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Abstract

A Ring Imaging Cherenkov (RICH) detector system has
been built and is now in full operation within the DELPHI
experiment. Large data samples of Z° decays are being
collected with good resolution on the observed Cherenkov
angles. Several studies of Z° decays using the RICH have
already been performed on limited samples. Disturbance
of the detector operation caused by shrinkage of polymeric
construction materials and by migration of radiator sub-
stance is reported. These effects have been counteracted
and do not endanger the quality of the data.

I. INTRODUCTION

The DELPHI detector at LEP, the Large Electron Posi-
tron collider at CERN, is a general purpose particle detec-
tor system which is built to give as complete as possible
information on each event (fig. 1) [1]. DELPHI is equipped
with Ring Imaging Cherenkov (RICH) detectors that pro-
vide identification of hadrons. Two RICH systems that are
geometrically different but are based on the same opera-
tional principles are used. The Barrel RICH is shaped
as a cylindrical shell and covers the polar angle range
40°< 6 <140°. The Forward RICH consists of two endcaps
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Fig. 1 Cross section of one quadrant of the DELPHI detec-
tor. The interaction point is in the lower left corner. The
photon detectors of the RICH are found under the labels
PRICH?.

and covers the two polar angle ranges 15°< # <35°and
145°< 6 <165°.

The Barrel RICH has been fully installed since 1991
whilst the Forward RICH was completed in 1993. This re-
port deals with recent experience gained through the op-
eration of these large detectors and with some results on
their performance.

II. DETECTOR DESCRIPTION

The RICH detectors have been described in refer-
ences [2] - [8] and only a brief summary is given here.
Both RICH systems combine a liquid and a gaseous ra-
diator to allow particle identification in a wide momen-
tum range. The positions of individual Cherenkov photons
are determined in three dimensions by photosensitive Time
Projection Chambers (TPC). Precise knowledge of the de-
tector parameters is obtained from a calibration system
using UV-light and from a software alignment procedure
where 720 — pp events are used. Apart from the detec-
tion of Cherenkov photons, identification requires know-
ledge of the charged particle impact points, directions and
momenta. This information is derived from a system of
tracking detectors working in the 1.23 T magnetic field of
DELPHI.

A. Cherenkov Radiators

The liquid radiators consist of a 1 cm thick layer of per-
fluorohexane, CgF14, with refractive index 1.28, contained
in shallow boxes with quartz windows. These radiators are
placed at a distance of about 15 cm in front of the photon
detectors and the Cherenkov light produced is projected
as a narrow annulus onto the detection plane.

Two different fluorocarbons are used as gaseous radia-
tors, perfluoropentane C5F 13 in the Barrel RICH and per-
fluorobutane C4F ;g in the Forward RICH, with refractive
indices 1.00192 and 1.00150 respectively. The Cherenkov
light is projected as 1ing images onto the detection plane
by focusing mirrors {9].

The Barrel RICH is kept at 40°C since the boiling point
of CsFy5 is 28°C. The boiling point of C4Fy is -2°C.
Therefore the Forward RICH is allowed to follow the am-
bient temperature, which is about 30°C inside DELPHI.
The pressure in the Barrel RICH is stabilized at 1030 hPa,
whilst that of the Forward RICH follows the ambient pres-
sure.

B. Photon Detectors

The photon detectors are segmented TPCs with quartz
windows. Each half of the Barrel RICH has 24 TPCs
with a drift distance of up to 150 em. In the Forward
RICH the TPCs form truncated sectors spanning 30° in
azimuth with Multi Wire Proportional Chambers (MW-
PCs) along both radial edges. The drift field is estab-
lished by graded potentials applied to electrodes deposited
on the quartz windows and to wires positioned a few cm
outside of the drift volumes. The field strength used is
1 kV/cm in the Forward RICH and 0.35 kV/cm in the
Barrel RICH. The drift gas fillings are C,;Hg (Forward
RICH) and 75%CH; + 25%C,He (Barrel RICH) to which
has been added ~ 0.1% vapor of photoionizable Tetrakis-
diMethylAmino-Ethylene (TMAE) molecules. In the For-
ward RICH the drift direction is perpendicular to the mag-
netic field, resulting in a Lorentz angle of ~ 50°. The
MWPCs are operated at a gain of 2 - 10° to allow single
electron detection. They have a screening structure lim-
iting the propagation of light from the avalanches at the
signal wires.

The TPCs are equipped with a calibration system con-
sisting of a UV flash lamp and optical fibers transmitting
the light to an array of known positions in front of the
photon detectors. Calibration data are taken continuously
during normal physics runs in the Barrel RICH whilst the
Forward RICH takes calibration data regularly between
these runs. The calibration system provides precise and
detailed information about the drift parameters, necessary
for the required position resolution [7, 10].



II1. OPERATING EXPERIENCE

The two RICH systems are now in continuous operation
with both liquid and gaseous radiators working. A data
sample of 1.5 - 108 Z° events has been collected in 1994.
The earlier Z° samples with the Barrel RICH in operation
contain about 4 - 10° events from each of the running pe-
riods in 1992 and 1993. The Forward RICH recorded one
such sample in 1993. ‘

The operation is generally smooth and data are acquired
with high efficiency. Some disturbances have occurred
though in the running of these novel detectors and are
related to the use of perfluorocarbon radiator substances.
Unexpected effects due to purification of the substances
with oxygen-removing catalysts have been described ear-
lier, together with the satisfactory results of purification
without catalysts [12]. Dimensional changes of polymeric
construction materials due to perfluorocarbon exposure
ard the observation of migration of these substances are
reported here, together with the counteractions taken.

A. Effects on Construction Materials

The materials used in the construction of the RICH
detectors include several polymers. Epoxies are used as
glues and in structural components reinforced with fibers
of glass, carbon or Kevlar'. Epoxy is also employed as a
filling material, mixed with glass micro-spheres. Another
filling material that has been used is Rohacel? foam. The
fluid system tubing is mainly made of stainless steel but
tubes of the polymers PVC and Rilsan® have been used in
a few places. Kapton! foils cover several surfaces, both to
limit outgassing and as a substrate for printed electrodes.

Dimensional changes have been noted on the frames that
carry both the electrical field shaping wires and the emit-
ting end of the optical fibers of the UV-light calibration
system. These frames are positioned a few cm outside of
the Barrel RICH photon detector TPCs. During the data
taking period in 1993 occasional corona discharges were ob-
served in one of the TPC sectors. This TPC with its field
shaping wire frame was extracted after the data taking and
several of the wires on the frame were found slack due to
shrinkage of the frame by about 600 ppm. Other frames,
inspected inside the Barrel RICH, show similar shrinkage
whilst a frame which has never been used in the RICH has
not shrunk. It was also found that the voltage degrader
bar carrying the resistors that establish the potentials for
the TPC and the field shaping wires had shrunk.

A method for reconditioning sectors with shrunk frames
has been developed and tested on the extracted sector.
The wires are re-tensioned using a spring and more flexible
connections are established from the degrader bar to the
wire frame and to the TPC drift-volume.

!Product of DuPont de Nemours, Geneva.
2Product of R6hm, Darmstadt.
*Product of EIf Atochem, Paris.
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Fig. 2 Modification of length in samples of G-10 plates
(with woven glass-fibers) submitted to PF5060 at different

temperatures. Sample sizes 10 - 6 - 100 mm®.

The corona discharges that occurred during the 1993
running could be terminated by shortly ramping down the
high voliage, after which it was possible to re-establish the
nominal field. For the 1994 data taking the drift voltage
has been lowered from 80 kV to 54 kV, after which no
corona discharge has occurred. With the reduced electrical
field strength of 0.35 kV /cm diffusion does increase but the
Cherenkov resolution has been observed not to degrade. A
large scale reconditioning of wire frames is therefore not
necessary.

During part of the 1993 run the Barrel RICH liquid ra-
diator system leaked due to shrinkage of small PVC plas-
tic tubes on pressostat units. These tubes have now been
blocked. The liquid distribution system has also been mod-
ified to allow control over each quadrant separately, group-
ing only six radiator containers together.

B. Tests with CgFy4 and polymeric materials

Effects of perfluorocarbons on some of the polymeric
construction materials used in the RICH have been investi-
gated by immersing samples in PF5060* liquid at different
temperatures [11]. Samples of the following materials were
tested: G-10 plates (glass fiber reinforced epoxy resin, with
the fibers arranged as a woven fabric or as a woollen mat),
Kapton (polyimide) foil, Rilsan (polyamide 11) tubes and
a common epoxy glue®.

Fig. 2 shows the dimensional modification of G-10 sam-
ples immersed in PF5060 at three different temperatures.

*Product of 3M, USA, mainly CsF14
®Ciba-Geigy, Araldite AW106+HU953U



Table 1
Dimensional changes due to PF5060 exposure. The largest
deviations observed during the exposure time is given. A
negative value corresponds to shrinkage.

Bath temperature
Material Size 30°C | 40°C | 55°C | Time
Dimensional change
mm® ppm | ppm ppm hours
G-10 10 X 4 x 100 +80 —60 —170
woven type 20 x 4 x 100 +110 —-50 -110 3075
G-10
woollen type | 21 X 1.5 x 54 | +160 | —260 —290
Kapton polyimide
foil 0.125 mm thickness —=150 | —200 —370 1200
Rilsan polyamide 11
tube - - —8300 1380
Dout = 6 mm, Din = 4 mm

An initial shrinkage phase is seen to be followed by a
swelling phase. The relative importance of the swelling
and shrinking mechanisms depends on the sample dimen-
sions and on the bath temperature. Table I summarizes
the largest dimensional variations observed for the G-10,
Kapton and Rilsan samples.

The mechanical strength of the samples were tested by
pulling to rupture® and found essentially unaltered for the
G-10, Kapton and Rilsan samples. The Kapton material
became more brittle as the elongation at break was reduced
from ~ 38% to ~ 15%. The shearing strength” of the
tested epoxy glue was found to increase after 1600 hours
in PF5060 at 55°C. This increase is attributed to continued
polymerization.

Tests were done on two material combinations remain-
ing from the construction of the RICH. The first material
sample was a sandwich of Kapton foil, epoxy-fiberglass and
Rohacel (polystyrene) foam which showed large deforma-
tions reaching about 600 ppm after 800 hours in PF5060 at
55°C. The second material combination was a spare volt-
age degrader bar. The degrader bars and the wire frames
are constructed from a kernel of epoxy® loaded with glass
micro-spheres surrounded by a skin of Kevlar-fiberglass-
epoxy. Their outside is clad with Kapton foil. This con-
struction was chosen as it has a low thermal expansion,
similar to that of quartz. The degrader bar was put into
PF5060 at 44°C for 22 days after which it was kept in air
at 50°C during 140 days. It had then shrunk by about
150 ppm and was still shrinking. Most of the shrinkage
occurred with the bar in warm air; only a small fraction of
the shrinkage was observed during the initial wet phase.

The results show that the polymeric and composite ma-
terials used in the DELPHI RICH can respond with both
swelling and shrinkage after exposure to perfluorocarbon

® According to DIN 53455
?Accordi.ng to ISO 537
®Ciba-Geigy 5052
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Fig. 3 Calculated time evolution of the temperature in
the evaporator (top); and the fractions of C5F;» and CeFi4
present in the liquid and the gaseous phase in the evapora-
tor (bottom). An initially empty evaporator and a mixture
of 82 % CsF12 with 18 % CgFy4 present in the radiator
storage tank was assumed. The jagged shape is due to
periodic refilling of the evaporator.

liquids. It is therefore likely that the 600 ppm shrinkage
that has been observed on the wire frames inside the RICH
is indeed due to the exposure to C5F;,. The mechanical
strength of the polymers is unaffected though, and with
the changed drift voltage the RICH continues to deter-
mine photon positions with unaltered resolution, in spite
of the occurred shrinkage.

C. Fluid Migration

The cost of the radiator substances and the need to re-
move UV-absorbants that are present in the commercially
available perfluorocarbons require that these substances
are used in a recirculating system with purification. In the
gas radiator systems the liquid perfluorocarbon is brought
from a storage tank to an evaporator. After passing the
RICH vessel the gas is purified and then returns through
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Fig. 4 Distribution of Cherenkov angles from the gas ra-
diator in the Forward RICH for 45 GeV/c muons, before
and after alignment.

a liquefier into the storage tank. The systems for the lig-
uid radiators are simpler since neither an evaporator nor a
liquefier is needed.

Inside the RICH detectors a migration of perfluoro-
carbons between the liquid radiator containers and the
gas radiator volume occurs, resulting in mixing of the two
substances. The substance in the liquid radiator system
thus contains an increasing fraction of C5F;5 in the Bar-
rel RICH or C4Fg in the Forward RICH. Conversely, the
gas radiators become contaminated with CgF14. Conse-
quently, the evaporator temperature necessary to uphold

constant pressure slowly increases. The increase provides
a monitor of the mixing ratio of the two perfluorocarbons.
An example from calculations of the evaporator tempera-
ture and the mixing ratio in the gas and the liquid is shown
in fig. 3. The rates of perfluorocarbon migration have in
the Barrel RICH been estimated at 0.8 and 1.2 litres/day
(liquid volume) for C¢F;4 and C5Fy, respectively.

The mixed radiator substances can be separated by dis-
tillation. Systems for separation in situ have recently been
added to the radiator fluid systems and will limit the mi-
nor component to below 10 %. This eliminates the risk
of unintended condensation or boiling. Changes of refrac-
tive indices will be only marginal and the variation can
be followed from the evaporator temperature and from the
observed Cherenkov angles. Further, a Fabry-Perot inter-
ferometer for determination of refractive indices has been
developed and will be installed for the 1995 run.

The migration of radiator substance at the present rate
will therefore, with the recent addition of distillation ca-
pacity, not reduce the quality of the RICH data.
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Table IT
Preliminary results on number of photoelectrons deetected,
photoelectron resolution and Cherenkov angle resolution
for 45 GeV/c muons in the 1994 data sample.

Liquid Radiator Gas Radiator
Photo- Photons-
electrons | o (mrad) | electrons | ¢ (mrad)
Barrel RICH 51 13.6 8.0 4.6
Cher. Angle ¢ 5.2 1.9
Forward RICH 6.8 11.4 6.8 2.7
Cher. Angle 6.1 1.5

IV. PERFORMANCE

To obtain optimal performance of the RICH system
it is important that the refractive indices and the posi-
tions of detector components are accurately known. A
software alignment package has been developed for this
purpose [13, 14]. It uses Cherenkov photons detected in
ete”™ — Z° — ptu~ events where both muons are known
to have 45 GeV/c momentum. The UV-light calibration
system mentioned in section II provides the detailed in-
put for the photon detector drift properties. The proce-
dure starts from the constructionally known positions of
the detector components. A selection of candidate pho-
tons is made and the resolution is optimized by varying
the positions of radiators, photon detectors and mirrors.
The refractive indices of the radiators are varied in the
optimization and the observed level of background signals
may be accounted for. The importance of the alignment
procedure is demonstrated in fig. 4 where the improvement
in the resolution is evident.

Dimuon events are further useful to determine the angu-
lar resolution of the detector and the amount of Cherenkov
light seen. These quantities are summarized in table II.
The distributions of observed Cherenkov angles are fit-
ted with a Gaussian distribution superimposed on a back-
ground. The single photon resolutions obtained are in good
agreement with expectations for the gas radiators whilst
they are somewhat worse than calculated for the liquid
radiators.

In efe™ — Z° — qq events a large number of hadrons,
produced in jets, are seen by the detector and result in an
increased level of background signals associated to the ring
images. However, the detected amount of Cherenkov pho-
toelectrons is sufficient to allow good identification. The
identification power is illustrated in fig. 5, where bands cor-
responding to w, K and p can clearly be seen. Separation
of e.g. kaons from pions can be achieved up to ~ 20 Gev/c.
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Fig. 5 Cherenkov angles plotted versus particle momenta
as observed with the Barrel RICH gas radiator in events
with hadron jets.

V. CONCLUSIONS

The Barrel and Forward RICH detectors of DELPHI
are now in full operation utilizing both their liquid and
gaseous radiators. The RICH operation has been success-
fully adapted to the dimensional changes of polymeric ma-
terials caused by the perfluorocarbons used, as well as to
the migration of these substances between the radiators.
After off-line alignment of the detector components a good
resolution is obtained for the detected photons. The strong
hadron identification power has already been used in pub-
lished studies of Z° decays [15]. Several other studies of Z°
decays where the information from the RICH is essential
are now pursued within DELPHI [16].
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