPD's
2x scale

1117 mm
Focal  Length 
Mirror

1000 mm

C4F10

LHCb full-scale Prototype

z

x
y

Figure 2: Schematic layout of Configuration 2, the
full-scale prototype RICH-1 detector.

have nominal refractive indices of n ∼ 1.03,
and are positioned 425 mm upstream of the
mirror centre. Fits to the transmission curves
shown in Figure 3(d), both return a clarity
coefficient of 0.008 µm4/cm. The dimensions
of the air and C4F10 gas radiators in each con-
figuration are given in Table 1.

• The detector plane : The photodetec-
tor plane holds up to seven 61-pixel hy-
brid photo-diodes3), contracted from the DEP
company. These are run at a common acceler-
ation voltage of between 10 and 12 kV during
normal operation [3]. The detectors are read
out individually using VIKING VA2[5] ampli-
fiers with a shaping time of ∼1.2µs. The de-
tectors and their electronics are mounted onto
a plate where, after initial alignment, their
(x, y) positions and rotation angles are fixed.
The orientation and numbering of the HPDs
on the detector plane is indicated in Figure 4.
Filters are placed over some of the HPD input
windows to restrict the detected wavelength.
In these tests, borosilicate glass and mylar fil-
ters are used.

• The mirrors: These are mounted on the
backplate of the vessel and held on three mi-
crometer screws. They are adjusted to align
the Cherenkov ring image onto the centre of
the detector plane. The focal lengths of the
mirrors used in each detector configuration
are given in Table 1.

University of Bari, Italy.
3) A product issuing from a collaborative development

project with INFN (Italy) and Southampton University
(UK), with funding from the European Union.

2



0

20

40

60

80

100

200 400 600 800
Wavelength, λ, in nm

F
ilt

er
 tr

an
sm

is
si

on
 (

in
 %

)

Glass

Mylar

0

20

40

60

80

100

200 400 600
Wavelength, λ, in nm

M
irr

or
 r

ef
le

ct
iv

ity
 (

in
 

%
)

Mirror 1

Mirror 2

Mirror 3

0

10

20

30

40

50

200 400 600 800
Wavelength, λ, in nm

Q
ua

nt
um

 e
ffi

ci
en

cy
 (

in
 %

)

Mean HPD

0

20

40

60

80

100

200 400 600 800

Matsushita

KEK

Fit

Wavelength, λ, in nm

A
er

og
el

 tr
an

sm
is

si
on

 (
in

 %
)

Figure 3: (a) Transmission characteristics for glass
and mylar, (b) mirror reflectivity, (c) HPD detec-
tor quantum efficiency and (d) measured and fitted
aerogel transmission curves as funct ion of wave-
length.

• The gas circulation system : The RICH
vessel is connected to a gas recycling and pu-
rification system [3] that cycles C4F10 gas ap-
proximately once every hour. For these tests,
a slight overpressure is maintained.

Quantity Value
Mirror-to-beam Angle 18 (±2)o

Mirror Focal Lengths :
Configuration 1 236 (±2) mm
Configuration 2 1117 (±10) mm
Mirror-to-detector distance :
Configuration 1 245 or 250 mm
Configuration 2 1143 (±4) mm

Table 1: Measured global geometry parameters for
the three RICH configurations.

The prototype RICH vessel was sited in the CERN
T9 beam, which is a secondary beam derived from
extracted PS protons, and provides charged par-
ticles of either polarity. Particle momenta from
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Figure 4: An event display shown on the front face of
the detector plane of HPDs indicating the 7 detector
positions. The ring is due to photons emitted in the
C4F10.

2 → 15.5GeV/c are available. The particle type (e,
π, K, p) can be separated using a CO2 threshold
Cherenkov counter, installed 30 m upstream of the
prototype.

Incident beam particles are selected using two
upstream and two downstream scintillation coun-
ters. The last two are placed 4 m apart and the
smallest scintillator (4 × 4 mm2) defines the ac-
cepted beam size and an expected beam divergence
of not more than 3 mrad. Scintillators 1 and 4 are
50 × 50 mm and cover the whole beam. The read-
out is triggered by the four scintillation counters
in coincidence. During a typical extraction pulse of
200ms duration, 5 × 103 beam particles enter the
detector volume, resulting in ∼ 30 triggers.

In Configuration 2, the beam trajectory is
measured using a silicon telescope. This consists of
three planes of silicon-pad detectors. Each plane has
22×22 pads, with pad dimensions 1.3 × 1.3 mm2.
The planes are placed upstream of the prototype
and separated by approximately 1 m. The purpose
of the telescope is to allow event-by-event track di-
rection measurement from which the Cherenkov an-
gle can be more precisely measured, giving a beam
trajectory uncertainty of approximately 0.38 mrad.
This assumes perfect geometrical alignment, and is
discussed later in Section 4. Analogue signals from
this detector are read out using the same digitiser
as the HPDs, as described in [3].

3 Data selection criteria
On receipt of a trigger signal, the charge ac-

cumulated on each pixel of each HPD is read out,
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Figure 5: Signal-to-noise ratios for a subset of the
HPD detector channels.

digitised by an ADC and written to disk. Events are
then selected for data analysis by simply requiring
that there is at least one “hit pixel”. The thresh-
old for a hit pixel is defined by requiring that the
recorded ADC value for that channel lies more than
a certain number of pedestal sigma4) away from the
pedestal mean. These thresholds are determined for
each channel separately, and are calculated using
dedicated pedestal runs which are interleaved be-
tween data-taking with beam.

The choice of threshold (or sigma cut) is pri-
marily determined by the signal-to-noise response
of the HPDs. The signal-to-noise of each pixel is de-
termined by measuring the photon peak separation,
from spectra obtained from dedicated runs with a
pulsed LED, and comparing it with the width of
the measured pedestal distribution. The results for
approximately 1

3 of the total channels are shown
in Figure 5. The projection of this distribution is
shown in Figure 6 and yields a mean of 5.7 and a
spread of 0.6 for 181 pixels on 5 HPDs. The sta-
bility of the noise pedestals, observed over several
weeks at a time, indicates that, for the majority of
channels, any change in pedestal width with time
is less than 7% of a typical photoelectron signal.
In addition, 3% of the channels were dead due to
the readout electronics and 0.7% noisy due to high
leakage currents in the silicon.

The value used for the sigma cut on hit pixels
is analysis dependent. It represents a compromise
between the efficiency of photon selection and the
purity of the sample obtained. Typically a 3 sigma

4) The sigma is defined as being the standard deviation from
a Gaussian fit to the pedestal distribution.
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Figure 6: Distribution of channel-by-channel signal-
to-noise ratios for a subset of the HPD detector
channels.

cut results in an efficiency of ∼ 85% for selecting
signal photons, with a small background due to elec-
tronic noise. Cuts at 4 or 5 sigma are significantly
less efficient but are effectively free of background.
Variation of this selection is used to estimate sys-
tematic uncertainties.

The threshold Cherenkov detector is also used
to estimate systematic uncertainties by selecting
varying beam compositions. This is achieved by
setting a threshold which determines the accepted
kaon and antiproton contamination. The silicon
telescope planes have a signal-to-noise ratio better
than 20 : 1, and so a simple cut is made to select
these with negligible contamination from noise.

4 Alignment of the silicon telescope
The beam telescope is used to provide an

event-by-event track direction for the Cherenkov
angle reconstruction. To achieve this, the alignment
uncertainty of the telescope must be significantly
less than 0.4 mrad with respect to the RICH vessel.

Internal alignment of the telescope is achieved
by selecting events with precisely one hit in each
plane and studying fit residuals with respect to a
straight line. External alignment is performed using
events with ≥ 2 detected photons in the RICH. For
measured track slopes (mx, my) different from their
true values :

mtrue
x = mx + δmx , and mtrue

y = my + δmy . (1)

then a shift of the measured Cherenkov angles is
induced. By minimising the spread in the measured
Cherenkov angles, as a function of (δmx , δmy), their
optimum values are determined as shown in Fig-
ure 7. The values of δmx and δmy which minimize
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Figure 7: Variance of the measured Cherenkov an-
gles as a function of the constant offsets, δmx and
δmy, applied to the gradient of the silicon telescope
beam vector.

the average variance < σ2(θ1, θ2, ..., θnγ ) > are of
the order of ±1 mrad, and are used to correct
the event-by-event beam direction determined from
telescope data.

5 Simulation of the RICH-1 prototype
The RICH-1 prototype configurations are sim-

ulated to allow detailed comparisons of expected
performance with data. The simulation is also used
in the design of the prototypes themselves, to calcu-
late the optimal position of the detector plane from
the mirror. The program simulates photon emis-
sion in the radiators and assigns each a wavelength,
Cherenkov angle and point of emission. Photons are
then ray-traced to the HPD detectors and assigned
to a hit. The program incorporates the following
physical effects :

• Beam trajectory and composition : For
each event, an input beam direction and posi-
tion is defined according to the acceptance of
the trigger scintillators. The input particle is
defined to be either a π−, e− or K− in ratios
of the real beam composition. The PS beam
delivers particles with a given, fixed momen-
tum to within ±1%. The spread in momentum
is also included in the simulation.

• Photon Generation and Chromatic
Aberration : Photons emitted in the radia-
tor are assigned an energy distribution rang-
ing from 1.5 eV to 7.3 eV according to the
relation :

dNγ

dE
= 370 sin2 θCL

where θc is the Cherenkov angle, L is the ra-
diator length in cm [4]. The dispersion of the
refractive index is parameterised in the simu-
lation by the Lorentz-Lorenz equation [6] :

n(E)2 =
1 + 2cf(E)
1 − cf(E)

(2)

where :

c =
4πaρNA

2M
= 0.3738 cm3 ρ

M
(3)

f(E) =
F1

G2
1 − E2

+
F2

G2
2 − E2

(4)

and ρ is the density of the medium, M is
molecular weight, E is the photon energy and
F and G are Sellmeir coefficients. The latter
are derived quantities, examples of which are
tabulated in reference [7]. In the simulation,
air is approximated by nitrogen, aerogel by
quartz [4] (scaled by their relative densities)
and C4F10 by C2F6 [8] scaled to fit measured
data [9]. Figure 8 shows the simulated be-
haviour of the refractive indices for aerogel
and C4F10 with respect to the wavelength of
the emitted photon. Finally, the Cherenkov
angle is generated with a uniform azimuthal
angular distribution.

• Emission Point & Beam Trajectory Un-
certainty : In the LHCb RICH-1 counter,
the mirror is split and tilted to direct the
ring images out of the detector acceptance [1].
This introduces a photon emission point error.
When reconstructing the Cherenkov angle, it
is necessary to assume an emission point for
the photons, which is taken to be the mid-
point of the radiator.
The beam trajectory uncertainty is assumed
to be either determined by the trigger scintil-
lator acceptance in the absence of the silicon
telescope, or that determined by the silicon
telescope pixel size and the nominal (0, 0,−1)
simulated beam direction is smeared accord-
ingly.

• Ray tracing : Each photon is individually
traced through the prototype geometry. The
photon trajectory is modified by refraction at
the gas/aerogel boundary, reflection from the
mirror surface, absorption by the walls of the
chamber or Rayleigh scattering in the aero-
gel. The chromatic dependence of the mirror
reflection and transmission properties of the
aerogel are used as measured, and are shown
in Figures 3(b) and 3(d).

• Simulation of the HPD : The quantum ef-
ficiency of the HPD photocathode, as a func-
tion of photon wavelength, is supplied by the
manufacturer and shown in Figure 3(c). From
these data the simulation determines whether
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Figure 8: Parameterisations of the refractive index
of aerogel and C4F10 versus photon wavelength, as
used by the simulation program described in the
text. Datapoints shown are from [9].

a photoelectron is produced. The simulation
incorporates an 18% probability of a back-
scattered electron being released from the sil-
icon [10]. If a back-scattered electron is re-
leased, its flight path is calculated, assuming a
uniform accelarating field of the HPD, and its
new hit position recorded. Random electronic
noise is also added to agree with observations
in data.

• Pressure Variation of the Gas Radia-
tor : The C4F10 gas recirculation system con-
trols the pressure to approximately ±20 mbar
which leads to a periodic variation in the
measured Cherenkov angle of approximately
0.7 mrad. This variation can be reduced sub-
stantially by deactivating the circulation sys-
tem. This effectively decreases the rate of
change of pressure, and allows measurements
to be made over longer periods of time with
greater stability.

An event display program is used to visualise the
results of simulation and data events. An example of
simulated events in RICH Configuration 2 is shown
in Figure 9.
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Figure 9: Event display showing the superposition
of simulated events as in Configuration 2. The x
and y axes are in units of mm.

Contributions to the Cherenkov angle reso-
lution for RICH Configuration 2 with a C4F10 gas
radiator are shown in Figure 10. Assuming an emis-
sion point for the photons to be the mid-point of the
radiator induces a systematic contribution to the
Cherenkov angle resolution shown in Figure 10(a).
The effect of chromatic aberration is to induce a
spread in the reconstructed values of θc, and this
contribution is shown in Figure 10(b). If in the re-
construction it is assumed that the beam particle
follows the nominal trajectory, this results in an ad-
ditional contribution to the Cherenkov angle resolu-
tion shown in Figure 10(c). Finally, the finite pixel
size (2×2 mm2) affects the reconstructed Cherenkov
angle, as indicated in Figure 10(d). Here the pre-
cise nature of the modulation of the θc distribu-
tion depends critically on the relative orientations
of the Cherenkov ring relative to the line of the pix-
els in the HPD hexagonal structure. The effects of
this contribution are simulated, however the pre-
cise alignment of the photon detectors relative to
the ring remains a potential source of discrepancy
between data and simulation. Results are averaged
over compatible HPDs, in different orientations, in
order to minimise this uncertainty.

The magnification of the incident position of
photons arriving at the photocathode is measured
to be 1.06 from laboratory studies using a scan-
ning LED, and is included in the simulation. Fi-
nally, background signals from electronic noise are
included in the simulation by smearing the expected
photoelectron signal with a Gaussian whose sigma is
determined by the pedestal width observed in data.
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Figure 10: Plots showing examples of reconstructed
C4F10 Cherenkov angles when different contribu-
tions to the error are isolated in the simulation:
(a) Emission point uncertainty only; (b) Chromatic
aberration of the photons; (c) the particle position
and direction uncertainty and; (d) the error due to
the finite pixel size of 2 × 2mm2.

6 Estimates of the photon yield
The number of detected photoelectrons per

event is determined for various gas and aerogel ra-
diators, using different filters. Two aerogel samples
are studied, together with air and C4F10 gas radi-
ators. Three filter configurations are tested. Either
no filter is applied, or a glass or mylar filter is placed
in front of the quartz input window of the HPDs.

Two complementary analyses are employed,
which allow estimation of systematic uncertainties
due to different methods of background subtraction,
photon counting and efficiency corrections. The rel-
evant features of the two analyses are briefly sum-
marised here :

• Analysis 1 - Hit pixels are defined to be
those with an ADC count which is greater
than three pedestal sigma above the mean
pedestal value for that channel. A correction
is made to the observed raw photon rate when
comparing with simulation, to take into ac-
count the number of signal photons which lie
below this cut. This correction depends on
the signal-to-noise of each channel and is es-
timated to represent a 15 ± 5% loss of signal
when averaged over all channels. The num-
ber of photons detected on an active pixel is
estimated using a series of intervals for each
pixel, which are determined using the posi-
tions and widths of the multiple peak po-
sitions observed in LED calibration spectra.
Photon counts are only accepted if they lie

inside a signal region, defined to be within a
three pixel border around the arc observed on
a given HPD. This allows the remainder of the
detector region to be used to estimate back-
ground rates. These are estimated assuming
that the background distribution is uniform
over the whole HPD area. For gas radiators,
the background correction is small, typically
∼ 5%, whereas for aerogel samples it is large,
between 25 and 40% depending on the filter
configuration used, since the photon density
is lower in this case.

• Analysis 2 - Multiple Gaussian fits are made
to the observed pulse-height spectra on each
pixel channel for ADC counts above a four
sigma pedestal cut. By integrating the area
under the signal Gaussians, and normalising
to the number of recorded triggers, the num-
bers of photoelectrons per pixel per event
are determined according to Poisson statis-
tics. From these the total number of photo-
electrons seen in all HPD’s per event is ob-
tained. Hence this analysis has no explicit
background subtraction, but rather includes
Rayleigh scattered photons and counts from
backscattering in the total. As a consequence
of the more stringent pedestal cut, contribu-
tions from electronic noise are assumed to be
negligible.

Both analyses rely on simulation to correctly model
the efficiency for detecting the expected number of
signal photons. Analysis 1 does this explicitly, cor-
recting the observed rate in data using factors de-
termined from simulation. The second method in-
cludes such corrections implicitly when comparing
results with simulation and assumes that the effi-
ciencies in data and simulation are the same. Two
sets of corrections are necessary. Firstly, a correc-
tion for the optical properties of the testbeam pro-
totype, takes into account the measured values of
refractive indices, aerogel clarity, transmission and
reflection curves as described in Section 5. Secondly,
a geometric correction is applied which takes into
account losses coming from the partial detector cov-
erage of the aergoel, air and C4F10 rings. In config-
uration 1 these geometric efficiencies are 15% and
25% for 5 and 7 HPDs respectively for aerogel. This
correction is 25% for the C4F10 ring with 7 HPDs
in both configurations.

6.1 Results from photon yield analyses
As a result of the differing Cherenkov ring

radii from different radiators and experimental con-
figurations, the number of HPDs which are used to
determine the photon yield for each type varies. The
layouts are specified in Table 2. The results from
Analysis 1 for each of the above layouts are shown
in Table 3 where they are also compared with re-
sults from simulation under the same conditions.
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Layout Radiator Filter Config. No. of
HPDs

1 Air None 1 1
2 C4F10 None 1 1
3 C4F10 None 2 4
4 C4F10 Mylar 2 2
5 Aerogel 1 None 1 4
6 Aerogel 1 Glass 1 4
7 Aerogel 1 Mylar 1 6
8 Aerogel 2 Glass 1 4

Table 2: Summary of the different detector, opti-
cal and radiator configurations used to study the
photon yield.

Similarly, results from Analysis 2 are summarised in

Layout Raw Backgnd. Efficncy. Observed
Predicted

Corr. Corr.
1 4.92 4.56 4.80 0.90
2 7.85 7.49 34.80 1.02
3 12.83 12.77 89.46 1.05
4 1.78 1.76 24.66 1.46
5 1.79 1.31 11.39 0.73
6 1.14 0.75 6.52 0.92
7 1.34 0.81 3.71 0.64
8 0.85 0.52 4.52 1.10

Table 3: The observed, background & efficiency cor-
rected, and expected number of detected photoelec-
trons for the various radiator and filter configura-
tions determined using Analysis 1.

Table 4. Due to differences in the numbers of pixels

Layout Observed Observed Mean Observed
Predicted

Predicted (Anal. 1 & 2)
1 5.06 0.88 0.89
2 7.15 1.01 1.02
3 12.42 1.10 1.08
4 1.85 1.39 1.42
5 1.80 0.67 0.70
6 1.18 0.95 0.94
7 1.45 0.90 0.77
8 0.83 1.15 1.12

Table 4: Observed and expected numbers of de-
tected photoelectrons for the various radiator and
filter configurations determined using Analysis 2.
The final column indicates the mean of the two anal-
yses for the ratio of Observed/Predicted numbers of
photoelectrons.

used and in the pedestal selection between the two
analyses, it is not possible to compare directly the
raw numbers of observed photons for each layout.
Instead, the combined ratio of number of photons

observed to that predicted is averaged for the two
methods and are given in the final column of Ta-
ble 4.

6.2 Systematic uncertainties
Results from the two analyses show general

agreement. Larger systematic errors are expected
for aerogel radiators due to the lower number of
photons detected per event and the relatively large
background. The differences in the ratio of ob-
served to predicted photon yields which exist be-
tween the analyses, are used to assign a systematic
uncertainty. The systematic errors are determined
in terms of their effect on the mean ratio of ob-
served to predicted photon yields and are ascribed
as follows :

• Photon counting - There are clearly sub-
stantial correlations between the two analy-
ses, hence the full size of the differences is
taken as the error on the mean ratio. These
vary from run to run, but on average are 4%
for the gas data and 10% for the aerogel data.

• Pedestal cut - A contribution of 5% is
added to cover the uncertainty in the effect of
the pedestal cut. This error is conservatively
assigned to all samples, although in principle
it is less for the gas rings, where the fraction
of hit pixels with two or more photoelectrons
is significant.

• Refractive indices - There is an uncer-
tainty in the prediction due to imprecise
knowledge of the refractive indices. It is im-
portant to note that variations in the number
of produced photons with changes in refrac-
tive index, are anticorrelated with the change
in geometric acceptance. Therefore the result-
ing error is relatively small. Changes of ±10%
in (n − 1) are considered for all samples, and
the effect of alternative parameterisations of
the chromatic dependence are studied. All
variations are found to lie within 2.5% of the
number of observed photons.

• Acceptance and optical properties - Ad-
ditional errors come from knowledge of the
absolute geometric acceptance and from the
modelling of the transmissions, reflectivity,
aerogel clarity and photocathode quantum ef-
ficiency. These are estimated to result in a 7%
uncertainty.

The total systematic error from the sum of all
sources is 13% for the aerogel and 10% for the gas
radiators.

6.3 Discussion and detector response
parameters
This variation in the ratio of observed to pre-

dicted photon yields throughout the runs consid-
ered, is consistent with the systematic uncertainties
ascribed above. Significant disagreement between
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observed and predicted photon yields occurs only
for the C4F10 data with the mylar-shielded HPDs.
The other C4F10 datasets which cover that part of
the spectrum relevant for LHCb show no discrep-
ancy. The aerogel samples give reasonable agree-
ment thoughout, with the aerogel sample 1 being
systematically, slightly lower than expectations.

It is possible to convert the average photon
yields of the two analyses from Tables 3 and 4 into
values of the detector response parameter [4] assum-
ing a perfect geometrical coverage and detection ef-
ficiency. This is referred to as Nperf

0 and is defined
here by :

Nperf
0 =

Npe

L sin2θC
(5)

where Npe is the number of detected photoelec-
trons, corrected for backgrounds, and the effects
of geometrical and threshold cut losses. A slightly
modified quantity is that, taking into account the
efficiency of the 3 sigma pedestal cut which is de-
noted by N3σ

0 . The values of these two estimates
of the detector response parameter are given in Ta-
ble 5 for each of the experimental layouts used.

Layout θc (in mrad) Nperf
0 N3σ

0

1 19.3 318.8 271.0
2 50.4 342.8 291.4
3 52.3 336.7 286.2
4 51.2 91.6 77.8
5 260.0 91.8 78.0
6 258.0 56.8 48.3
7 257.0 38.4 32.6
8 277.0 55.9 47.5

Table 5: The observed mean θc and detector re-
sponse parameters, with and without corrections
applied for the efficiency of the 3 sigma cut on the
HPD pedestal distribution.

7 Cherenkov angle reconstruction
Individual HPD hits are used to determine

Cherenkov angles. The aim is to reconstruct the
precision with which θc is determined for single
photons. The observed resolution in data is then
compared with that expected from the simulation
described in Section 5. Data are used where four
HPDs, (2,3,5,6), have no filter in front of their input
windows, but where two HPDs, 4 & 7, have mylar
filters. The method used to reconstruct Cherenkov
angles in data is illustrated in Figure 11 and re-
quires the following parameters to be determined :

1. The detection point, D supplied by the phys-
ical hit position on the surface of the HPD,
subject to alignment uncertainties.

2. The centre of curvature of the mirror, C, de-
fined by the measured focal length and the

C

C α
α

θE

M

D MIRROR

Figure 11: Schematic of the Cherenkov angle recon-
struction in the tilted spherical mirror geometry.

rotation angle relative to the nominal beam
direction. The focal length has a precision of
±10 mm, whereas the rotation angle is nom-
inally 18 degrees, but is subject to small un-
certainties when centering the ring image on
the detector plane using micrometer screws.

3. The direction of the particle through the sys-
tem determined using, either the nominal di-
rection, (0, 0,−1), or an improved estimator,
such as from the silicon telescope or event-by-
event reconstruction.

4. The emission point, E, of the photon is as-
sumed to be the centre of the radiator, tra-
versed by the particle. This is the position
which minimises systematic uncertainties.

The reflection point, M, is constrained to lie on the
same plane as E, D and C. The two-dimensional
problem is solved [11] for θ under the condition
that incident and reflected angles (α) are equal.

7.1 Cherenkov angle resolutions for C4F10

and silica aerogel
The small number of Cherenkov photons from

the aerogel, and the absence of the silicon telescope
in Configuration 1, prevents use of the improved
resolution fitting methods detailed in Section 7.2.
In the absence of any beam trajectory information,
beyond that implied by the scintillator acceptance,
this method is applied directly to data, using the
nominal (0, 0,−1) beam direction. It serves as a
cross-check to allow comparisons with more pre-
cise determinations explained later. These “raw” θc

distributions are shown in Figure 12 for the case
of Configuration 2 with 1 m of C4F10. The pixel-
lated nature of the HPD is apparent, as it induces
a multi-peak structure of the θc distribution. In ad-
dition, there is a shift in the mean θc , and a clear
reduction in the raw resolutions for orientations of
HPDs 2 and 5 where the Cherenkov ring lies parallel
to a single row of pixels.
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Raw ThetaC (mrad)
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HPD 4 HPD 5

HPD 6 HPD 7

Figure 12: Raw Cherenkov angle distributions for
hits detected in each of the outer HPD detectors.
The x axes units are in milliradians.

Raw Cherenkov resolutions are determined
from data using HPDs (2,3,5,6), without filters, in
Figure 12, and which average 1.76 mrad. The RMS
of the observed θc distribution is used as an estimate
of the width, as pixellisation effects makes the dis-
tributions difficult to interpret using Gaussian fits.
Similarly, the raw θc distributions are determined
for runs taken with aerogel in Configuration 1. The
measured RMS values of the raw Cherenkov reso-
lutions average 4.78 mrad for HPDs (2,3,5,6). No
aerogel data was collected using Configuration 2.

Simulation is used to determine resolution
contributions due to chromatic aberration, discrete
pixel sizes and the emission point uncertainty. The
input beam trajectory uncertainty for this config-
uration is that implied by the trigger scintillator
acceptance. The expected contributions are sum-
marised in Table 6 and, when added in quadrature,
total 1.72 mrad for C4F10 and 3.20 mrad for silica
aerogel. The aerogel Cherenkov angle resolution is
dominated by the finite pixel size, because of the
shorter focal length mirror used in Configuration 1.
The agreement between observed and expected raw
resolutions is reasonable considering systematic un-
certainties due to estimating the widths of the dis-
cretised distributions.

In order to improve the Cherenkov angle reso-
lution, it is necessary to reduce the dominant contri-
butions listed in Table 6. Effects of radiator pressure
variation are reduced by deactivating the recircula-
tion system, and measuring the mean Cherenkov
angles in blocks of events recorded sequentially in
time. Extrapolating the observed time variation of

σ(θc) (mrad)
Contribution Source C4F10 Aerogel
Pressure Variation 0.70 0.70
Emission Point Error 0.58 0.66
Chromatic Aberration 1.03 1.06
Finite Pixel Size 0.56 2.73
Beam Trajectory Error 0.87 0.87
Total in Quadrature 1.72 3.20

Table 6: Summary of expected resolution contribu-
tions for the analysis of the Cherenkov angles using
the nominal beam direction for C4F10 without aero-
gel, with a mylar window, and and silica aerogel in
Configurations 2 and 1 respectively.

the reconstructed Cherenkov angles allows remain-
ing uncertainties to be extracted from data. The
chromatic aberration contribution is reduced for
HPDs (4,7) by using mylar filters to prevent pho-
tons with wavelengths below ∼ 350 nm from enter-
ing the HPD photo-cathode. The beam trajectory
is estimated more accurately using two methods:

• Silicon telescope data, when available, al-
lows precise constraints on the input particle
trajectory. A single specific pixel, on each of
the three silicon planes, is demanded as being
hit for the beam vector to be used5).

• Geometrical reconstruction uses an ellip-
tical fit to events with ≥ 4 hit pixels from
each of HPDs (2,3,5,6) and (4,7). The centre of
each ellipse is used to estimate the beam tra-
jectory for the Cherenkov angle reconstruc-
tion on that HPD. A vector, connecting the
ellipse centre to the mirror centre, is reflected
in the mirror to give an estimate of the in-
coming beam direction. Systematic checks are
necessary to ensure the fit procedure does not
bias the results. Resolution contribution from
uncertainties in the beam trajectory can be
determined from the observed error distribu-
tions from the fit. They correspond to values
of 0.28 mrad for HPDs (2,3,5,6) and 0.58 mrad
for HPDs(4,7).

The results from data and simulated expectations
are summarised separately for the two types of im-
proved beam direction estimates.

7.2 Improved Cherenkov angle resolutions
Simulation is used to determine the resolu-

tion contributions for both methods, using silicon
telescope (SITEL) information or the method of ge-
ometrical reconstruction (ELLIPSE). The estimated
contributions from the above sources are given in
Table 7. The results observed in data are sum-
marised in Table 8 for both methods. The observed
5) To improve statistics, this constraint is relaxed slightly on

the central telescope plane, by requiring that the beam
pass through one of three neighbouring pixels.
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No Mylar Mylar
Contribution σ(θc) (mrad) σ(θc) (mrad)
Pressure Variation 0.02 0.02
Emission Point 0.58 0.58
Chromatic Aberr. 1.03 0.20
Finite Pixel Size 0.56 0.56
Beam Trajectory :
Silicon telescope 0.38 0.38
Elliptical Fit 0.28 0.58
Totals :
Silicon telescope 1.36 0.91
Elliptical fit 1.34 1.01

Table 7: Summary of expected resolution contribu-
tions for the analysis of the Cherenkov angles in
C4F10 using silicon telescope and elliptical fit infor-
mation.

SITEL (mrad) ELLIPSE (mrad)
HPD σ( θc ) Mean σ( θc ) Mean
2 (no mylar) 1.36 1.25
3 (no mylar) 1.53 1.51
5 (no mylar) 1.06 1.16
6 (no mylar) 1.42 1.34 1.68 1.40
4 (mylar) 0.91 1.08
7 (mylar) 1.20 1.06 1.12 1.10

Table 8: Gaussian widths of the measured
Cherenkov resolutions in data using improved beam
direction estimates. This is based upon either silicon
telescope information (SITEL) or geometrical recon-
struction (ELLIPSE) to estimate the input beam di-
rection for HPDs (2,3,5,6) and (4,7).

results using the silicon telescope (SITEL) method
are generally consistent with simulations, based
upon three perfectly aligned silicon detector planes
with pixel dimensions of 1.3 × 1.3 mm. The aver-
age of the measured resolutions using this method
for HPDs (2,3,5,6) and (4,7) are 1.34 mrad and
1.06 mrad respectively. The corresponding expecta-
tions from simulation are 1.36 mrad and 0.91 mrad
respectively.

The observed Cherenkov angle distributions
from geometrical reconstruction (ELLIPSE) of sin-
gle photon hits are shown in Figure 13, together
with Gaussian fits to the core of the distributions.
The corresponding results for HPDs (2,3,5,6) and
(4,7) are 1.40 mrad and 1.10 mrad respectively.
These are also in good agreement with simulation,
which predicts corresponding values of 1.34 mrad
and 1.01 mrad.

7.3 Systematic cross-checks
Results from the two analyses indicate good

agreement for both HPDs with and without fil-
ters. A summary of systematic cross-checks and the

Reconstructed Cherenkov Angle (mrad)

Figure 13: Measured Cherenkov angle distributions
using geometrical reconstruction based on the ellip-
tical fitting method. Results for each of the 6 HPDs
are shown. The first four, (2,3,5,6), are without my-
lar input filters and the second, (4,7), are with fil-
ters. The x axes are in units of milliradians.

methods used to ascribe systematic uncertainties
follows :

• HPD geometry and alignment - By study-
ing the dependence of the mean Cherenkov
angle resolution in an event as a function of
the number of photons, an estimate of the
residual misalignment of the detector proto-
type is determined. This corresponds to be-
tween 0.1 and 0.3 mrad for HPDs (2,3,5,6)
and (4,7) respectively.

• Radiator pressure variation - The resolu-
tions given above are determined from a sub-
set of the data within which the pressure vari-
ation of the mean Cherenkov angle is deter-
mined to be 0.02 mrad.

• Beam composition - The beam contamina-
tion cut on the upstream Cherenkov counter
is varied widely by changing the cut applied
on the output from the upstream Cherenkov
counter. The maximum effect observed on the
mean Cherenkov angle resolution is 0.1 mrad.

• Noise contamination from the hit selec-
tion - The effect of the default 4 sigma selec-
tion cut is studied by varying it from 3 to 5
sigma and determining the shift in the aver-
age Cherenkov resolution. The shift is asym-
metric due to the increasing noise contamina-
tion when the cut is reduced to 3 sigma. As
a conservative value, the systematic error is
estimated to be 0.1 mrad.
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• Use of the geometrical fitting procedure
- To check for a systematic bias in the ge-
ometrical fitting method, a similar selection
of HPDs (4,7) is applied to that for (2,3,5,6)
in order to verify the stability of the mea-
sured resolutions. The procedure followed is
to use hits from HPDs 3 & 6 only. This is
the same but diametrically opposite configu-
ration to HPDs 4 & 7. The hit multiplicities
of (3,6) are then reduced to those of (4,7) by
randomly deleting hits, to emulate the effects
of the mylar coverings on HPDs (4,7). The
results indicate that the effects of the ellipti-
cal fitting method induce a maximum change
in the observed Cherenkov angle resolution of
0.08 mrad.

When combined with the total uncertainties, listed
above, the systematic error on the measured
Cherenkov resolution is expected to be of the order
of between ±0.2 and ±0.3 mrad for HPDs (2,3,5,6)
and (4,7) respectively.

8 Summary and conclusions
A prototype of the RICH-1 detector has been

constructed, and operated in the CERN T9 test
beam. Focussed ring images from pions, kaons and
protons are detected on a plane of HPD’s, using sil-
ica aerogel, air and C4F10 gaseous radiators. The
number of detected Cherenkov photons and their
measured spatial precision were studied.

The number of detected photons are mea-
sured both in data and in simulated event sam-
ples. The number of photons observed for both gas
and aerogel radiators is found to be in good agree-
ment between data and simulation. The resolution
with which the Cherenkov angles are reconstructed
is determined and compared with simulation. The
expected resolution contributions are in good agree-
ment with their observed values. Both the photon
yields and Cherenkov angle resolutions observed in
data satisfy the requirements of the proposed RICH-
1 detector, as part of the LHCb experiment.

Future work in intended to study the prop-
erties of the LHCb RICH-2 detector [12]. This uses
an increased focal-length mirror and a single CF4

gas radiator, to obtain an expected angular reso-
lution of 0.35 mrad [1]. This will allow particle in-
dentification to be extended from the upper limit of
65 GeV/c of RICH-1 to approximately 100 GeV/c. It
is also planned to use the RICH prototype system to
test various types of new photodetectors currently
under development [13].
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