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Abstract

The Ring Imaging Cherenkov detector in the DELPHI Experiment at LEP allows for hadron
identification over almost the full solid angle and over a momentum range up to about 40 GeV/c.
Photons emitted by charged particles traversing gas and liquid radiators which are filled with
UV-transparent perfluorocarbons, are used for Cherenkov angle reconstruction. Stable operation
ensures that the detector is an efficient and powerful instrument. Monitoring of the detector
parameters is of utmost importance to achieve good data quality. The hadron identifying power
of the DELPHI detector closely meets the main design values. The interplay between the detector
parameters and the particle separating capacity of the detector will be discussed.
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1 Introduction

The DELPHI experiment, a DEtector with Lepton, Photon and Hadron Identification, [1], at the
Large Electron-Positron collider (LEP) at CERN is equipped with Ring Imaging Cherenkov (RICH)
detectors. The RICH detectors enable identification of pions, kaons and protons over most of the
momentum range below 40 GeV/c. The detectors cover almost the full solid angle, as shown in
figure 1.

The DELPHI RICH detectors contain two systems of different geometry. The Forward RICH [2]
is situated in the two endcaps. It covers the polar angles 15°< 6 < 35° and 145°< 6 < 165° with an
active area of ~ 8 m?. The Barrel RICH [3] covers the polar angles 40°< 8 < 140° with a cylindrical
area of ~ 30 m?.

To determine the particle momenta, p, and the position of the tracks, the RICH is positioned
between different tracking detectors inside the 1.2 Tesla magnetic field. The combined momentum
resolution is better than 5% for most tracks. v

The Forward and Barrel RICH employ the same technique for measuring the Cherenkov angle 6;.
Charged particles traversing a radiator faster than the speed of light in the radiator medium, will
produce Cherenkov photons. These will create a ring-like image of photoelectrons in the UV photon
detector. The photon detector is a single array of photosensitive time projection chambers which
enables three dimensional reconstruction of the conversion point of each UV photon.

The particle identification power of the RICH depends on the accuracy, o4, of the Cherenkov angle
measurement. Stable operation of the different subsystems and monitoring of the relevant detector
parameters is therefore very important. All control and monitoring information is put on a database
and combined with the physics data at the data processing. The Cherenkov angle is calculated for
each reconstructed track after background reduction and alignment. The particle momentum, the
background, the observed number of individual photoelectrons and their Cherenkov angle distribution
are used to determine the likelihood of the particle being an electron, muon, pion, kaon or proton [4].

2 General Operation

2.1 Photon Production

The choice of the radiator medium, and thereby the refractive index, determines the range of
particle identification. In order to cover a wide momentum range, the DELPHI RICH has combined
liquid and gaseous radiator media for photon production. Both media are perfluorocarbons[5], with
good UV transparency, low chromatic dispersion and a good match of refractive index.

A total of 120 liquid radiator boxes are filled with CsF;,. They are 1 cm thick and have quartz
windows facing the photon detector. The 24 m® Barrel RICH gas radiator contains CsF;5. The 8 m®
gas radiator of the Forward RICH contains C4F,.

The Cherenkov photons from the liquid radiators are projected directly on the photon detectors.
The photons from the gas radiator are reflected onto the photon detector by focusing mirrors (408 in
total). The optical axes of the mirrors are pointing to the DELPHI interaction point.

2.2 Photon Detection

The photon detectors are arranged in 12 sectors in azimuth on each side of the Barrel and in each
endcap. Every sector is made of two quartz boxes that are filled with drift gas with an admixture of the
photoionizing vapor Tetrakis-diMethyl-Amino-Ethylene (TMAE). The concentration of the TMAF is
proportional to its saturated vapor pressure at 28°C in the Barrel and 24°C in the Forward RICH.
A small photon conversion length ensures a good separation of the photoelectrons from the gas and
liquid side of the photon detector. The conversion length is 2.4 cm in the Forward and 1.8 cm in the




Barrel RICH which is small compared to the about 5 em depth of the photon detectors. Ambiguities
in the assignment of photoelectrons to tracks are avoided by separation of the Cherenkov rings.

The photoelectrons drift towards one end of the photon detector where they are detected by Multi
Wire Proportional Chambers (MWPCs). Three dimensional reconstruction of the photon conversion
point is possible by drift time measurement combined with anode wire and cathode strip readout of the
MWPC. The gas amplification is about 2.10° which gives a single electron detection efficiency around
90%. In the Barrel RICH the electric field is parallel to the magnetic field in DELPHI, whereas they
are orthogonal in the Forward RICH. This gives rise to a Lorentz angle in the drift direction in the
Forward RICH.

2.3 The fluid systems

The RICH radiator fluid systems are recirculating systems. Since water and oxygen are strong UV
absorbers it is very important to remove them from the fluids in order to optimize the photon yield.
Only molecular sieves are used at the moment to clean the fluids.

The Barrel RICH gas radiator is operated at a constant pressure of 1030 hPa. The photon detector
and liquid radiator follow this pressure. The control and accurate monitoring of the Barrel pressures
is illustrated in fig. 2. The use of CsF;; in gas form requires the Barrel RICH to be heated to 40°C.
This allows one to use a high TMAE saturated vapor temperature of 28°C in the drift gas. The drift
gas is a mixture of 75%/25% methane/ethane (CH,4/C,Hs).

The three Forward RICH fluid systems are operated at atmospheric pressure. With the use of
C,F1 as gas radiator, the Forward RICH can be operated at the temperature of the DELPHI detector
(~30°C). The drift gas is pure ethane (CyHs). The saturated TMAE vapor temperature is 24°C.

The drift gas systems for the photon detectors are also controlled and monitored. Any remaining
fractions of oxygen and water are removed from the drift gasses before they are saturated with TMAE
inside bubblers. Water must be removed because it is a strong UV absorber and oxygen because
oxidized TMAE products are very electro-negative and will cause severe losses of electrons. The
oxygen contamination is constantly monitored and measured to be well below 1 ppm.

3 Monitoring and Control

Stable operation of the different subsystems and monitoring of the relevant detector parameters is
very important to achieve good data quality. Stability during data taking is maintained by comput-
erized control and monitoring features of the RICH subsystems. The control systems are interlinked
via a computer network which also updates the database.

The parameters of the Cherenkov radiators are stable since they are controlled to have specified
values. The pressures and temperatures are also reliably monitored. The photon detectors are used
to reconstruct single photoelectrons with high accuracy. They therefore need very precise monitoring.

It is important to know how each detector parameter influences the Cherenkov angle measurement
and thereby the hadron identification. The Cherenkov rings from the Barrel RICH gas radiator provide
the simplest example. They all have nearly the same size — about 2.5 cm in radius — in the plane of
the photon detector. This means that if a photoelectron is displaced by one millimeter in the photon
detector, the maximum Cherenkov angle of 62 mrad will be changed by 1.4 mrad on average. Since
the average resolution is about 4.2 mrad, one can generally say that displacements of 1 mm and above
should be corrected for, while smaller effects can safely be neglected.

3.1 Monitoring performance

The Barrel RICH computer controlled heating system uses about 400 probes to monitor and control
the temperatures to £0.3°C. There is no heating of the Forward RICH. Its temperature is monitored




by about 100 sensors. The TMAE bubblers are kept at constant temperature £0.1°C.

The very high voltage for the drift field of the Forward and Barrel RICH photon detectors and the
high voltages of the MWPCs are constantly monitored.

The UV transparency of the different perfluorocarbons is monitored by monochromators [5], which
measure the UV transparency from 160 nm to 220 nm. Sample lines from all fluid systems of the RICH
enable simultaneous measurement of gas and liquid. An example of these measurements is shown in
fig. 3.

A high precision is required on the drift velocities. With an average drift of 75 cm in the Barrel
photon detectors, the 1 mm limit on displacements corresponds to a limit of about 0.1% variation in
the drift velocity. In the Forward the similar limit is 0.5%. All individual photon detectors of the
RICH system are equipped with a matrix of UV calibration fibers[6]. UV light from a central lamp
is distributed via quartz fibers which project the light onto the detector at well defined spots. On
the Barrel RICH the system is operated continuously during physics runs at a rate of about 0.3 Hz.
The drift velocity is determined with a systematic accuracy of 0.05% and typical statistical accuracy
of 0.01%. The Forward RICH calibration is done between physics runs. The systematic accuracy is
around 0.2%. The Forward calibration system is also used to determine the Lorentz angle. Lorentz
angle and drift velocity are parametrized as a function of pressure and temperature. In this way a
statistical precision of the drift velocity of ~ 0.1% is achieved.

Fig. 2 shows the time dependence of the Barrel drift velocity over a short time period as measured
by the calibration system. The ncarly periodic oscillation of the drift velocity is caused by the pressure
regulation of the Barrel gas radiator system. In principle one can update the database with all these
values, but since the variation is only about 0.1% from peak to peak, which corresponds to an r.m.s.
of about 0.035%, this variation can safely be neglected.

Monitoring on the electronics readout chain is performed online. Faulty electronic components are
easily detected. The average number of dead channels due to malfunctions remains below 0.5%.

The many controls and monitoring methods are summarized in table 1. The refractive index
of the Cherenkov radiators is the only parameter of relevance to the particle identification which is
not monitored directly. Except for temperature and pressure variations, which are corrected for, the
refractive index could only change due to a different composition of the fluid. The two Cherenkov
fluids communicate via leaks and diffusion. Since the Barrel liquid system is kept at underpressure
with respect to the Cherenkov gas system the resulting effect is only on the liquid system. Any such
effect would be very small since the two refractive indices are very similar in liquid phase. Even if
there would be a 30% C;sF;; fraction in the liquid radiator, the average liquid Cherenkov angle would
only change by 2.5 mrad. This number can be compared to the resolution on the averaged liquid
radiator Cherenkov angle of 8 mrad. Later this year, a Fabry-Perot interferometer will be installed to
monitor the refractive index.

3.2 Monitoring of the Barrel photon detector

The monitoring values described above are normally stable, but sometimes deviations are observed
and corrections are made to ensure the best identification performance. The Barrel photon detector
is an example where the continuous monitoring has shown its value.

Although the Barrel drift velocities are very stable, deviations from stability have been observed.
Fig. 4 shows the drift velocity time dependency during two different weeks of running. The variation
observed in the latter week has been traced back to changes in the mixture of CHy and C,Hg. The
effect is more than 0.2% in drift velocity, and is therefore corrected for.

The Barrel calibration system is also used to measure and monitor any distortions in the drift
fields. The maximal transverse deviations in the drift trajectories have been found to be less than
1 mm and therefore of negligible importance. It is due to the magnetic field being parallel to the
electrical field that deviations are kept so small. The calibration system is limited in its capability




to demonstrate field inhomogeneities along the drift direction by the finite number of light injection
fibers.

Variations can also be followed by analysis of the ionizing tracks traversing the photon detectors(7].
The RICH track position is measured with a typical accuracy of 2 mm and can be compared with
tracks extrapolated from the central tracking detectors of DELPHI. The results are sensitive to any
problems occurring in either the photon detectors or the central tracking. Hence, it is possible to
monitor the relative alignment with high precision. It has been observed that a few photon detectors
show anomalies in the difference between the two measurements. These anomalies are of the order of a
few millimeters, and are possibly due to small electrical short circuits between some adjacent potential
strips of the Barrel RICH drift field degrader. The anomalies cause an error on the drift coordinate
which is on average below 0.5 mm. However, for some photon detectors, the effects are larger and
therefore corrected for. The resulting deviations are negligible after the correction. The magnetic
field ensures that drift field imperfections will only cause slight losses in the number of detected
photoelectrons. The largest observed anomaly in the Barrel photon detectors has been shown to
only cause a 2% loss of electrons. Calibration runs without the magnetic field have also been taken.
The electron losses for this particular anomaly are in these runs more than 20%. These results are
confirmed by simulation of the fields inside the Barrel photon detectors.

The continuous operation of the Barrel calibration system also allows for monitoring of the electron
attenuation length. One routinely observes attenuation lengths around 10 meters. Somewhat shorter
attenuation lengths have sometimes been observed. This is possibly related to an outgassing process.
This short component vanishes with a decay time of about 3 days. The attenuation measurements are
taken into account in the processing of the data.

4 Processing and Data Quality

4.1 Data Processing and alignment

Before a processing starts, selected Z° — u*u~ events are used to align the DELPHI detectors.
The RICH detectors use a dedicated alignment package[8]. The alignment procedure minimizes the
difference between the observed and expected Cherenkov angles by moving detector components such
as the mirrors. After each movement, the Cherenkov angle resolution is recalculated and used to find
the optimum position of each component. After the minimization, the movements are recorded on the
database and the muon sample reprocessed in order to verify the optimal performance of the whole
analysis chain.

Alignment procedures can lead to underestimations of the resolution due to low statistics. If
N photoelectrons with equal resolution are used to align M parameters, the obtained resolution is
underestimated by a factor ,/EJ:VM. In the RICH alignment, N is always more than a magnitude
larger than M. The obtained RICH resolution is therefore not underestimated.

Time dependent effects are analysed after the alignment. A weekly average of 1000 u*u~ events
makes it possible for follow the time evolution of the alignment down to this time scale.

4.2 Data quality

The quality of the data is assessed by the distributions of Cherenkov angles for Z° — ptpu~ events.
Figs. 5 and 6 show the Cherenkov angular distribution observed in the 1993 RICH data. The obtained
resolutions are summarized in table 2. These numbers are in good agreement with what is expected
from detailed simulations.

Fig. 7 shows the mean Cherenkov angle as a function of the numbers of photons, n, in the ring.
The data are from the Barrel RICH gas radiator. It can be seen that the resolution scales as 1/4/n.




5 Conclusions

The Barrel RICH detector has been fully operational since 1991 and the Forward RICH since 1993.
The detectors are running stably with high efficiency. '

The detector parameters are extensively monitored. Calibration, monitoring methods and align-
ment, procedures have made the systematic uncertainty on the photoelectron positions smaller than 1
mm. This precision ensures the best possible Cherenkov angle reconstruction. The Cherenkov radia-
tors and drift gasses are measured to be of excellent quality. All this has helped the DELPHI RICH
detectors to closely meet the design values.

The exploitation of the RICH technique has opened up new physics channels using leading kaons,
pions and protons as a tag for primary s, u and d quarks. Many other physics analyses profitting from
hadron identification are now under way.
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Table 1: Control and monitoring of RICH parameters. Time dependent effects can be monitored for
entries labelled “relative values”, but without information on the absolute scale. Conversely, entries
labelled “absolute values” do not allow to discern small variations with time.

Active Online Offline
Control Monitoring Monitoring
Barrel
Gas radiator pressure Continuously | Continuously
Liquid radiator pressure Continuously | Continuously
Drift gas pressure Continuously | Continuously
Temperatures Continuously | Continuously
Drift velocity Continuously
Photon conversion length Continuously
Electron life time Relative values Absolute values
Relative tracking Relative values
Forward
Gas radiator pressure Continuously | Continuously
Liquid radiator pressure Continuously | Continuously
Drift gas pressure Continuously | Continuously
Temperatures Ambient Continuously
Drift velocity and Lorentz angle Regularly
Photon conversion length Regularly
Electron life time Absolute values
Relative tracking Under development
Common
Cherenkov radiator transparency Regularly Absolute values
Cherenkov radiator refractive index Partly Relative values

Table 2: 1993 single photon resolution

Barrel Liquid resolution (mrad) 14.0 £ 0.2
Barrel Gas resolution (mrad) 4.2+ 0.1
Forward Liquid resolution (mrad) | 10.5 & 0.2
Forward Gas resolution (mrad) 20+0.1
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Figure 1: Cross section along the beam pipe of a quarter of the DELPHI detector. The Forward
and Barrel RICH are sandwiched between the different tracking detectors: Time Projection Chamber

(TPC), Outer Detector, Chambers A and B (CHA,CHB).
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Figure 2: Variation of the Barrel RICH pressure for a period of 2 hours during a data taking period.
a) The relative change in drift velocity.
b) The absolute pressure inside the gas radiator.
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Figure 3: The time evolution of the integrated Barrel RICH CsF;y transparency, 126200:: TdA, as
measured by the monochromator system.
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Figure 4: Two examples of the time dependence of the Barrel RICH drift velocity.
a) The relative change during one normal week of running.
b) The relative change during one week with large variations.
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Figure 5: Cherenkov angle distributions from dimuon events in 1993 data from the Forward RICH.
a) The individual photons from the gas radiator.
b) The individual photons from the liquid radiator.
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Figure 6: Cherenkov angle distributions from dimuon events in 1993 data from the Barrel RICH.
a) The individual photons from the gas radiator.
b) The individual photons from the liquid radiator.
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Figure 7: Mean Cherenkov angle resolution as a function of the number of photoelectrons. The 1993
data are from the gas radiator of the Barrel RICH.
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