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Abstract

The design issues and tests carried out with the ring imaging Cherenkov detector for the HERA-B experiment are
reviewed. Results of on-the-bench tests of the employed photomultiplier tubes are reported together with the early
commissioning measurements with the HERA proton beam. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The HERA-B experiment [ 1] aims at measuring:
CP violation in B° > J/K? and B°—>n'n~
decays, B?B? mixing and BB decays with two lep-
tons in the final state. The B mesons will be produc-
ed in collisions of 920 GeV/c protons with a fixed
target. The target consists of 8 wires in the halo of
the proton beam in order not to disturb experi-
ments measuring ep collisions. One of the essential
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components of the spectrometer is the ring imaging
counter [ 1-3]. In what follows we shall describe the
essential components of the counter, and will then
present the results of the commissioning phase.

2. The HERA-B RICH

The main purpose of the Ring Imaging Cheren-
kov counter (RICH) in the HERA-B experiment is
the tagging of the B meson flavour. Tagging of the
B or the B meson is accomplished by identifying
the charged kaon into which the associated B
meson decayed. Identifying the charged kaon
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essentially means separating it from the pion be-
tween 3 GeV/c and about 50 Gev/c at an interac-
tion rate of 40 MHz.

Perfluorobutane gas (C4F ) has been chosen for
the HERA-B RICH radiator, since it combines
a relatively high refractive index and low disper-
sion. In this gas the Cherenkov radiation threshold
momenta for pions and kaons are at 2.7 and
9.6 GeV/c, respectively. For f =1 particles, the
Cherenkov angle is 51.5 mrad, while the 1 — K
difference in Cherenkov angle is 0.9 mrad at
50 GeV/c. The set-up of the counter is schemati-
cally shown in Fig. 1. The two spherical mirror
halves are tilted, i.e. the center of curvature of each
mirror half is displaced relative to the target posi-
tion. Cherenkov photons are thus reflected to
photon detectors well outside the charged particle
flux.

The 108 m? vessel for the C,F,, gas radiator has
been constructed from stainless steel, except for the
particle entry and exit windows (1 mm Al) and the
photon exit windows (UVT perspex). Also, two
beam shrouds close the gas volume around the two
beam pipes for protons and electrons. The purifica-
tion and circulation system for the C,F, gas has
been constructed at CERN and was commissioned
at DESY. It is worth noting that the initial filling of
the volume amounts to about 1100 kg of C,F,.

photon detectors

planar mirrors

spherical mirrors

|

spherical mirrors

planar mirrors

CiFyg

photon detectors

Fig. 1. The HERA-B RICH.

Two mirror systems, a spherical and a planar
one, are made of hexagonal and rectangular units,
respectively. The hexagonal mirror segments with
11.4 m radius of curvature have been produced
from 7 mm thick grinded glass. The mirror quality
has been determined upon delivery by measuring
for each segment the radius of curvature, and the
fraction of reflected light, as well as by recording
a Ronchi image to check the homogeneity of the
mirror surface. The reflectivity was required to ex-
ceed 85% in the wavelength interval 250-600 nm.
Each spherical mirror segment is supported at
three points, two of which can be moved, and are
motor driven via a transmission mechanism with
a feed through to the exterior of the vessel. The
planar mirrors are made of float glass, thus being
significantly cheaper at the required optical quality.
By making use of the data gathered on all the
mirror segments, it was possible to group them in
the tiling scheme according to their optical quality
and resolution requirements [4].

3. Photon detector

The photon detector consists of Hamamatsu
multianode R5900 M16 and M4 photomultiplier
tubes. The MI16 version has 16 pads of
4.5x 4.5 mm? each, with a 12-stage, metal-foil
dynode system [5]. The M4 version has 4 pads of
9x9 mm? each, and 10 dynodes. The quantum
efficiency of the photocathode with borosilicate
window has a broad plateau in the wavelength
region between 300 nm and 500 nm with a max-
imum value of 20%. The UV-extended version has
a UV transparent window, which shifts the low
wavelength cut-off to about 250 nm. The other PM
characteristics such as the required cathode high
voltage ( < 1000 V), the current amplification (107),
dark current ( ~ 1 nA), pulse rise time (0.8 ns),
transit time spread (0.3 ns) [ 5], are also satisfactory.

The outer dimensions of the PMT are
28 x 28 mm?, so the photocathode occupies only
about 30% of the surface. Due to the smaller
photocathode surface compared to the photomul-
tiplier cross-section, a two-lens demagnification
system (2:1) was designed (Fig. 2) [6,7]. The lenses
are made of UVT perspex with high transparency
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Field lens, 35 mm x 35 mm
Condensor lens
diameter 32 mm

PMT active area
18 mm x 18 mm

! 150 mm

Fig. 2. The optical system for light collection and demagnifica-
tion. The two rays shown in full line correspond to photons with
incident angles of + 100 mrad.

over most of the wavelength region where the
photocathode is sensitive. The angular acceptance
of the optical system is also satisfactory and is
uniform for incident angles below about 110 mrad
[8]. In addition to increasing the active area the
lens system also adjusts the required pixel size in
the central detector region (9 x 9 mm?) to the PMT
pad size 4.5 x 4.5 mm?. The outer detector region
with lower occupancy and looser resolution re-
quirements uses the M4 version of the tube with
two times larger pads (9 x 9 mm?) with the same
lens system, such that the pixel size amounts to
18 x 18 mm?.

Four PMTs are positioned on a common base
board, which houses the voltage divider, signal
lines and the front-end electronics consisting of
16-channel boards based on the ASDS8 chip [9]. In
Fig. 3 a photograph of a fully equipped basic mod-
ule for the M 16 photomultiplier tubes is presented.

In order to reduce the contribution of spherical
aberration to the overall resolution of the Cheren-
kov angle, an optimal surface of the Cherenkov
photon detector has been calculated [10-12]. Each
half-detector (upper and lower) consists of 5 flat
supermodules placed in order to approximate the
optimal surface, which is close to the shape
of a flattened (ellipsoidal) cylinder. Such an ar-
rangement also ensures better acceptance for the
Cherenkov photons, which should be incident onto
the flat supermodules at angles below 110 mrad.

From the data available on the quantum efficien-
cy [5], mirror reflectivities [4], window and optical
system transmissions [6,7], one calculates the merit

01 2 3 4 5 cm

L [T |

Fig. 3. Fully equipped photomultiplier basic module housing
Hamamatsu R5900 photomultiplier tubes type M16.

factor Ny = 43 cm ™, such that the expected num-
ber of photons for particles approaching the velo-
city of light amounts to Ny, = NoLsin® 3= 31
with L =27 m and 9= 51.5 mrad. The expec-
ted single-photon resolution is 0.7 and 1 mrad for
the regions occupied by M16 and M4 PMTs,
respectively.

4. Measurements and results
4.1. On-the-bench tests

In the initial set of measurements [13] the
single-photon counting properties of the photomul-
tiplier tube were investigated, in particular the effi-
ciency for single-photon detection as well as the
background count rate. It was established that the
tube allows for a good single photoelectron detec-
tion, with good uniformity (Fig. 4), very little cross
talk and low background count rate.

Tests of all the 2305 PMTs (1543 M16s and 762
M4s) have been made in the laboratory prior to the
installation in the photon detector [ 14]. Cherenkov
photons produced by P electrons of a *°Sr source
were used as a stable light source. Four tubes were
tested at the same time, of which one was used as
a reference. For each photomultiplier tube, the
source and background rates were recorded as

7. PARTICLE IDENTIFICATION
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Fig. 4. Dependence of a suitably normalized rate as a function
of the high voltage for all channels of a representative M16
(above) and M4 (below) photomultiplier tube.

a function of high voltage and threshold setting. On
the basis of these tests, the photomultipliers have
been grouped according to similar high-voltage
characteristics, allowing all PMTs within a group
to be connected to the same high voltage, thus
maximising the efficiency for the given, much small-
er number of independent HV channels [15]. The
results obtained for the optimal high voltage as well
as for the relative PMT sensitivity were compared
to values provided by the manufacturer, and a good
agreement was found [16].

The count rates of the reference M4 and M16
photomultipliers were recorded during the quality
assessment tests, and were also continually mea-
sured after the tests were finished, in order to obtain
an estimate of the long term stability. The count
rate decrease in two years is consistent with the
known decay rate of the *°Sr source.

4.2. Test measurements in situ

With the photon detectors in their proper
position in the HERA-B spectrometer, the photo-

~ 2

N 18t M16 pmt s.n. 7CO7LC
N HV area 126

L 1.6F

1.4t - quality assessment
1.2 | ® insitu measurements

relative rate at Vth
~
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high voltage (V)

Fig. 5. The plateau curve for a typical M16 tube. The data
labelled “in situ” represent values measured during the photon
detector testing in its final position, while the curves labelled
“quality assessment” correspond to measurements made in the
laboratory during on-the-bench quality tests. The two sets of
data are normalised to the average of the three points at 750, 800
and 850 V.

Fig. 6. The occupancy of the upper and lower photon detectors
shows the region occupied by M 16 (inner region) and M4 PMTs
(outer region). The peak values, shown in white, correspond to
rates around 1.5 MHz per channel.

multipliers cabled to the readout system and with
freon as Cherenkov radiator, the commissioning of
the system became possible. Fig. 5 gives the count
rate versus high voltage for a representative
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photomultiplier. It is seen that the curves measured
in situ with the HERA proton beam agree nicely
with the ?°Sr source measurements. The occupancy
is shown in Fig. 6, where the region occupied by
M16 PMTs is clearly distinguished from the region
occupied by M4 PMTs. We also note that only
about 0.3% of the nearly 30.000 channels were
found to be noisy, and were excluded from further
analysis.

Due to non-availability of information from the
particle tracking system, the Cherenkov ring radii
were deduced by finding the rings which best fit the

Fig. 7. Two intersecting Cherenkov rings, one with 22 photons
detected by 4- and 16-channel photomultiplier tubes, a mea-
sured Cherenkov angle of 45.5 4 0.5 mrad and expected number
of 23.8 + 1.5 hits, and a ring with 27 photons detected exclus-
ively by 16-channel photomultiplier tubes, 49.8 + 0.5 mrad
Cherenkov angle and expected 28.5 + 1.8 hits.

detected hits on the photon detector. Only events
which depict well separated Cherenkov rings were
employed in a simple analysis [17]. In the analysis
one counts the detected photons per Cherenkov
ring by looking at appropriate events (one of which
is shown in Fig. 7) and measures the corresponding
ring radius. The number of counted hits per
Cherenkov ring is plotted as a function of Cheren-
kov angle in Fig. 8. The lines drawn on the plot
correspond to a hypothesis that 31 + ﬂ photons
are radiated from particles approaching the velo-
city of light. For each of the rings recorded in Fig. 8,
we calculated the photon detector response
parameter N,. The resulting distribution is shown
in Fig. 9. We observe that the average value of
the photon detector response parameter as well as
the average number of detected photons per ring
are consistent with expectations.

RICH can, in absence of the main tracking sys-
tem, serve as a stand-alone tracking device [18].
From the rings found on the photon detector, track
directions are deduced, and matched in the non-
bending plane with the track candidates from the
silicon vertex detector. From the deflection in the
bending plane the momentum of the particle is then
determined. The resulting identification capabilities
are shown in Fig. 10. We also note that the resolu-
tion as determined from the stand-alone ring search
analysis [ 19] is consistent with the design values of
0.7 and 1 mrad for M16 and M4 PMTs.
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Fig. 8. Measured (data points) and expected ( & ¢ curves) number of detected photons versus Cherenkov angle for nearly 200 rings
which could be well separated. Some events are also seen with two times more detected photons per ring than expected. They are due to

Cherenkov radiation of an overlapping e*e~ pair.
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Fig. 9. The distribution of the photon detector response parameter N,.
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Fig. 10. Identification capabilities without the final tracking system: the correlation between the Cherenkov angle squared (in rad?,
vertical axis) and inverse momentum squared (in (GeV/c)~ 2, horizontal axis). For a given mass a linear relation between the two is
expected. Note that a mixture of freon and nitrogen with a saturated Cherenkov angle of 41 mrad was used as the radiator gas.

5. Summary

A ring imaging Cherenkov counter for a high
rate environment of the HERA-B experiment
was designed, tested, installed and commissioned.
A preliminary data analysis shows that the
two critical parameters, the figure of merit
Ny =43 cm ™', resulting in 31 detected photons on
a saturated Cherenkov ring, and the single-photon
resolution of 0.7-1.0 mrad, are close to the design
values.
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