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Abstract

The QPAL detector at the ete™ storage ring LI is designed o provide precise mecasuremonts
ol charged particles and ol electromagnetic energy over nearly the Ml solid angle. Tts main clements
are a central tracking system, a solenoidal coil, an clectromagnetic calorimeter made of lead glass, a
hadron calorimeler made of iron and wire chambers, and a muon detector. A pair of forward detectors
is used to measure the lnminosity and Lo identily particles emitted at small angles with respect to the
beam line. In (his paper all detector clements are described and their performance is discussed.
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1 Introduction

OPAL [1] is one of the 4 large detectors built for the e*e™ storage ring LIE? at GERN. It is a
multipurpose apparatus with excellent acceptance for 29 decays over a solid angle of nearly 4x.
The basic concept gniding its design has been to detect all types of interactions occurring in ete”
collisions with efficient and accurate reconstruction and u nambiguous classilication ol the cvents. The
main features of the detector are:

- Tracking of charged particles in the central region of a solenoidal coil with moeasurements of
their direction and momentum, particle identification by dF/dx and reconstruction of primary
and sccondary vertices at and near the interaction region.

- Identification of photons and electrons and mecasurement of their encrgy.

- Measurement of hadronic energy by total absorption vsing the magnet yoke instrumented as a
calorimelter.

- Ientification of muons by measurement of their position and direetion within and behind the
hadron absorber.

- Mcasurement of absolute machine luminosity using Bhabha. scallering cvents in the very for-
ward direcltion with respect to the beam line.

‘I'he general layoul of the detector is shown in fig. |, indicating the location and relalive size of
the various components. Fig. 2 shows cross seclions of the detector parallel and perpendicular to
the beam axis. A system of central (racking chambers is contained inside a solenoid which provides a
uniform magnetic field of 0.435 T'. The solenoidal coil is surronnded by a time-of-flight connter array, a
Jead glass electromagnetic calorimeter with a presampler, an instrumented magnel relurn yoke serving
as a hadron calorimeter and four layers of outer muon chambers. A Torward detector measures Lhe
Juminosity.

The LIEP beam at the OPAL interaction region, and also the OPAL solenoid axis, is inclined at an
angle ol 13.9 wrad relative to the horizontal plane. The coordinate system is illustrated in fig. 1; the
z axis is horizontal and poinls approximately towards the contre of LD, the y axis is approximately
vertical, and the z axis is in the e~ beam direction. The polar angle, #, is measared from Lhe 7z axis,
and the azimuthal angle, @, from the 2 axis about the z axis.

T'he central tracking system is divided into a precision verlex detector, a large volume jet chamber
and z-chambers. The main tracking is performed with the jet, chamber, a drift chamber approximately
four metres in length and two metres in radius with 159 layers of wires, providing both high redundancy
and precision for the reconstruction of multihadronic cvents. The central tracking system operates
al a pressure of 4 bar and is therefore contained inside a pressure vessel whose cylindrical structure
provides mechanical suppori to the solencidal coil mounted around it. The pressure vessel is closed
al Lhe two ends by bell shaped covers,

The time-ol-Might system covers the barrel region, leosf}<0.82. 1t consists of 160 scintillalion
connters;, 6.8 m long and 15 mm thick, located at a radius of 2.36 m.

The main cleclromagnetic catorimeter consists of a cylindrical array of 9,110 lead glass Dlocks of
21.6 radiation Jengths (Xo) thickness, covering Jeosf]<0.82 in the barrel region, and 2,264 lead glass
Dlocks of 20 X, thickness in Lhe endeaps, covering 0.81 <jcosf}<0.98. Bach block subtends a solid



angle of approximately 40 x 40 mrad? and projects towards the interaction region in the barrel region
and along the beam direction in the endcaps. The two sections of the electromagnetic calorimelter
together cover 98% ol the solid angle. :

Just inside the Jlead glass calorimeter and sutrounding the pressure vessel, thin gas detectors
(presamplers) provide measurements of the position and energy of electromagnetic showers which
slart in front of the lead glass. ‘The overall energy resolution is improved by correcting for the energy
lost in the material in front of the lead glass calorimeter. ‘

The yoke of the magnet is made of welded iron plates, 10 cm thick, with gaps which are instru-
mented with streamer tubes and form the main hadron calorimeter. The poles are instrumented with
thin multiwite chambers and complete the coverage of the solid angle for hadronic showes detection.
Since hadronic showers usually begin in the lead glass calorimeter, the hadronic encrgy is measured
by combining the signals of the hadron calorimeter with those of the lead glass.

The entire iron structure is surrounded by several layers of chambers in order to identify muons by
measuring the position and direction of all charged particles which have traversed the iron absorber.

The himinosity of the colliding beams is determined by the observation of small angle Bhabha
scaltering with the forward detector. This device consists of two identical ¢lements sutrounding the
beam pipe at cither end of the central tracking system. Iis acceplance covers angles from 40 to
150 mrad from the beam and 27 in azimuth. Each clement consists of a lead-scintillator calorimeter
of 24 X, thickness, divided into t6 azimuthal segments, with three layers of posilion measuring tube
chambers located behind the first 4 X,. tn front of cach calorimeter there is a set of precisely located
scintillators and drift chambers. '

Jlectronics is contained in multi-storey counting tooms atlached to etther side of the iron yoke,
and in single storey units suspended above the upstream and downstream ends of the detector. Signals
are carried from the front end electronics at the detectors to the electronics huts by typicalty 10 m of
twisted paic or coaxial cable. Both sets of clectronics huts move as the detector is opened or tolled
from its beam to its “garage” position. Access to the iuner paris of the delector can be obtained by
opening the magnet as iltusirated in fig. 3. ‘

[n the following sections the detector clements are described in more detail.

2 Magnet and Beam Pipe

2.1 Magnet

‘The magnet consists of a solenoidal coil and an iron yoke. The coil Tias Lo be “thin” and “ransparent”
for particles produced in the interaction region. This has been achicved by making a scll-supporting
waler cooled solenoid, without the extra mass of a coil-support mandrel, which gives an adequale field
strength with less than 5 MW power consumption. '

‘The teturn yoke is made of soft sicel plates. The yoke can be split into five main parts, a central
part, two “C”s and two poletips, which can be separately displaced on a system of rails and rollets,
to provide access to the experimental apparatus located inside and around the solenoid. An isometric
view of the magncl in the “open” position is given in fig. 3. The main magnel parameters are fisted
in table 1.



In the central cylindrical volume (used for tracking) the magnetic field of 0.435 T is measured to
be wniform to within £0.5%. A scveie requirement is that the ficld in the annular region between
the outside of the solenoid and the jron yoke should not exceed 2 fow tens of Gauss. In that region
pltotomultipliers are installed which eannot be operated if the maguetic field is too high. To salisfy
the second requirement it has been necossary to wind the solenoid as a single long unil, i.e. it was not
possible to split the solenoid into a number of shorter sections assembled togectlier. Shorter seclions
would have been easicr 1o manufacture but the discontinuily at the joining point of two adjacent sec-
lions would have created unacceplable nonuniformities in the magnetic field. Independently powered
correclion windings at the poletips were also provided, but it has not been necessary to usc them.

2.2 Beam Pipe

The beam pipe supports the 4 bar absolute pressure ol the gas ol the central tracking system. lis
steucture has been chosen to provide an acceptable transparency in terms of radiation lengths. The
inner radius of the pipe was fixed at 78 mm based on Uhe resubts of calculations of the expected flux
of synchrotron radiation [2). '

A pipe of carbon fibre composite construction was chosen, following development work carried out
al CERN [3]. The radiation length of the carbon fibre epoxy used is estimated to be 235 mm. The
pipe consists of a 0.1 mm aluminium (ube onto which are epoxied a scries of overlapping layers of
carbon fibre. ‘T'he inner skin of aluminium is required for continuity of the conducting sueface secn
by the wake field of the LEP beams. This reduces the RI¥ losses and local heali ng. The thickuness of
aluminium is sufficient to provide electromagnetic shiclding of the detector from the bunched beams.
The aluminium is also needed to provide a vacuum tight surface with minimem outgassing.

"The pipe was made in three scctions each about 1150 mm long. In each case the aluminium tube
was machined by honing a seamless tube of original wall thickness around 12 mm. The final tobes were
ol 0.1 mm thickness over their central 1050 mm and then increased in thickness via a ridged taper al,
cach end to provide 4 mm thick end rings suitable for welding the sections together. The carbon fibre
was layered by hlament winding and was impregnated with high temperature epoxy which permits
baking the assembly at 150°C. The central section was made of 1.3 mm thick catbon fibre composite
with two 5 mm (hick stiffening rings. Together with the aluminium liner, this represents 0.66% of a
radiation length. The two outer sections are smooth tubes of 2 mm carbon composite. These three
seclions were welded together and had end Tanges added, hefore being pumped and baked out. The
assembly was flled with dry nitrogen at atmospheric pressure before being installed within the vortex
detector. The final puinp-down was carried ont after the tube had been connecled to the rest of the
LEP beam pipo.

3 Central Tracking System

3.1 General Concept

The central tracking system consists of three elements, a high resolution veriex detector, a pictorial
drift. chamber of the “jet chamber” type and the z-chambers. The chambers are shown in figs. 1 and 2
together with the other elements of the detector. The vertex detector, localed between the beam
pipe and the jet chamber, is used o locate decay vertices of short lived particles and to improve the
momentsm resolution. The jot chammber records the tracks of charged particles over almost the entire
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solid angle and measures their momenta. Particle identification is done by multiple sampling of the
energy Joss in the gas. The mecasurement of up to 159 points per track and an excellent two track
resolution guatantee a high tracking efliciency. Z-chambers, mounted around the outer mechanical
suppotl of the jet chamber, are used Lo obtain a precise measutement of the 2 coordinale of the tracks,
thereby enhancing the invariant mass resolution. Details of the different tracking chambers may be
found in table 2.

3.2 Vertex Detector

The vertex detector is a 1 metre long, 470 mm diameter, cylindrical drift chamber that surrounds the
carbon fibre beam pipe and operates within the common 4 bar central tracking system pressure vessel.
1t is based on a scaled down jet chamber design. The chamber consists of an inner layer of 36 cells
with axial wires and an outer layer-of 36 small angle (4°) stereo cells.

The axial cells provide a precise measurement of position (@ = 50 gtm) i the r-¢ plane to aid the
measurement of secondary verlex topologies in ete™ annihilation events, while maintaining a good
multi-hit detection capability to resolve individual particles within jets. Good drift time resolution is
obtained by having 1 bar gas pressure anrd by limiting the maximum drift distance to reduce diffusion
offccts. A coarse measurement of the co-ordinate (2) along the wire, by measuring the time difference
between the signals from the two ends of the anode wire, is used in the fast track trigger and for offline
track finding. The combiration of sterco and axial cell information provides an accurate z measurement
for charged particles close to the interaction region.

Design

The design of the chamber was developed from the experience gained in constructing and operating
a prololype chamber [4,5] containing 4 axial cells and 2 sierco cells instrumented with protolype
readout electronics. Fig. 4 gives a schematic view ol the vertex detector and its associated components.
The chamber wires are strung botween two 32 mm thick G110 fibreglass end plates that are held 1 metre
apart by a single 1.5 mm thick carbon fibre tube located al the detector ouler radivs of 235 mm. A
thin aluminised mylar cylinder, at the detector inner radins of 88 mm, allows a different gas to be
nsed within the pressure vessel of the central tracking system. The preamplifiers and the high voltage
distribution components are mounted on each G10 end plate within an extension of the vertex deteclor
gas volume defined by gas-tight inner and outer aluminium cylinders and an aluminium cnd bulkhead.
Tligh voltage and signal cable feedthroughs are inserted into ihis butkhead.

The detector is mechanically supported from the inner edge of the jet chamber end cones by two
alumininm extender tubes [4,5] and is mechanically independent of the beam pipe.

The vertex detector cell geometry is forned with radial anode and cathode wire plancs for cach
of the axial and stereo cells. Fig. 5 shows the wire layout for 3 cells al one end-plate. The anode
planes consist of alternating 200 g diameter gokd plated Cu-Be potential wires and 20 pm diameter
gold plated W-Rh anode wites. The axial cells have 12 anode wires with a radial spacing of 5.3 mm,
located between chamber radii of 103 and 162 mm. The stereo colls have 6 anode wires, 5 mm spacing
and tie between 188 and 213 mm radii. The sterco angle is ~1°. The anode wires are offset into the
cell by a %41 pm alternating stagger in order to resolve the left-right drift ambiguity. There is an
additional anode wire bow of 50-100 pm due to the clectrostatic forces when chamber vollages are
applicd. The cathode planes use 125 g diameter Cu-Be wires spaced 1 mm apart.

e clectrostatic field conditions within a cell are defined by the anode wire sutface field, which
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determines the gas gain, and the drift field. These fields are determined by the voltages applied to the
potential and cathode wires; the anode wires are al ground polential. The drift field is perpendicular
to the anode plane. A uniform potlential gradient is produced on the cathede planc by a voltage
divider network. The potentials of each of the wires in the boundary ficld shaping rings are also set
by resistor networks. Ioils al the inner and outer radii of the axjal and sterco cell layers operate at
fixed potentials and terminale the elecirostatic fields.

The high voltage (IIV) system includes resistor divider networks mounted on the chamber, an
external distribution network, power supplics, and compulter controlled ramping and monitoring fa-
cilitics. It is a modular system wilth the capability of independently controlling the voltages on 18§
scparate IV cells for each of the axial and sterco systems. Tach IV cell corresponds to 2 readout
anode planes.

The seiting ol the power supply voltages is controlled by individual DACs and monitored by a
multiplexed ADC system, both operating within a CAMAC based IV control system. ‘This control
system cnsures that the complete axial or stereo system can be turned on or oll, or adjusted simulta-
neously using a computer controled common ramp function. The system also includes synchronous
handling of IV trip conditions and provides for soveral safely interlocks.

Electronics

Boih ends of each anode wire are connected at the chamber end-plates to preamplifiers with
appropriately maiched characteristic impedances of 360 € and a gain ol 2.5. Flectric cross-talk between
neighbouring sense wires is compensated by resistive feedback [6,7]. Pole-zero shaping shortens the
fall time of the pulses, thus reducing the dead-time between signals to 40-50 ns which corresponds to
a Lwo-patticle separation of about 2 mm.

Time digitising is performed for both the drift (r-¢) and the z coordinates in “converter” modules,
where the signals from each wire-end are amplified and fed 1o a constant fraction discriminator. The
drifi time measurement is obtlained by combining the outpuis from the two wire-cnds in a mecan-timer,
which tesulls in the measurement being independent of the position of the it along the wire. The
drift time measurement has an intrinsic bin width of 0.67 ns and a 12-bit range [6,7].

The signals from the two constant fraction discriminators are also passed Lo a unit which measures
the dilference in their time of arrival. A measurement of this quantily to a precision of 0.1 ns allows
the z coordinate to be determined to ~4 cm.

A more detailed description of this readout cloctronics system may be found in refl. [7).
Performance

Details of tests with various operating conditions can be found in ref. [6). During the physics tun
at LEP in 1989 the chamber was operated at a drify field of 2.5 kV/cm and an anode surface field of
360 kV/em, using the same gas mixture as the Jet chamber, The spadial resolution as a function of
drilt distance in the r-¢ planc for the axial colls is shown in lig. 6; the average resolution is 55 pem.
Results on the combined performance of the tracking chambers can be found in section 3.5.



3.3 Jet Chamber

Design

The jet chamber is designed to combine good space and double track resolution, essentjal for
the efficient recording of jet-like events, with the possibility of particle tdentification, within a solid
angle close to 4x. The design principle was first cstablished with the jet chamber of the JADE
cxperiment [8] at PETRA. The sensitive volume of the jet chamber is a cylinder with a length of
about 4 m, surrounding the beam pipe and vertex detector. The outler diameter is 3.7 m, the innet
0.5 m. The chamber is subdivided into 24 identical sectors, cach containing a plane with 159 sense
wires. Cathode wire plancs form the boundaries between adjacent sectors. All wires are paralle]l to
the beam direction and the wire planes are radial. The maximum drift distance varies from 3 cm at
the innermost sense wire o 25 ¢m at the outermost wire. Many ol the design features of the OPAL
jet chamber are described in refs. [9,10].

In the tange 13° < # < 137° 159 points are measured along cach track, and ai lcast 8 points on a.
track are obtained over a solid angle of 98% of 4x. For cach point true threc-dimensjonal coordinates
(v, $, z) are delermined from the wire position, the drift time and from a charge division measurcment.
The charge division method requires the measurement of the integrated charges for each hit at both
ends of the signal wirc. The ratio of these charges determines z, and their sum is used to calculate
the energy loss dJi/dz of the particle in the chamber gas.

The signal wires are localed between radii of 255 mm and 1835 mm, cqually spaced by 10 mm,
altcrnating with potential wires. In order to resolve the left-right ambiguitics the signal wires are
staggered by £100 gm alternalely to the left and right side of the plane defined by the potential wires.
The signal wires are at ground potential. The voltage of the potential wires determines the gas gain
and is normally set to —2.38 kV. - '

The wires are stretched between two conical end plales which are held apart by a set of 24 hollow
aluminium panels located at the outer radius of the chamber. There is no inner support tube.

Tig. 7 shows a perspective view of the mounting scheme of the sense and potential wires al the
end plates. The wires run through slots between the ficld shaping clectrodes, situated at the inside
of the conical end plates, and then through holes in those plates to the outside. They are precisely
positioned at the outside of the end plates with the help of an accuralely machined (¢<10 pm)
comblike structute [11]. The method of wire positioning is described in detail in ref. {12].

The cathode plancs are inclined in ¢ by 7.5° with respect to the anode planes. Since Lthe equipo-
(ential sutfaces in the drift region are parallel to the anode plane, cach wire of the cathode plance is
held at a different potential by a resistor network. At the innermost radius a field cage madoe of wires
and a foil terminate the clectrostatic field. At the outermost radius ol each sector the correct clectro-
static boundary conditions are provided by a ficld shaping clectrode, an inswlator covered with copper
strips. Also on the end plates similar field shaping clectrodes gencrate the correct field termination.
Tig. T shows, together with the anode wire support, a cut-away picture of the endeap field shaping
electrode, the mounting of the cathode wires, and the resistor chain defining the cathode poteniials,
More details of the fictd cage can be found in ref. [10].

The high vollage system [ll,l.’l] has to supply voltages from —25 kV al the outer, to ~2.5 kV at
the inner feed points. In order to avoid non-lincaritics in the drift ficld, e.g. caused by leakage currents
and by the presence of large jon currents under certain beam conditions, 4 intermediate points are also
supplied with high voltage. TFor adjusting the voliages, a master/slave system has been built where
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the master ramps all voltages simultancously according to the slave settings. All 24 cathode planes
are connecied to the same power supplies to guarantee the same voltages throughout the chamber,
The currents into the resistor chains are monitored separately for each foed point ol the cathodes with
high accuracy; for example the current of 700 A per cathode plane drawn ai the outer feed point is
measured with a resolution of 8 nA.

Under normal operating conditions all potential wires are connected to one power supply. The
cutrents in the chamber are monitored individually per group of 16 wires using current meters similar
to those used for the cathodes. The sense wire currents arc monitored with a precision of 8 nA again
in groups of 16 wires and the values can be used to correct for space charge effects in the dE/dx
measurements as described in ref. [14].

To protect the chamber against overcurrents, the current measuring circuits are equipped with
comparators. If the current in any of the HV-lines of the cathode exceeds Lhe hard-wired threshold,
all power supplies are disconnected and the potential wires are grounded by a fast transistor switch in
~2 pts. An overcurrent in one of the polential wire gronps activates only the potential wire protection
circuit.

Flectronics

Electric cross talk between neighbouring wires can lead, for certain track directions, to a significant
deterioration of the chamber resolution. ‘The chamber was therefore built with hardware cross-talk
compensation [10], using a resistor network at the output of the preamplificrs. The remaining cross
talk signal on the first and second neighbouring wires after com pensation amounis Lo less than 1% of
the signal on the primary wire, compared with 8% before compensation.

Iig. 8 shows a schematic drawing of the readout electronics. Low noise preamplifiers are mounted
on the end plates close Lo the points where the anode wires are attached. The waveforms of the
amplified signals from each end of every sense wire are recorded with 100 M1z Nash analogue-(o-
digital converters (FADCs). The high speed sampling greatly improves the lime measurement and
the double hil resolution [15]. 'The componenis of the FADC system (DL.300) are described in detail
clsewhese {16]. ‘The FADCs have a 6-bit, resolution, which is effectively extended to 8-bit by a nonlinear
response function. Digitised hit data are stored in fast memories.

The digitised information is read out via hardware scanners, which also perform zero suppression.
The valid data from all 80 [ront-end FADC crates are transferred to 20 microprocessors residing in
two VMU crates for Terther data reduction. ‘The first step in this reduction is an online pulse shape
analysis [17] in which the pulse shape of each hit is used 1o calculate Uhe corresponding drift time and
the signal charge. This information is used in a sccond step to perform online track finding [18].

Calibration and Monitoring

The chamber is operated with a threc-component gas mixture ol argon (88.2%), methane (9.8%)
and Jsobutane (2.0%) at a pressure of 4 bar. In order to achieve the desired spatial and charge
resolutions, gas properlies such as drift velocity and electron attachment must be kept stable over a
period of several months in the presence of outgassing materials. Tho gas system was thercfore buili
as a closed system with recicculation and purification of the gas in order to eliminate oxygen with
high efliciency down to a level of a few ppm, since oxygen has a large electron attachment coelficient.
With one volume exchange per day the oxygen level reaches values as low as 2 ppm alter a lew days
of purification. The corresponding loss of electrons is <5% for a drift distance of 25 cm. ‘There are
indications from scveral experiments that the presence of a certain amount of water vapourt in the
chamber gas has bencficial effects on the chamber lifetime (19]. On the other hand small quantities
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of waler affect the drift velocity [20]. Therelore the jet chamber is operaled with a water content of
~B00 ppm which is kept constani to £50 ppm. A small test chamber [20] is used to monitor the drifi
velocity, gas amplification and clectron atlachment. '

A laser system based on a Nd-Yag laser (wavelength 266 nm, pulse Jength 3 ns) with 2 x 24 double
beams al fixed positions is used to monitor the drift velocity and to provide calibralion constantis
for the charge division measurements. A dielectric beam splitter generales two parallel beams with
a precisely known separation. The chamber is illuminated with each beam in turn using polarised
laser light and a Pockels cell. 1t has been shown {21] that distortions in the electiric field or in the
mechanical structure can easily be spotted, and that the drift velocity (v4) can be measured with an
accuracy of oy, /vy < 0.1%.

Performance

The overall design of the chamber and the optimisation of performance were done with several
prototype setups, mainly with the full scale protolype (IFSP) [9,14]. The chosen working point of
the jet chamber (gas gain ~ 101, drift ficld 890 V/cm, pressure 4 bar) represenis an optimisation of
the competling tequirements for good particle identification through dE/dz (low gas gain) and good
z resolution throngh charge division (high gas gain). Preliminary petformance figures achieved during
the first operation in 1989 are given in the following paragraph.

Fig. 9 shows the spatial resolution in r-¢, as a funciion of the drift distance. The average resolution,
Trg, 15 135 pm at the mean drift distance of 7 ecm. The average resolution in z, o, is 6 cm. The
distribution of inverse momentum, 1/p, for tracks in events of the type ete™ — ptp~ is shown in
fig. 10, and indicates that the resolution, e,/p?, is 2.2x 0™ GeV~!. In fig. 11a the encrgy loss
dF;/dx is plotted as a function of momentum for tracks in a sample of multihadron events and events
of the type ete™ — ptp~. Demanding at least 130 mcasurements per track a iruncated mean is
calculated providing a resolution, ¢(upaz)/(dF/dx), of 3.8% for the dimuon sample. Fig. 11b shows
the distribution of the truncated means for these dimuon events. Results on the combined performance
of the tracking chambers can be found in section 3.5,

3.4 7Z-Chambers

Design

The z-chambers are arzanged to form a barrel layer around the jet chamber covering Lhe polar angle
from 44° 1o 136° and 91% of ithe azimuthal angle. Thoy are designed to make precise measuremenis
of the z coordinates of charged particles as these leave the jet chamber and Lhus to improve both the
polar angle and invariant mass resolutions.

They consist of 24 drift chambers, 4 m long, 50 ¢m wide and 59 mm thick. Delatls of theit construc-
tion and performance are described clsewhere [22}. Fach chamber is divided in z into 8 bidirectional
cells of 50 cm x 50 ¢m, so thal the maximum drift distance is about 25 c¢m in the z direction. The
chambers usc the same gas as the jel chamber and require a maximum drift voltage of aboul 20 kV to
achicve a drili field of 800 V /em. Each cell (sce fig. 12 ) has six anode wires (about 50 cm long in ihe
¢ direction) at increasing radii with 4 mm spacing and a stagger of £250 pm io resolve the left-right
ambiguity. The wires have an amplifier at cach end, so that the ¢ coordinate may be determined by
charge division. A grid isolates the anode region from the drilt region and results in a very linear
response in the drift region wp to the grid and also allows stable chamber operation over a wide range
of gas gains and pressures {22]. '
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Electronics

The differential output signals are multiplexed two (o one {23], in a fashion thal minimises the
confusion within jets, and are digitised by a FADC system [24], which is read out using VME micro-
processors. ‘I'he z-chambers are controlled in stand-alone mode by a dedicated micro-VAX-I.

‘The high voltage system uscs controllers, cquipped with 7 kV modules for the grid and guard high
voltages, and interfaces to 30 kV supplies for the drilt voltages [25]. All the high voltages are filtercd
as they enter Lhe pressure vesscl, and there are further filters on the lines at the poinl where they are
attached to the wites; this last filtering was added to reduce cross-talk between adjacent anode wires.

Performance

Fixperience with prototypes and with the final chambers shows that the chosen design results in a
very unilorm electrosiatic field, which allows the ionisation clectrons to drift in the narrow 29 mm wide
drift gap for the Mll 25 em drift distance with high eflicicncy. FPurthermore, the chamber performance
is unaflecied by small misalignments between the axis- of the drift- field and the external magnetic
field. The intrinsic 2z resolution, for minimum ionising particles normal to the drift divection, varies
from Jess than 100 pm atl the shortest drifl distances, to 200 gm al the longest drift distances (sec
fig. 13). The absolute resolution is determined by the precision of the survey, and is expected o be
around 300 gm. The r-¢ resolulion was measured to be of the order of 1.5 em.

3.5 Combined Performance

Fig. 14 illustrales the accuracy of the measurement of the primary vertex in the 1989 physics run using
all three subdetectors of the central tracking system. Whereas in the vertical direction the width of
the distribution is domirated by the detector resolution, a clear broadening in the horizontal direction
is seen corresponding to the Targer beam dimension in this plane. I’he impact parameter resolution
measuted with cvents of the type ete™ — p*p~ is shown in fig. 15. In the r-¢ plane the r.m.s.
resolution is found to be 75 pm and in the r-2 plane it is 2 mm with and 2.7 cm withont the sterco
wire information of the verlex detector. The invariant mass resolu tion, ogn , for K®—z¥ 5~ decays is
8 MeV as shown in fig. 16. ' ‘

4 Time-of-Flight System

The time-of-Night (TOF) system covers (he barrel rogion lcos0]<0.82. It gencraices trigger signals and,
by wcasuring the time of flight from the interaction region, allows charged particle identification in
the range 0.6 2.5 GeV. [t also aids in the rejection of cosmic rays.

Design

The TOT system consists of 1680 scintillalion counters [26] Torming a barrel of mean tadins 2.360 m
which is positioned outside and coaxial with the alumininm coil. Bach connter is 6.840 m long and has
a irapezoidal cross section (45 mm Lhick, 8910 91 mm wide). The counters are individually wrapped in
aluminised mylar foil and black PVC sheei. The maximum gap between adjacent counters is 2.6 mm.

The light is collected at both ends of cach counter via 300 mm long conical and cylindrical plexigtass
light guides glued dircetly to phototubes [27]. ‘The phototubes have a nominal gain of 3 x 107 at
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1850 V, and are carelully shielded from stray magnclic ficlds by a combination of p-metal, sofl iron
and compensaling coils.

Electronics and Moniloring

IZach of the 320 analoguc phototube signals is passively split into two. One signal (one third of the
amplitude) gocs to a 12-bit charge inlograting ADC. The other signal (two Lhirds of the amplitude)
goes to a constant fraction discriminator with three outputs, which go to a strobed patiern nnil, an
11-bit (50 ps/count) TDC, and a mean timer. Trigger signals from the TOF system are generated [rom
the mean timers, and require the discriminators on both ends of a counter to have fired (within 50 ns
of each other and within 50 ns of the arrival time of a relativistic particle from beam interactions).

A laser calibration system will monitor the responsc of the counters and associated clectronics (o
light pulses which simulate the cffect of the passage of charged particles through the scintillator. The
nltra-violet light from a pulsed nitrogen laser is wavelength-converted and diffused by a small piece
of scintillator before being fed Lo each end of each counter via an optical fibre and a plexiglass prism
glued to the conical light guides.

Performance

The response of cach counter of the TOF system was measured in a 5 GeV test beam al the
CERN-PS. Signal times and amplitudes were measured at both ends for 1) dilferent longitudinal
positions of the beam through cach counter. Along the counters the mean speed of scintillation
light was found to be 0.582 ¢, and its mean attenvation length 2.33 m. From the width of the time
distribution obtaincd for cach measurement, the tliming resolution of the TOYF is expected to be 280 ps
at the centre of the counlers and 350 ps at the ends (not using any z measurement coming from any
other detector) and its z sesolution is expected to be 5.5 cm. 1M in addition a z measurement from
another detector is used, then the resolution at the centre should be unchanged but the resolution at
the ends should improve to 220 ps.

The timing tesolution which is currently achieved in situ al LED has been measured with events
ol the type ete™ — pTp~. The comparison of the z measurement from the TOTF system wilth the z
mecasurcment of the barrel lead glass calorimeter indicales a 2z resolution of 7.5 em. The measured
Night time for muons compared to their expected flight time has a rosolution of 460 ps (without using
external z information). These two distributions are shown in fig. 17.

5 Electromagnetic Calorimeter

5.1 General Concept

The clectromagnetic calorimeter detects and measutes the energics and positions of electrons, positrons
and photons ranging [tom tens of McV to 100 GeV. It provides x°-photon discrimination and, in
conjunction with the central tracking system, clectron-hadron disctimination. It is a total absorptlion
calorimeter, and is mounted between the coil and the iron yoke of the magnet as shown in figs. ] and 2.
It consists of three latge overlapping assemblies of lead glass blocks (the barrel which surrounds the
magnet coil, and two endcaps) logether covering 98% of the solid angle. It is complemented by the
gamma catcher and the calorimeter of the forward detector, and is thereby hermetic down Lo the inner
radius of the forward calorimeter. Lead glass was chosen for the electromagnetic calorimeter because
of its excellent intrinsic encrgy tesolution (op/F ~5%/\/ﬁ, whete F is the electromagnetic energy in
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GeV), linearily, spatial resolution (~1 cm), granularity, clectron-hadron discrimination, hermeticity
and gain stability.

Since there are ~2 X, of material in front of the lead glass, due mostly to the coil and pressure
vessel, most clectromagnetic showers are initiated before the lead glass ilself. Presampling devices
are therefore installed in both the barrel and endeap regions immediately in front of the lead glass,
to measure the position and sample the encrgy of these clectromagnetic showers, thereby improving
the =°-photon and clectron-hadron discrimination and the clectromagnetic energy resolution. In the
barrel region the presampler consists of a cylinder of (ubes operated in the limited streamer mode,
while the endcap presampler is an umbrella type arrangement of thin multiwire chambers opcraling in
a high gain mode. A presampler is able to improve (he clectromagnetic energy resolution on a shower
by shower basis because the pulse height (or number of hils) observed is approximately proportional
to the number of (charged) shower particles entering the device, which is itself roughly proportional 1o
the energy deposited in the material in front of the presanpler. Tn the barrel region, the time-of-Might
system can provide additional presampling information from the observed pulse-heights,

The properties of the clectromagneltic calorimeter are summarised in table 3. I'ig. 18 shows the
typical total number of radialion lengths of material a) in front of and ) inside the active material of
the electromagnetic calorimeter.

5.2 Barrel Electromagnetic Presampler

Design

The barrel electromagnetic presampler [28,29] consists of a cylinder of limited streamer mode
chambers located between the time-of-flight system and the barrel lead glass calorimeter. The structure
of the presampler is shown in fig. 19. It consists of 16 chambors covering the surface of a cylinder of
radins 2388 mm and 6623 mm length. Each chambaer has two layers of limited streamer mode (ubes
with the wires ronning axially. The tubes are similar in design, but not identical, to those pioncered
by Baitistoni [30].

Flach layer of a chamber is made from lour PVC extrosions, cach having 24 cells. ‘I'he layers
are offset by hall a cell width (o avoid inefficiencics associated with the cell walls. The cells have
an internal size of 9.6 mm square, with 1 mm thick walls. The coll walls are sprayed with a high
resistance graphite suspension [31] and buffed to form a hard smooth coaling of surface resistivity
~1 MQ/square. The cells are closed with a similarly coated flat PVC cover. The anode wires are
staintess steel, 75 im in diamcter, and are supported in the cells by a plastic bridge every 50 ecm, The
chambers are operaled with a gas mixture of n-pentanc (32%) and CO, (68%), oblained by bu bbling
COz through a tank of n-pentanc maintained at a constant tem perature.

Readout of the chambers is obtained from 1 em wide cathode strips located on both sides of cach
layer of tubes, and oriented at 45° to the wire direction (see Big. 19). The strips on opposite sides of a
layer are orthogonal. In addition, the charge collected on cach wire is measured at both ends 1o allow
position measurement along the wire by charge division. To lacilitate this measurement the wires are
operated at ground poteniial and the resistive cathodes at high valtage. To obtain good noise isolation
a pair of ground planes is located on cither side of cach layer just outside the cathode strips. The
relalive accuracy in sirip position is 1 mm over the length of each chamber. The chambers ate read
out independently. To limit the number of readout, ¢h annels, signals lrom corresponding strips in the
two layers are passively added.



The high vollage is supplied individually to cach of the 8 extrusions of a chamber. Commercial
high voliage supplies [32} are used for the 128 channels of the system. Typical quiescent cutrenis for
single channels are under (00 nA.

Electronics

Fach chamber requires the readout at cach end of 4180 strip signals and 192 wire signals for a
detector total of 21,504 channels. A system of charge sensitive amplificrs and multiplexers is located
at each end of the chambers.

The froni-end electronics is built atound an 8-channcl charge sensitive hybrid circuit [33] and a
second hybrid which is a combination summing amplifier and line driver. The Iatter serves 32 channels.
The circuil boards are mounted in a copper cage which provides both thermal and electrical noise
isolation.

At the digitising clectronics, each signal appears on two outpuis, one al normal gain and a second at
8 times the amplitude. Two special VME readout modules are nsed. One is a digitiser module having
a pait of 12-bit ADCs, one for the high- and onc for the low-gain measurement, This module performs
21:3 multiplexing ol its input signals. The pedestals, gains, and polarities of all channels are eqnalised
prior to digitisation using data previously downloaded to the module. The other is a sequencer module
which controls the mulliplexing both in the front-end clecteonics and in the digitisers. 1t also controls
the block transfer of data from the digitiser to a memory module in the same crate. From there, a
VME processor perforins zero suppression and clustering.

Performance

The performance has been determined by measurements of a complete chamber in a test beam,
using both elecirons and charged pions over a range of momenta and radiator thicknesses, Results on
the spatial resolution are given below, while results on the encrgy resolution of the combined barrel
presampler and lead glass calorimeter are given in section 5.6.

The spatial resolution based on the cathode strips is shown in fig. 20 for both single charged
particles and for clectromagnelic showers after 2.1 X, of material. The intrinsic resolution for single
charged particles, nnscaticred by material, varies from 1 1o 2 mm depending on the angle of incidence
ol the track and on whether one is considering the direction along a wire or transvesse to a wire.
The resotution for the position of electromagnetic showers, in the plane perpendicular to the shower
direction, varics from about 6 to 4 mm as the energy changes from 6 to 50 GeV. This corresponds Lo
an angular 1esolution for photon trajectories of ~2 mrad.

‘I'he resolution in z from current division is ~10 cm for a single charged particle. This measure-
ment, logether with the pulse height correlation with the strips, aids sighificantly in the removal of
ambignitics during data analysis.

5.3 Barrel Lead Glass Calorimeter

Design

The basrel lead glass calorimeter, shown schematically in fig. 2, consists of a cylindrical array of
9,440 lead glass blocks of 24.6 X, located at a radius of 2455 mm, outside the magnet coil, covering
the full azimuthal angle and |cos?|<0.82. The calorimeter is instrumenied with magnetic field tolerant
phototubes.



'The longitudinal axes of the lead glass blocks point towards the interaction region Lo minimise the
probability of a particle traversing more than one block. 1Towever the blocks arc tilted slightly fromn a
perfectly pointing geometry to prevent neuiral particles from escaping through the gaps balween the
blocks. In the z direction, the calorimeter is segmented into 59 blocks and the gaps are pointing to
differenrt z positions (|z|= 55.5—157.9 mm) along the beam line depending on the position of the block.
In the ¢ direction, the calorimeter is segmented equally into 160 blocks, cach covering 2.25° in azimuth,
and each tilted by 0.574° in such a way thal the gaps point away from the beam axis by 30 mm. To
achieve such a quasi-pointing geometry, blocks of 16 diferent shapes are used. Mechanically, the
calorimeler is divided into 10 half-ring structures. Faclh half-ring contains 80 identical $-segment
modules ol 12 lead glass counters (11 for the middle Ing).

To achieve good cnergy resolulion at high crergies it is vital to minimise shower leakage Irom the
back ol the calorimeter. Tn order Lo maximise the effective counter thickness in radiation lengths in
a limited space, a newly developed heavy glass, SF'57 [34], was adopled. Dach lead glass Dlock is
~10 x ~10 cm? in cross section and 37 em in depth (21.6 X,.). The assembly of a block with light-
guide, phototube and fibre optic conneclor is shown in fig. 21. All surfaces of each lead glass block are
polished. For optical isolation cach block is wrapped with a black sheet of viny!l fluoride faminated on
cach side with a polyester film, ‘The inner surface of the sheet is coaled with aluminium for cfficient
reflection of light. The thickness of the wrapping amounts 1o 70 g#m. The Cerenkov light produced by
relativistic charged particles in the blocks is viewed by a newly devcloped pholotube [35] of 3 inches
diameter which is insensitive Lo small magnetic ficlds.

Between each phototube and lead glass block is a4 or 6 em fong light guide made of S¥57. They
are coupled together by an optical glue [36]. A 2 mm thick cylindrical tube of Permaloy metal [37]
surrounds each phototube to reduce the effect of the siray fickd of the magnet. With this shielding,
the phototube can be operated in an external field of vp (o 100 G with a gain deviation of less than

1%.

Fach phototube has an independent high voltage channel [38] which can be controlled in 2 V
steps. The stability of the applied high vollage was measured 1o be belter than 0.1 V over a week
corresponding to less than 0.08% change of phototube gain.

¥

The signals from the phototubes are digitised by charge integraling FASTBUS ADCs [39]. One
ADC module contains 96 input channels with a quasi-differontial input mode. Each channel has two
sensitivities, 30 {C/count and 225 [C/count, and their full scales correspond (o 120 pC and 900 pC,
respectively. These two sensitivities assure a high-precision measurement over a wide cnergy range.
The non-linearity of the ADC was measured to be less than =1 count over the full range of the Jow
sensitivity channcl.

Calibration and Monitoring

In order to calibrate the gains of the lead glass counters, cach counter was exposed bolh in 1987 and
in 1988 to 50 GeV eclectrons in a CERN-SP'S beam [10]. A special handling device was developed [11]
which supported the 30 ton hall-ring and oriented each lead glass block into the beam liue in turn.
The photolube gains were adjusted by changing the applied high voltage in such a way that a 50 GeV
clectron should correspond 1o a ch arge of 500 pC. The accuracy of the gain measurement was lypically
0.1%. The non-lincarity of the counters was measnred to be less than 1% in the energy range of
electrons from 6 to 70 GeV.

A gain monitoring system of high quality is indispensable to maintain the accuracy of the encrgy
calibration over a long period. An optical monitoring syslem wsing a xenon flash lamp [42] was
adopted. The spectrum of light from the xcnon lamp is similar to that of Cerenkov light in Jead
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glass when the light attenuation in lead glass and the quantum efliciency of a photocathode ate taken
intn account. TFar cach hall-ring, the xenon light is distributed to 80 ¢-segment modules through
optical fibre bundles [43] and at each module it is further distributed to the individual counters via
an oplical fibre cable connected at one corner of cach lead glass support Range (sce fig. 21). A 1 mm
thick white-painted aluminivm plate is attached to the front surface of cach Iead glass block Lo reflect
the monitoring light efiiciently and to distribute the light uniformly on the cathode surface of the
phototube. The xcnon fash lamp is operated al a repetition rate of 10 Hz by external triggers. The
light pulse with about 450 ns FWIM produces a phototube signal of 20-30 GeV clectron equivalent.
The light outpul of the Nash lamp is monitored by a PIN photodiode [44]. The pulse to pulse
fluctuation ol the intensity observed by the PIN diode is 0.4-0.5% r.m.s..

The calibration with the electron beam was repeated within I Lo 2 days for most of the hall-rings to
confirm the reliability of the calibration and to check the short term stabilily of the counter response.
A stability of 0.2% r.m.s. was oblained after correction by the xenon monitoring system. The long
term drift in response was also studied using the electron beam over a time interval of about one year.
A tlypical increase in response of ~2% with 1.5% r.an.s. spread was observed. The xenon moniloring
system tracked the gain drift and the spread was reduced (o 0.9% after the correction.

Results on the energy resolulion of the barrel lead glass calorimeter, in particular with and without
additional material in front and the presampler to correct for ihis, arc given in section 5.6.

5.4 Endcap Electromagnetic Presampler

Design

Fach endcap clectromagnetic presampler {45] is an umbrcila shaped arrangement ol 32 chambers
in 16 wedges (sectors) Jocated belween the pressure bell of the central tracking system and the endcap
electromagnetic calorimeter, covering the (ull azimuthal angle and 0.83<|cosf|<0.95. The physical
structure of the presampler is shown schematically in fig. 22.

'hin multiwire chambers operaling in a high gain mode arc ideally suited to malch the conslraints
imposed by Lhe requirements of good encrgy and position resolution and by the severe space restriclions
in the endcap regions. The same chamber design as for the hadron pole tip calorimeter (sce section 6.2.2
for Further details) with modificd geometry and readout is used; the chamber size is opltimised to the
available space belween the pressure bell and the endeap lead glass detector. At the outer radius
accoptance coverage is guaranteed for showers which Lraverse at least half of the thickness of an
endeap lead glass Dlock. Geomelrical constrainis prevenl coverage of the tegions al Lhe inner radius,
where the tolal material thickness in frond of the calorimeler exceeds 4 Xo and varies so rapidly with
posilion that the nsefulness of a presampler cotrection would be limited.

I*ach scctor has one large and one small trapezoidal chamber, the large one being nclined by 18°
with respect Lo the plane perpendicniar to the beam in order to follow the shape of the pressure bell
and the lead glass. The simall chamber is at 90° Lo the beam axis. Neighbouring sectors overlap cach
olher Lo ensire complete coverage of the endcap region.

Space coordinates are provided, for showers and for minimum ionising particles, by the simulta-
neous readoul of groups of 1 wires and strips. I'he energy correction for showers is best oblained
using the pad readout, because the su mmaltion over fewer electronic channels improves the signal Lo
noise ratio. The pad readout also provides a reduction of ambiguitics present on wires and strips to
aid oMine cluster finding. All 6,080 channcls have analogue readout using 24 x 32 fold multiplexing
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electronics.
Performance

The performance has been determined by measurements of a production sector in a lest beam,
using both electrons and charged pions over a ran ge of momenta and radiator thicknesses. Results on
the spatial resolution are in good agreement with the intrinsic chamber resolution, namely ]/\/1_2 of
the effective wire or strip pitch. Resulls on the electron-hadron diser! mination of the combined endcap
presampler and lead glass calorimeter are given in section 5.6.

5.5 Endcap Electromagnetic Calorimeter

Design

The endcap eleciromagnetic calorimeter [16,47] consists of two dome-shaped arrays, each of 1,132
lead glass blocks, located between the pressure bell of the contral tracking system and the pole tip
hadron calotimeter, covering the full azimuthal angle and 0.81<jcosf]<0.98. Tt is shown schematically
in figs. 2 and 22. It dilfers from the barrel Jead glass calorimeter in two imporiant aspects: Lhe lead
glass blocks are mounted with their axes coaxial with the beam line, becanse of tight geometrical
constraints, and it is instrumented with novel devices, single stage multiplicrs known as vacuum photo
triodes (VPT's) [48], which were developed in conjunction with industry to be able to operate in the
full axial field of the magnet.

Fig. 23 is a schematic view of a Jead glass block assembly. T'he lead glass used is CERIZN-25 [19].
‘L'he surfaces of the blocks are polished, and each block is housed in a brass can of wall thickness
0.45 mm. ‘This acts as a vital electrical screen, and provides mechanical supporl for the assembly via
the end plate of the can which is secured to a rigid back plate. For efficient reflection of light, each
block is wrapped with alumininm foil, at ground potential, and is enclosed in a proteciive layer of
mylar. The front faces of the blocks are arranged Lo follow the contours of the pressure bell of the
central tracking system (see fig. 22). The blocks were manufactured in three lengths (380, 420 and
520 mm), and arranged over the endcap to give a total depth ol at least 20.5 X, (typically 22 X,) for
all particles emerging from the interaction region.

Prototype triode devices from several manufacturers weore studied [50]. The tubes finally se-
tecled [51,52] have an average internal gain of 12.3 (at a ficld of ~0.4 1) and an average quantim
efliciency of 26% [16]. The photocathode sensitivity as a function of wavelength is well matched to the
spectrum of Cerenkov light transmitted by the lead glass, The triodes are oplically coupled Lo Lhe lead
glass by an cpoxy resin [53], selected for optical transparency and high refractive index. Significant
additional amplification is required close to the VIPTs, and a high gain, low noise, amplifier has been
specially developed for this application [54].

A pulse transformer and resistive allenuation nciwork located near the ADCs provide matching
beiween the screened iwisted pair cable from the amplilier and the 50 © coaxial cable feeding the
input of the charge integraiing FASTBUS ADCs [39]. 1t also provides additional noise immunily, and
allows the assembly inputs into the ADCs to be equalised for triggering, Carelul rippie filtering of
the high voltage supply is important, and is achieved via a two stage low pass filter. All VPT's arc
operated al a photocathode potential of —1.0 kV. :

The mean number of photoelectrons produced by an electromagnetically showering particle is found
to be 1.8 x 10? per GeV [16]. T'he overall noise (dominated by amplifier noise, but including pick-up
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and ADC noise) of a single channel, expressed in units of equivalent energy, is typically 14 MeV (at a
field of ~0.4 T).

Calibration and Monitoring

As seen in fig. 23 cach assembly has two reference light sources which ate used for monitoring its
parformance. In one system, light is taken via oplical fibres to each assembly from a liquid scintillaior
cell whicl is excited by a pulsed nlira-violct nitrogen laser. A fibre optic connector joins an external
fibre frora the cell to an internal fibre which injects the scintillation light into the lead glass. In
addilion, each assembly has a green light emiiling diode (LED). The LED is mounted on a perspex
rod which is glued to the end of the lead glass block. This arrangement avoids the electrical driving
pulse passing near the very sensitive amplifier. With the laser driven system all assemblies most be
pulsed together, while the LED system allows an individual assembly or any subset of assemblies lo
be selected. The laser and LED systems produce pulses of, respectively, ~10 and ~20 GeV electron
equivalent.

ach assembly was calibrated several times in a high energy eleciron beam at the CERN-SI'S (10].
Most assemblies showed excellent stability. The short term (1-2 day) slability. of the response was
0.3% r.m.s., and the stability observed over.a 7 month period was 1.3% r.m.s. with a 0.2% shilt in
the mean,

The performance of the endcap clectromagnetic calorimeter has been exlensively studied in #7
and ¢~ beams [16,47]. The encrgy response was found Lo be linear in the range 3-50 GeV to within
ihe measurement errors of ~1% and the coergy resolution was op /% ~ 5%/V E at low cncrgies. The
spatial resolution was found to be 8-14 mm for a 6 GeV e~ beam incident at 15° to the tongitudinal
block axes. Results on the clectron-hadron disctimination of the endcap lead glass calorimeter are
given in Lhe following scction.

5.6 Performance of Combined Presampler and Lead Glass System

Many test beam sindies have been undertaken [15,46,47,18,52] to understand how best to combine the
information from the presampler and lead glass, and to understand the anticipated petformance of
the combined system in the experiment. Por example, fig. 24 shows the measured energy resolulion as
a function of incident ¢~ energy for a prototype barrel section of the calorimeter. The ty pical energy
resolution without any material in front was found to be o/l = 0.2% + 6.3% /v, as indicated by
the solid line in the figure. It can be scen that adding 2.08 X of aluminium in front degrades the
energy tesolution substantially, c.g. by a faclor ~2 al 6 GeV, but that ~50% of this degradation can
be recovered by using the information from the presampler chambers. '

Fig. 25 shows the measured #~ misidentification probability as a function of e~ detection efficiency
for isolated 20 GeV particles incident into 1.6 X, of aluminium in front of a production endeap section
of the calorimeter. By exploiting the correlated response of the presampler and lead glass, a pion
rejection in the order of 10~? is achieved for an electron identification clficiency of 80-90%. The
chasged particle identification capability of the jet chamber via its dF/dx mcasurements which is
discussed in section 3.3.4 significantly enhances the eleclron-hadron discriminalion power of the enlire
detector.



6 Hadron Calorimeter and Muon Detector

6.1 General Concept

The hadron calorimeter measures the energy of hadrons emerging from the clectromagnetic calorimeter
and assists in the tdentification of muons. The iron of the return yoke provides 4 or more interaction
fengths of absorber over a solid angle of 97% of 47. The yoke is scgmented into layers, with: planes
of delectors between cach layer, and forms a cylindrical sampling calorimeter about | metre thick.
The encrgy resolution is limited mostly by the material of the clectromaguetic calorimeter, and by
the structure of the return yoke itsell. To achieve the coverage in solid angle, the hadron calorimeter
is constructed in three paris-—the barrel, the endcaps and the pole Lips, as shown in fig. 3. The main
properties are summarised in lable 4.

The muon detector, sce able 5, is constructed as a barrel and two endcaps and covers the iron
yoke almost completely, While muons pencirate to the muon detector and leave a si ngle clean track,
mos!t hadrons are absorbed in the yoke. The barrel muon delector consists of planar drifi chambers
whereas both the hadron calorimeter and the muon endcap deteclors use plastic limited sltreamer
tubes. Ilowever, their construction details dilter because the mechanical and salety constrainis and
the physics requirements are different.

6.2 Hadron Calorimeter
6.2.1 Barrel and Endcap Hadron Calorimeter

The barrel consists of 9 layers of chambers, alternating with 8 iron slabs, and spans radii from 3.39 m
to 4.39 m. The stabs are 100 mm thick with 25 mm gaps. 1t is closed at cach end by a doughnut-
shaped endcap, where 8 layers of chambers alternate with 7 slabs of iron. llere the slabs are 100 mm
thick with 35 mm gaps. Since there is a high probability of hadronic interactions being initiated in
the 2.2 interaction lengihs of material beflore the hadron calorimeter, the overall hadronic energy has
to be determined by combining signals from the electromagnetic and hadron calorimeters. The chosen
sampling Lhickness of 100 mm gives an approximate match between the uncertainties in hadronic
encrgy measnrements by Lhese two calorimelers.

The active elements of the detector layers are based on the limited steamer tube design developed
al INFN Frascati [30,55,56,57). A low cosl, ‘comb like’, 'VC extrusion was used with 7 or 8 cells,
as shown in fig. 26, with 100 gm diameler anode wires, 10 mm apart, and an extruded PVC gas
envelope. The inside surface of cach cathode cell is coated with graphite and a stabiliser [58,59] giving
a surface resistance in the range 0.1 to § MQ/square, Rels. [30,55,56,57,60,61,62] give Murther details
of the design, constroction and testing of the chambers. Signals are read out, through both wpper and
lower Taces ol the chambers, but the signals from the wires themselves are used only for monitoring
purposes. On one side (ouler radius), they are induced through the cell wall and gas envelope onto
large arca (typically 500 mm x 500 mm) pads. On the other side, where there is no cathode wall,
they are induced through the gas envelope onto 4 mm wide alwminium strips which run the full lengih
of each cell and are contred over the wires. In the barrel the wires aro parallel Lo the beam and in the
endeap they are horizontal (sce fig. 27). The calorimeter contains in total 2,400 m? of deloclor. The
57,000 strips are exploited for precise single particle tracking for muon identification and for shower
profile mapping. Layers of pads are grouped together to form lowers, which divide the solid angle inlo
076 cqual clements radiating from the interaction region. There arc 418 bins of 7.5° in ¢ and 21 bins in
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0. Unil gain analogue summing amplifiers mounted near the chambers sum the signals from the 8 or
9 pads in cach tower and provide an estimate of the energy of hadronic showers. A typical hadronic
shower initiated by a normally incident 10 GeV pion produces about 25 strip hits and gencratles a
charge of about 600 pC. ‘

I'ig. 27 shows Lhe configuration of the chambers. As the width of a wedge varics with radius, an
appropriate mix of 7 and 8 cell chambers was used Lo optimise the coverage. Layers 2 through 8
consisl of hall-length chambers, about 5 m Jong, with a junction near the detector cquator (#=90°).
This junction is staggered ftom layer to layer. The width at the ends of these Jayers is obstructed
by the iron of the magnetic teturn yoke. Layers | and 9 are shorter, and are constructed from single
chambers, cach abouti 7.3 m long. '

The endcap consists of units of 36 chambers (cach with 8 wires) and each unit covers a quarter of
a layer. The innermost layer has a teduced radial coverage compared with layers 2 to 8.

A mixture of isobutane(75%) and argon(25%) is Mushed through the chambers; the total volume of
22 m? is changed once per day. Small monitoring cham bers are used lo sample the output of the gas
mixer and to measure variations in gain, due, for instance, to changes in atmospheric pressute. The
chamberts are operated in limiled strcamer mode with the anode wires al a vollage between 4.65 kV
and 1.85 kV, depending on the atmospheric pressure, 50 as Lo maintain approximately constant gain.
The vollage can be adjusted individually for groups of typically 6 chambers (48 wires). The current
supplied to each group of ~ 48 chambers (the even or odd layers at one end of a wedge) is limited to
3 A, and is typically a few hundred nA. '

Sirip signals above a remotely adjustable threshold of typically 3 mV are latched into 72 locally
mounted shift registers, which are read oul sequentially with zero suppression. The signals from the
towers are integrated for 2.5 pis and digitised lwice with 12-bit ADCs (which are offsel in gain by a

factor of abont eight). Also, 92 analogue trigger pulscs are formed by summing the signals from sets
of 16 towers (which form 4 x 1 arrays). The mean noise level from the 4 X 4 arrays corresponds to an
energy of about 300 MeV, roughly equivalent to the effective enargy per single hit. The charge from the
innermost pad ol each tower is recorded separately, and Lhis information assists in the interpretation
of anomalously high signals in the electromagnetic calorimeter caused by charge exchange interactions
of hadrons near the back of the lead glass blocks. A monitoring system enables lest pulses lo be
injected on cach wire, and the recording of singles rales, voltages and currents.

Severa) prototype modules were tested in pion beams [63]. Fig. 28 shows the average response ol a
3 x 3 tower module 1o single pions as a function of energy for three angles of incidence. The response,
al fixed angle, was found to be linear with cnergy and (he encrgy tesolution was o/l = 12-0%/\/@
(17 in GeV) at an incident energy of 10 GeV. Also shown in fig. 28 are the predictions of a Monte Carlo
shower simulation which incorporates a paramectrisation of the angular dependence of the charge per
layer induced by a single particle. This was obtained by studying muons in the test beam and cosmic
rays traversing the barrel modules. In a hadron shower, the inerease with angle in the response per
layer for cach single particie is partially connterbalanced by the effeclive increase in the depth of iron
between samples.

The total number of strip hits in a hadron shower is a lincar function of the incident hadronic
energy, provided (hat the number of particles traversing cach hit cell is close Lo one, as is the case
for energies less than 10 GeV. Al higher energics, the long strips in the barrel, which run the whole
length of cach chamber, experience a slight saturation,

For identifying muon tracks, the imporlant paramelers are the positional accuracy (limited by
the 10 mm wite spacing) and the efliciency and hit multiplicity for single minimum ionising particles.
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There is a geometrical ineficiency of about 10% due (o the cell and chamber walls. Other inefliciencies
and cross-talk (which cavses spurious multiple hits) depend on the operating condilions. I'or the 3 x 3
tower prototype, fig. 29 shows the relative tracking efliciency for normally incident 5 GeV muons as a
function of the number of layers required (o register a cluster of § or less strip hits. This is compared
with the relative efliciency for finding fake muons in a 6 GeV hadron sam ple.

6.2.2 Pole Tip Hadron Calorimeter

‘I'he pole tip hadron calorimeter complemenis the barrel and cndeap ones by extending the solid angle
coverage from [cosf|=0.91 1o 0.99. Ilere the gap between the iron plates, available for delectors, was
reduced to 10 mm 1o avoid perturbing the magnetic field. In order to improve the caergy tosolution in
the forward direction, where the momentum resolution ol the central detector is falling off, the distance
between samplings was reduced to 80 mm and the nember of samplings increased to 10 (compared o
9 in the barrel and 8 in the endeap).

Support structures between the iron slabs are incvitable but are located in an allernating way
around the 45° lines. This arrangement cnables the Ml solid angle Lo be covered, but with a slightly
deteriorated response (half the number of samplings) in 10% of the arca of the calorimeter.

The aclive elements of the detector consist of thin (7 mm overall thickness) multiwire chambers
operating in a high gain mode, similar in construction to those of the electromagnetic endeap presam-
pler described in section 5.4, I'ig. 30a shows a cross scclional view of a chamber. More detfails can
be found in refs. [64,65,66,67). The anode plane consists of 50 pm diameter wires with a spacing ol
2 mm and the gas gap between the cathode planes is 3.2 mm. The chambors operate with a voltage
of 3.5 kV on the wires and a gas mixture of GO, (55%) and n-pentane (45%).

As scen in fig. 30b, each chamber has cathode pads on one side and strips on the other. The pad
size, typically 500 em?, matches the width expected for a hadronic shower and changes lrom one layer
to another so that corresponding pads from the 10 tayers form a tower pointing to the iuleraction
region. There are lwo sizes of ch amber, with arcas of 0.61 and 0.47 m?, Tiaving 13 and 8 pads, and 32
and 28 strips respectively. T'he strips fan out radially almosl perpendicular 1o the anode wires. The
dead area, due to frames, gas lines and wite su pports, amounts to 12% of the arca of each layer. The
alternating structnre ensures thal most of this (10%) is covered by chambers in the other layers. The
wires are not read oul directly. ADCs record the su mmed pulse height for cach tower. and the sLrips
are recorded digitally,

One cighth of a pole tip calorimeter module was tested at CERN in a 650 GeV hadron beam.
With no material in front, the Cnergy response was consistent with being linear and the resolution,
o/l was 100%/F Tor energies bolow ~15 GeV. At higher energios it deteriorated o 120%/vV10
due 1o leakage. Another fest also included the clectromaguetic calorimeter. Fig. 31a shows the
distribution of energy recorded in the two calorimeters for a 10 GeV beam which contained hadrons,
muons and clectrons. Clear electron and muon signals can bo scen, and Lhe Lypical sharing of energy
by hadrons is iHlustrated. A good estimate of the energy of a hadron is given by the weighted sum,
Lrecan+ Rx Epe ar, where Eyean (Erecar) is the energy recorded in the hadron (electromagnetic)
calorimeter, assuming (he particle is a hadron (clectron). R is the /7 ratio, the relative response
of the clectromagnetic calorimeter to electrons and pions, and was found to be ~3 al 6 GeV and
~2 above 20 GeV. With this paramectrisation, the combined Cnergy response is consistenl with heing
lincar and the distribution at each encrgy is well described by a Gaussian, as illustrated in fig. 31h
for an energy of 10 GoV. ‘The energy resolution, of the combined detector, varies from | 00%/\/ﬁ fox
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energies below 15 GeV Lo ll'i()%/\/df:f al 50 GeV. ‘Tests also showed negligible change in performance
for incident angles up to 25°.

6.3 Mnuon Detector

This detector is designed Lo identify muons, in particular in the presence of a background ol hadrons.
Of the Tull solid angle, 93% is covered by at least one layer of deteclor—there are gaps, inevitably,
due 1o the beam pipe (2x0.8%), the support legs (2x2.2%}, and cables (2%0.6%). Over nearly all of
this solid angle the amount of malerial that a particie has to traverse exceeds 1.3 m ol iron equivalent
(over T interaction lengths for pions), see fig. 32. This is required to teduce the probability of a pion
not interacting to less than 0.001. Three processes can be identified by which a hadron can fake a
muon: sneakthrough, i.c. faiture to interact strongly; punchthrough, in which the hadron interacts but
sccondary particles emerge and fake a muon; and decay in flight of pions and kaons to muons. Decay
is important at low momenta and punchthrough at high momenta. Particles with less than about
2 GGeV momentum arc stopped in the absorber; muons above about 3 GeV emerge from the absorber.
Some of the stopping moons may be identificd in the hadron calorimeter. Some of the kaon and pion
decays may be identificd as kinks or mismatches in the central jet charaber.

The barrel part ol the detector covers |cosf|<0.68 for four Tayers and |cos?|<0.72 for one or more
layers, while the endcap part ol the detector covers the range from 0.67 to 0.98 in fcosf|, for a
geomelrical acceptance of greater than 50% (sec fig. . '

Muon identification relics on extrapolating the track scen in the central tracking system through
the absorber, allowing lor energy loss and multiple coulomb scatlering, and Jooking for a track in the
muon detector which matches in position and anglein two views. The positional and angular accuracies
requited for the track measurement are determined by the multiple scattering ol the highest encrgy
muans of interest and are about 2 mm and 3 mrad respectively. The design calls for emerging particles,
where possible, to pass through a minimam of four layers of delector.

Ignoring the (:oml)l:exil.ics of hadrons in jeis, the cMciency for detecting isolated muons above
3 GeV and within the 93% solid angle is essentially 100%. The probability that an isolated pion of
5 (ieV is misidentified as a muoun is less than 1% .

6.3.1 Barrel Muon Detector

The barrel part of the muon detector consists of 110 large arca drift chambers. The chambers have
been developed from Lhose used at JADE[69], and further delails of the design will be presentcd
clsewhere [70]. Faclh chamber is 3.2 m wide and 90 mm deep (this includes the integral support
frame). As-seen in fig.}, 44 chambers are mou nted on each side of the barrel, 10 in the top module
and 12 in the bottom module. The construction and cross section of the chambers are identical except
for the different lengths of 10.4, 8.4 and 6.0 m. The shorter lengihs were required to Bt the chambers
between the magnel supportt legs.

‘I'he chambers have sufficient mechanical strength Lo act as theit own support; each chamber is
mounted [rom the previous layer with simple stand off brackets. In addition, a 1 mm layer of lead
sheet can be added Lo the outside of the ovter chambers, to shield the detector from synchrotron
radiation, but this has not been required. The structure and installation procedure were designed Lo
position the chambers to an accuracy of a few millimetres. The actual positions were then determined
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by surveying, to an accuracy of one millimelre. Nominally all the sensc wites are parallel to the z axis.
The chambers in the four layers are staggered by typically 50 mm in the ¢ direction with respect to
each other-~firstly to resolve the lelt-right ambiguities when tracks are fitted, and secondly to provide
drilt time checksums which are sensitive to the drift velocity and relative positions. Thus the chambers
are to some extent selfl calibrating. S

A cross sectional view of the chambers is shown in fig. 3. Jach chamber consists of two cells,
side by side, éa.c.h containing an anode wire (50 pm in diameter) running the whole length of the
chamber and supported every 1.4 m. Electrons drift a maximum distance ol 287 mm from cither side.
The sensitive volume is defined by two printed circuit boards with a nominal gas gap of 15 mum. The
outside of the PC boards is copper clad and is at ground potential, .a.:v. are the extruded aluminium side
supports and the longitudinal central divider. The insides of the ’C boards are eiched and have strips
7.5 yam wide (with 2.5 mm gaps) to define the drilt electric ficld. Opposite the anode wire there are
“diamond shaped” cathode pads [71] (sce fig. 35) which run the whole length of the chamber. They
are used to delermine the longitndinal coordinate z. '

The gas is ethane (10%) and argon (90%), with typically 200 m] per minute flowing through cach
chamber. The drift velocity is 38 mm/ps, and as this is nol saturated the vollage and gas mixture
have Lo be suitably controfled. ‘I'he maximum drift time is 8 ps; alter this delay signals are available
for the trigger.

Six sigrals arc recorded from each cell- one from cach end of the anode wire and lovr from the
cathode pads, resulting in 1320 clectronic channcls, The signals arc decoupled from (he high voltage
(with capacitors and transformers), amplified (using purpose built pre-amplifiers) at the chamber
and digitised in TPDs [72]. These ate FASTBUS FADCs developed for ALEPI, with the input
amplifier/shaper redesigned to suit onr pulse size and widih, They operate at 12.5 MIlz, and have
B8-bit resolution.

The cathode pads operate at +4.0 kV, giving an average drift. field of 13.4 V/mm. The anode wire
is normally set at +1.85 kV relative to these pads. The com puter controlled high voltage system has
been specially desigred and incorporates hardwired current limits and several fail-safo Teatures.

Maving all field shaping electrodes, cathode pads and the anode wire at a positive potential rosults
in positive ions from the avalanches being deposited on the exposed surfaces of the diclectric of the
PG board. This has the eflect of smoothing the electric field betwoen the shaping electrodes and
the overall clectrie field confignration relaxes to the ideal form required, In these chambers almost
25% of the surface is exposed [73], and charging of the surfaces relies on (he background of natural
radivactivity. In the underground experimental arca the charging takes a few hours.

‘The coordinate in the ¢ direclion is determined by the drift time to an accuracy of better than
1.5 mm. The chambers also dclermine the longitudinal coordinate, z, 1o an accuracy of 2 mm (i.e.
0.02% of 10 m). This is achieved by a three stage process-—fine 2, medium z and coarse 2. The
fine 2 measurecment uses induced signals on diamond-shaped . cathode pads with a repeal distance
of 171 mm, and determines the z coordinate to an accuracy of 2 mm, but moduto 171 mm. The
medium z measurement is based on the same technique but the repeal distarce is 1710 mm, and the
accuracy about 30 mm. The coarse z measurement is ohtajned by comparing the pulse hcights and
time differences of the pulses from the two ends of the wire. The wavelength ambiguities of the fine 2
measurement are resolved by the mediom and coarse measurements (70,71]. The fine z data are used
to calibrate the medium 2, and the medium z to ealibrate the coarse z. :
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6.3.2 Endcap Muon Detector

The endcap muon detector covers the angular ranges ~0.67<|cosf|<~0.985. Al each end of the delec-
{or an area of ~150 m? is covered with four layers of limited strcamer tubes which are perpendicular to
the beam axis. Fach endcap consists of 8 quadrant chambers (6 m x 6 m) and 4 patch chambers (3 m
X 2.5 m) as shown in figs. J6a and b. Eaclh chamber contains two layers of streamer tubes, spaced by
19 mm, one layer having vertical wires and the other horizontal wires, see fig. 37. Pairs of chambers
are separated by 670 mm (i.c. layer 2 to layer 3). The quadrant chambers overlap vertically butl not
horizontally as space is taken (and the geometrical acceptance limited) by the beam pipe, shicld'ing,
cables to other subdetectors, magnet supplies and mechanical support for the pole tips. The palch
chambers cover much of the gap between the quadrant chambers. The acceplance, averaged over ¢,
is shown in fig. 33. There is good overlap with the acceptance of the barrel muon detector.

The basic streamer tube unit [56,57,74] consists of a 1 mm Lhick fize resistant plastic [75] extrusion
in the form of B contiguous square sections, each internally 9 mm by 9 mm. As shown in fig. 37, the
extrusion has one side open and is surrounded by a gastight jacket. The inner walls of the ext{rusion
a1e coaled with a water-based carbon suspension [76] forming a cathode with a surface resistivity of
about 5M{Y/squarc. There ate 100 pm diameter anode wires every 10 mm, supporled every 500 mm,
which run the full length of the chambers. The tubes are filled with a gas of argon (25%) and isobutane
(75%) and the anodes operale al a common high voltage of typically +4.3 kV, the cathodes being ai
ground. The streamers are detected by the charge induced on plancs of aluminium strips located on
cither side of the gas jackel. The strips ate 8 mm wide, with a gap ol 2 mm, and are mounted on 3 mm
thick fire resistant plastic boards [77]. The outer surfaces of the boards atc covered with aluminiom
foil which acts as a ground planc.

The strips on the open side of the extrusion are perpendicular to the wires and see the streamer
directly. Typically, the charge is shared between 4 or 5 strips and a weighted average, using the
recorded pulse heights, locates the streamer to an accuracy of betler than J mm. The strips on the
closed side of the extrusion are parallel 1o the wires and locate the streamer only to the nearest wire,
Thus, within each chamber (ol two layers of wires and cach with two planes of strips) each coordinate,
z and y, of a track can be measured twice, once coarsely, and once more accurately. This arrangement
also minimises incficiencies due to tracks passing thromgh the walls of the tubes, gas jacketls and gaps
between units. The actual positions of the strips when the detector is in position are determined to
an accuracy of about ! mm by surveying the dowel pins which locate the 3 mm boards which carry
the strips. '

The signals from both types of strip (12,496 in all) are integrated for 5 ps 'l'ollowing a. beam
crossing and the charges stored on capacitors [33). During the readout the capacitors are discharged
sequentially, in groups of 32, and the signals multiplexed (locally at the chambers) Lo 12-bit ADCs. A
hardware processor identifies clusters of strips with a peaked distribution of charge. These clusters are
extracted by software in another processor which subtracts pedestals, checks and monitors the dala,
formals it and passes it on.

A prototype chamber was tested and chuster algotithms developed with cosmic rays using a com-
parison with drift chambers (having 0.2 mm resolution). The efficiency was found to be consistent with
the geometrical eMccts already mentioned. The strips, parallel to the wires, gave spatial resolutions of
3 mm while the perpendicular strips were better than 1 mm.

The hadronic tejection power of the endcaps Lo punchthrough was investigated at a test heam
using separated double layers of streamer tubes behind clements ol the hadron calorimeter. At 45°
the fraction of incident hadrons faking muons was measured to be 0.2% at 1050 GeV.
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7 Forward Detectors

The forward detectors measure the luminosity of LED by detecting small-angle Bhabha scatiering, and
also tag electrons from v+ interactions. -Fig. 38 is a detailed cross-section throngh the forward detector
between 2 and 3 m from the intersection region, showing the gamma catcher, the drift chambers, the
ﬁne"]nm.inosii,y monitor counters, the calorimeter and the tube chambers. I'ig. 39 shows the main
parts of the forward detector supporied from the end of the cantilever which carries the low-beta
supercondncting quadrupole.

‘There is' clean acceptance for particles from the intersection region between 47 and 120 mrad
from the beam line. In this range the only obstructions are 2 mm of carbon fibre in the beam pipe
(traversed obliquely, so up to 0.2 X, thick) and 2 mm of aluminium in the thin window of the central
tracking system pressure vessel, with aluminium webs in the horizontal and vertical planes to support
the beam pipe. The frond drifi chambers and the “acceptance” connters of the fine luminosity monitor
are mounted on the front of a fight still' honeycomb plate which has a thickness equivalent to 1 mm of
alumininm. The inner part of the acceptance of the calorimeter, down lo 39 mrad, is obstructed by a
thick aluminium ring and by the bellows and fanges joining the beam pipe to the pressure window.
Beyond 120 mrad there are obstructions inside the pressure vessel, including optics for the laser beams
used o calibrate the jel chamber. The 24 tubes for these taser beams are supported by the forward
detector as seen in figs. 38 and 39. The space which they occupy between the forward calorimeter and
the endcap lead glass causes a gap in calorimetric acceplance in the polar angle region 142 -200 mrad
which is covered by the gamma catcher.

Cealorimeter

The forward calorimeter has 35 layers of tead-scintillator sandwich (24 X.), read oul with wave-
length shifter to vacuum phototetrodes with charge-sensitive preamplificrs [54] and the CAMAC ver-
sion of the charge integrating ADCs [39). The Tront 4 X, the presampler, has wavelength shilter at
the outside only, but the main calorimeter is read out on both the inner and outer edges. There are
sixteen azimuthal segments, giving 48 readout channels per end. The lead-scintillator staik and the
tube chambers are contained in hall-cylindrical shells with a vertical split to allow the detector to be
mounted around the LEP beam pipe. Studics of well contained Bhabha cvents show (fig. 40) that the
energy resolution is consistent with op/F ~ 17%/VE, as scen in beam lests. The response is lincar
wilh energy and uniform belween scgments. The radial position resolution on electron showers, using
the ratio of the inner to outer signals from the main calorimeter, is £2 mm ncat the inner cdge. The
azimuthal resolution, from the ratios of signals in adjacent soginents, is £1.5° or less. At the cnergy of
the Z% peak, the cross section for Bhabha scattering imo the whole area of the main calorimeler (and
demanding that the average cnergy in the two calorimelers is greater than 70% of the beam cnergy)
is approximately 57 nb,

Tube Chambers

Between the pre-radiator and the main sections of the calorimeter are three planes of brass-walled
proportional tube chambers [78], read ocut by a specially packaged version of the charge multiplex
system [33]. The absolntc position of the tubes is surveyed to 1 mm, checked by the collinearity of
Bhabha events and by preliminary data from the drilt chambers. The improved dala evaluation in
1990 results in a precision of £0.5 mm. Shower fluctuations (alter 4 Xo of preradiator) give errors of
+3 mm on individual shower positions.
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Drift Chambers

The drift chambets [79] in the front plane (sce fig. 39) have composite faces of 150 pzm glass-
reinforced plastic (GRP) and polysiyrene foam. Those in the rear planc have 1.6 mm GRI Tlaces.
Each chamber has two gas gaps with two sense wires per gap. Drift directions are approximalely
radial. The ambiguity between inward and outward drifts is resolved by displacing the sense wires in
the first gap ol each chamber outwards by 2 mm from those in the second gap. The position of a hit
along a wire is mcasured by charge division and by a pattern of inlersecting diamond pads [7‘I] on the
faces close 1o the wires. Twelve channels from cach chamber are read out via FADC modules [16].
Beam and cosmic ray tesls give an r.m.s. resolution of 300 pm in the drift direction and | mm along
the wite, using the pad ratios.

Fine Luminosity Monitor

The fine luminosily monitor consists of four pairs of precisely positioned 6 mm thick scintillators
(fig. 41) at each end, on the 45° diagonals to avoid showers from the beam pipe support webs. ‘They
cover the angular region 50-109 mrad from the beam axis, with an azimuthal coverage ol about 36%.
The front “acceplance” counters are 10 mm smaller on all sides than the rear “coincidence” connters.
This reduces systemalic errors duc to small misalignments of beam and detectors [80]. Test beam
results using elecirons show a timing resolution of 300 ps which allows the rejection of “backsplash?”
from showers in the forward calorimeter. Both charge and time are recorded for cach event. The cross

section for Bhabha scaltering inlo the fine monitor counters is ~7 nb at the VAR
Gamma Catcher

The gamma calcher is a ting of lead-scintillator sandwich modules, 7 X, thick, with wavelength-
shilier readout to silicon pholodiades. Charge sensitive amplifiers [51] are read into charge integrating
ADCs [39]. Beam tests have shown a lincar response to clectrons up Lo § GeV. The energy cor-
responding Lo an upward fMluctuation of two standard deviations of pedestal noise is 1 GeV in the
poorest segment. Thus any electrons or gamma. rays of more than 2 GeV are delected, giving a velo
on background events to the neutrino counting channel e*e™ — 7%, with Z° — v,

Far Forward Monitor

I'he far forward luminosity monitor counters are small lead-scintillator calorimeters (50 mm x
150 mm x 20 X,) mounted on cither side of the beam pipe 7.85 m from the intersection region, beyond.
the low-bela quadrupoles. They are segmented into 6 separale readout sections to give informadtion
on the position of showers. Flectrons scattered through between 5 and 10 mrad cluse to the horizontal
plane are bent oulwards by the quadrupoles into the far forward acceptance, giving an efleclive cross
section of ~460 nb for Bhabha scattering at the Z°,

Luminosity Measurement

For the 1989 LI running, the luminosity was measured by a combination of calorimeter and tube
chamber data [81]. The forward calorimeter and the Bhabha triggers were required to be operational
atl all times. The relative normalisation for each LED fill nsed the calorimeter with a cut on the average
energy scem in the (wo main sections giving approximately 1.3 times as many Bhabha events as hadronic
Z9 decays al the peak. For absolute normalisation a precise acceptance region for Bhabha cvents was
defined with the tube chambers, corresponding to 24.23 nb for Bhabha scatiers at the Z° peak. The
requirements were: 58<fmean <120 mrad; ¢pmean>10° lrom korizontal or vertical; Emcm>%f§bmm;
where Omean, Gmean and Pyigan are the scatter angle, the azimuthal angle and total energy (main -+
preradiator), averaged between the two ends. The overall systemaltic normalisation error was £2.2%
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absolute, with an eslimated £1% relative error between beam energy points {82]. A check of the
absolute measurement of the luminosily was made by sclecling Bhabha cvents which Jay inside the
clean “shadow” casl on the calorimeter by the thick atuminium ring {(with preciscly known dimensions)
which supports the beam pipe.

8 Trigger and Online System

8.1 Overview

At LEP, bunch crossings occur every 22.2 ps. A flexible and programmable trigger system nses [asi
information {rom the subdetectors to select crossings with a possible ete™ interaction, reducing the
45 k1Tz bunch crossing rate to an event rate of -5 Iz which can be handled by the data acquisition
system. The overall scheme of cvent triggering, readout, monitoring and data recording is shown in
fig. 42.

The read oul system has a distributed (ree structured architecture.  Microprocessors of the
68020/68030 [83] type, running the OS9 operating systemn [B4], are used in a VMEbus [85] based
system [or data compression and dala moving as well as monitoring. The VME crates are inter-
connecled using a fast parallel link for (sub-)event routing. The sub-cvents containing the digitised
information of the subdctectors are bulfered in memories controlled by the subdetecior processors
and then collected and merged into a single data structure by an “event builder” VME system. This
system also acls as an event bufler for a microprocessor matrix, where u p to len 68030, in parallel,
perform a first analysis of the complete events, and undesired background can be rejected at this slage.
From here, events are transferred from the underground experimental area via an optical link to the
surface, where they are buffered in another nicroprocessor controlled VMI system. It is envisaged
that selected events will be senl from hore (o 4 sel of fast processors for online event reconstruction.
Iinally, the events are transforred to the main online com puter, a. VAX 8700, and stored on magnetic

tape carlridges.

In the following scctions the trigger system and the data acquisition are described in more detail.

8.2 Trigger

The trigger system [86] is designed to provide high efliciency for the various physics reactions, and good
rejection of backgrounds arising from cosmic rays, from interaclions of the beam particles with the
gas inside the beam pipe or the wall of the beam pipe, and from noise. Most of the physics reactions
are triggered by several independent conditions imposed on the subdetecior signals. This redundancy
leads Lo a high detection efficiency and greally facilitales the measurement of this clliciency.

The 4% range in solid angle covered by the detector is divided into 144 overlapping bins, 6 bins in
f and 24 bins in ¢ (sce table 6). The subdetectors deliver irigger signals matched as closely as possible
to this binning. This fine segmentation allows low thresholds for (he calorimeters, since analogue sums
are made over only a sinall region and thus noise is reduced. Besides Lhe f-¢ signals, the subdeteciors
deliver "stand-alone” signals, derived from total energy sums or Lrack counting,

The trigger signals from (he various subdetectors are logically combined in the central trigger
Jogic. §-¢ signals are used for hit counting, for the definition of back-to-hack hits and to build detector
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coincidences correlated in space. An overview of the #-¢ malrix is given in fig. 43 Programmable
condilions are imposed on the #-¢ matrix outputs and on the stand-alore signals to decide whether
an evenl is accepted or rejected.

The following subsections describe the trigger signals provided by the various subdelectors.
Track Trigger

The track trigger is a dedicated programmable hardware processor using input from the verlex
detector and ile jet chamber. Tracks arc recognized in Lhe r-z plane if they originate [rom the
interaction region within an adjustable range in z. 'our “rings” (each of 32 adjacent wires) are uscd,
one ring consisls of Lhe axial wires of the vertex detector and the other 3 rings are provided by the
jet chamber, The radial positions of the rings in the jot chamber can be varied. The z posilion along
the wires is obtained from the measurement of the time difference of propagation of signals to the
two ends in the case of the vertex deteclor, and by charge division in the case of the jet chamber.
The values of the ratio z/7 for wires hit in cach of the four rings arc filled in four histograms with
vp to 32 slices in z/r. There are 24 sets of such histograns, one for cach 30°¢ scgment, i.c. a pair
of noighbouring jet chamber seclors and three adjacent sectors in the veriex detector. The presence
ol a track is indicated by the track trigger logic if a'programmable minimum number of hits is found
in corresponding slices of these histograms. A more detailed description of the principle and of the
hardware is given elsewhere {86,87).

The track trigger accepls tracks within |cosf|<0.95. Tracks which are well contained by the third
radial seclion in the jet chamber, i.c. |cosf]|<0.82, are classified as “barrel tracks”. The track trigger
logic provides 144 #-¢ signals and 6 stand-alone signals for >1,2,3 barrel tracks or >1,2,3 tracks in the
full detector. Signals indicaling that the number of hits in one of the [our radial sections is above a
presel threshold are also foreseen. Typical single-track efficiencies are measured to be aboul 98% lor
tracks originating from the interaction region.

Time-of-Flight Trigger

The trigger signals of the time-ol-flight system ate based on coincidences of the signals from the
phototubes at the two ends of the scintillation counters. T'his coincidence has to occur within a gate of
450 ns around the beam crossing. The counters are combined to form 24 overlapping ¢ sectors ol 36°
cach. There is no segmentation in 8. The 24 ¢ sectors are used to form a signal lypically demanding
>6 sectors Lo have fired. In addition a multiplicity signal is envisaged which requires the number of
connters it to exceed an adjustable threshold between 2 and 5. ‘The average trigger efficiency for a
minimum ionising patticle, including geometrical gaps was measured to be ~81% in 1989, and >9%0%
in 1990 after adjnstment of high voltages and thresholds. '

Electromagnetic Calorimeter Trigger

The trigger signals from the electromagnetic calorimeler are based on analogue sums of groups of
~18 lead glass counters. A total of 200 analogue signals from the barret calorimeter and 24 from each
endcap are combined in analogue summing modules 188] to form overlapping 0-¢ signals and lotal
energy sums for the barrel and the endcaps, The total sums are-discriminated in the modules atl two
thresholds, the higher one al ~6 GeV and the lower one at ~4 GeV (in 1989 the thresholds in the
endcap were 10 GeV and 6 GeV, respectively). Tor the 0-¢ signats two thresholds of ~2.5 GeV and
~1 CeV are available in 1990. The latter is used for signals to the 8-¢ matrix, whercas the logical OR
of the higher #-¢ threshold is used as a stand-alonc signal.
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Hadron Calorimeter Trigger

Signals from the 976 hadron calorimeter towers are summed in groups of 12 or 6 (o generale
92 trigger clement outputls., These are arranged in 9 circular rings, one covering cach pole tip and
endcap, the rtemaining 5 covering the barrel. For processing, each ring is split vertically into 2 half-
rings.

After pedestal subtraction, the signal from ecach clement s discriminated at 3 thresholds E1LE2,E3
(l51<B2<E3). The 92 signals “> 1517 (L1 is approximalely | GeV) are translormed by maiching logic
into 6 X 24 0-¢ signals for input to the trigger matrix. Additionally, a logical OR. of all the element
signals within a given hall-ring is made separately for the 3 levels. For cach of the 3 th resholds, any
chosen patlern of coincidences between the hallori ngs can be sclected using programmable array logic.
The result for each threshold is available as a NIM level for use in a hadronic energy trigger. The
hadron calotimeter trigger was not active in 1989, but will be implemented during 1990,

Muon Detector Trigger

Trigger signals from the muon detector are formed independently in the barrel and endcap regions.
Three out of the possible four layers of chambers in the barrel muon detector are demanded to have
fired in one ¢ bin of slightly more than 15°. "The ¢ bins arc non-overlapping (in the sense of table 6),
and there is no segmentation in @ ai the trigger level. The efliciency has been measured to be 95%
per track. The barrel muon trigger is running at a rale of ~80 [[z, mostly due to noise and cosmic
tay background, and thercfore is wsed in coincidencoe.

The endcap muon trigger signals are formed by summing the charge over between 64 and 128
adjacent strips. A signal indicating the presence of a (rack js generated il the charge in at least two
out of the four planes is above an adjustable threshold and consistent with a track originating from
near the interaction region. The endcap muon delector provides 4 x 24 0-¢ signals, corresponding to
two # bins with |cosf|>0.823 and two with [cosf]<0.823. The latter arc merged with the barrel in the
central trigger logic and thus form one 4 bin corresponding Lo the range 03 — 0. There is no overlap
in ¢ or 0, except for small Tegions arising from the necessily 1o convert (he cartestan geometry of Lhe
endcaps into the polar coordinate system. In addilion to the 0-¢ signals the cadcap muon detector
provides thice stand-alone signals corresponding to hits in the left or right endeap chambers and a
left-right coincidence. The single track efficiency for muons has been measured as ~95%. A 0.2 Hz
rate from cosmic ray background satislying the left-right coincidence is observed,

Forward Detector Trigger

The total energy sum from the presampler and the calorimeter, discriminated al ~15 GeV, and
sums of three adjacent ¢ segments of the main calorimeter, discriminaled at ~13 GeV, form 17 basic
trigger signals on cither side. In addition, 8 signals per side from the fine lu minosity scintillators are
available. The above signals enter the forward detector trigger logic, where coincidences between the
left and the right side deteclors are formed. The signals sent to the central trigger fogic are:

A left-right coincidence of the total energy sums (total energy trigger)

- A coincidence of any back-to-back segments on the right and lefi side

- Any coincidence between back-to-back fine luminosity scintillators ANT) the total energy irigger
- Any coincidence between back-to-back fine Inminosity scintillators AND energy above threshold
in cotresponding back-lo-back segments of the main calorimeter.

In addition to these real coincidence triggers, the forward detector trigger logic also forms accidenial
triggers by building the same coincidences as deseribed above, but with signals from one side being
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delayed by four bunch crossings, corresponding Lo one complete revolution of a bunch in LED. Only
the half-cvent from the side contributing the real trigger signals can be digilised normally, therelore
the roles of Lhe two sides are alternated on each bunch crossing. The accidental triggers are accepted
by the central trigger logic in the same way as normal triggers and provide an event sample containing
background events from off-momentum particles, nsed to estimate the background contribution to real
Inuminosily triggers.

Signals indicating that the energy on one side is above threshold are also provided and are combined
with trigger signals from other detectors in order to select tagged pholon-photon interactions.

The eficiency of the luminosity trigger was shown to be 98.54£0.3% during most of the 1989 data
taking petiod. After the presampler was included in the energy sum the incfliciency is measured to
be 0.16+0.03%.

Central Trigger Logic

The central Lrigger logic is installed in a dedicated Eurocrate, with a special “trigger bus” in
addition to the standard VME/VSB bus. Up to 9 standard VM1 cards and 10 double height, purpose
built trigger cards can be installed. One of the trigger cards receives up to 64 stand-alone signals from
the subdetectors and makes them available on the trigger bus. Scalers on each of these signals allow
the input rates to be monitored. Tive cards of double-VME size teceive the #-¢ signals transferced
from the subdetectors on dilferential cables. All input signals are available to the Lrigger crate CPU
in VME registers. Programmable array logic (PAL) is used to generate signals representing four types
of conditions (sec also fig. 43) = (1) At least one #-¢ bin sct in the left endeap, the tight endcap and
in the barrel region. (2) Mulliplicity counting, i.c. >1,2 0-¢ bins sel, pesformed after projection on
¢. Due to the overlap, three adjacent bins count as one and more than thiee adjacent bins count as
two. (3) Tits in back-to-back f-¢ bins for all detectors except the muon detector. (1) A coincidence
in al least one 0-¢ bin of any two of the five delectors, except the coincidence belween the hadron and
clectromagneltic calotimeters. ‘

Logical combinalions ol signals on the trigger bus (i.c. subdetector stand-alone signals and 0-¢ ma-
trix outpuis) are formed by the “patiern arrangement module” (PAM), which uses look-up memories
and PAL logic to derive the trigger deciston from the 120 possible inputs.

The trigges decision is broadcast to local trigger units ('T'Us) in each subdetectos readont crate
by the global trigger unit (G'TU). I the Lrigger decision is negalive, a resel pulse is distribnted 6 ps
belore Lhe next bunch crossing. 17 an event is to be accepted, the G'T'U generates a trigger pulse, and
transfers a central event number and the 120 PAM input bits to the LIUs. ‘The wited OR of “busy”
signals asserted by each TU inhibits further triggers as long as the front-cnd readout is in progroess.

Trigger Performance

A typical trigger definition as used in 1989 contained a logical OR of about 25 stand-alone and
0-¢ matrix output signals and a togical OR of 15 two-signal coincidences, providing high redundancy
for most of the interesting physics reactions as well as good cfficiency. As an example, the efficiency
for multi-hadronic events for the 98% solid angle accepled by the oflline selection was >99.9%, wilh
cvents being selected il any of the loliowing conditions were satishied: '

- clectromagnetic energy in the barrel >6 GeV

- clectromagnetic cnergy in barrel >4 GeV AND one track in barrel

- clectromagnetic encegy in barrel >4 GeV AND one Lime-ol-flight ¢ scetor hit
- clectromagnetic energy in either endeap >10 GeV
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- electromagnetic encrgy in one endcap >6 GeV AND at least one track on the other side
- electromagnetic enetgy in both Ieft AND right endeaps >6 GeV
- clectromagnetic energy in barrel >4 GeV AND >6 GeV in one endcap
-T>6 time-of:flight ¢ sectors hit '
- 2 collinear time-ol-Nlight ¢ sectors hil
- 22 barrel tracks
- 2 collinear tracks
- 23 tracks
- 21 irack AND 0-¢ correlated time-of-Might scctor hit.

A list of all active triggers can be found in [86).

8.3 Data Acquisition and Processing

The data acquisition system [89] is based on a multi-level tree structure with data being buffered
at each level. For cach cvent, data arc collecied from 16 acquisition subsystems (14 su bdetectors,
trigger and track-trigger, sce table 7), and from one of the stations of the slow control system (see
below). More than 150,000 analogne signals coming from the subdeteciors produce alter first data
reduction 100 kbyte of data, on average, per mulli-kadronic event. The data collection and processing
is performed in a series ol stages, described in the Jollowing scctions and shown schemadtically in fig. 42.

Front End Proces_sing

The subdetectors have widely differing detection hardware. Table 7 shows the variety of require-
ments and solutions for the digitiser electronics. In addition to data collection, various data reduction
tasks, such as pedestal subtraction, zero-suppression, pulse shape analysis and track findirg are por-
formed at this stage. |

‘I'he VME system where all data of a subdelector are assembled and [rom wlhere the subdetlector
is controlled is called the Yocal system crate (LSC). A typical LSC contains one or more CPU boards
(F1C 8230 [90] or MVMT2147 [91]), al lcast 5 Mbyte of memory, an cthernet interface, the interface Lo
the front-end digitisers (VME to VM L, CAMAC to VME | FASTBUS to VSB are available), the Jocal
trigger unit (LTU), and a VMI crate interconnect. The 1.5Cs acquire the data, formad and prepare
it for the software filter and where possible parametrise the raw data in order to reduce the size of
the sub-event. In general the sub-evenis are buffered at the level of the raw and formatted data. The
present. contribution Lo the total event size from the various subdetectors is given in table 7. Event
monitoring at the sub-event level is usually also done by the processor(s) in the LSC, or by a test
compuler atlached to the L,SC.

Hecause of the snbdetector configuration, nine out of sixteen subdelectors are Split. and have two
LSCs on opposite sides of the experiment, connected via the interconnect bus. For these subdetectors,
only one of the two LSCs, the master, is connecled to the common acquisition systemn and builds the
corresponding sub-event,

Apart from integrated operation in the full system, the LSC can be vsed for antonomous dala
acquisition and independent control, patticularly uscful when sctling up, debugging or monitoring.

Event Builder and Filter

‘The event builder and flter is a multiprocessor system consisting of two VMFE crates. The event

builder crate contains four VM erate interconnect modules corresponding to the four branches into
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which the 16 subdetector L.SCs are grouped. The distance to the LSC varies [rom a few up to 60 m
anid the transfor rate over the interconnecl bus is up to 3 Mbyte/s. There is an n-fold repetition of
a basic unil (column), cach comprising a dual ported 4 Mbyte memory module in the event builder
crate, acting as a multi-event buller, accessible via the VSB port by a filter processor. [92] in the fillex
crate. The present number of four of such columns can be increased up to ten. A processor in Lhe
event builder crate synchronises the LSC readout and initiates DMA transfers of the sub-event data
into the dual-porl memory ol a column. The data of the concatenated sub-events arc formatied into
a complete evenl and are then accessible to the filler processors. This system can handle 10 11z of,
on average, 100 kbyte events. A processor in the filter crate supervises the multi-event bufler of the
accepled events and their transfer to the next stage.

The filter processors perform a [ast analysis of cach event. Tvents are classified into various physics
candidate categorics and events flagged as background can optiomally be rejected or downscaled. The
filter program uses the calibraled calorimeter signals, the time-of-flight and muon chamber information,
and the jel chamber tracks, reconstructed by the jet chamber 1.SC processors. The program also
manages many online monitoring histograms. The filter code is written in standard FORTRAN 77,
and therefore runs also in the offiine environment, where the flier algorithm code is developed and
tested on data and Monte Carlo simulated data.

A Macintosh 1T microcomputer is connected to the filter crate by a memory-map link. It Tuns an
event display program, for visual inspection of event propertics and as a powerful monitoring facility.

Top Crate and Vax:

The equipment described so far is close to Lhe actnal detector, about 100 m below ground. An
optical fibre, opcrating at 4 Mbyte/s, conveys the data rom the fifter crate to the *top” VML crate at
ground level. This crale is able to distribule events to attached fast processors, where it is envisaged
that the event reconstruction will be performed in real time, using the full oMine reconsiruction
program.

["inally, the evenls arc transmitted via a high-speed parallel Iink'[93] to the main online computer,
a VAX 8700. Lvenis are normally recorded on magnetic tape cartridges, but the oplion exists Lo write
them to disk. Special _tﬂasses' of events (e.g. classificd by the filter) can be written to both media,

The VAX 8700 is also the host for a cluster of 20 #VAXs and VAXstalions, some of which are
connected to LSCs and serve as subdetector test compulers.

Software Environment

ANl processors in VMT run the OS9 opctating syslem [84]. Programming languages used are
Assembler, C and FORTRAN (RTF /68k [91]).

Networking protocols over the ethernet local arca network (LAN) between processors in VME
crates, the VAX 8700, various workstations and the CILRN main site include OS9 net [95]), DTECnet,
TCP/IP [96] and CATS [97]. Tn addition, the OS89 systems have access over the LAN Lo virtual disks
on the VAX [98].

Some of the VME systems, equipped with a SCSI interface [99], are connected to hard disks ot
magnetic tape drives. The latter allow local data recording on tapes at the LSC or event builder lovel.

Both enline and ofMine analysis software use the FORTRAN memory manager ZEBRA [100]. From
the 1L.SC onwards the underlying structure of the event data js always the 1'Z ZEBRA memory formadt.
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ZIEBRA is also used for histograms and calibration data.

8.4 Vax Software Infrastructure

The data acquisition system is contrelled by the online VAX cluster, which provides essential facilities
for controlling the data taking operations. Much of the software is based on the MODEL suite of
programs available from the CERN Data Division [101].

- Overall ran control [102] uses an object oriented rule based system written in PROLOG. The
difllerent parts of the detector are separated into “objects”, each of which lias a certain set of
defined states and a known set of commands for changing one slate to another. The whole set of
objects and slale Lransitions is given as input to the rule based system, which then determines
which stale transilions have to be made and in which order. Commands to the run-controller
are sent through a specially written human interface based on DEC windows.

- Gathering and display of status information is based on a distributed database developed within
OPAL.

- Brror messages from any VAX ot VME crate in the experiment are touted to different screens
ot disk files. ‘The OS9 implementation is QOPAL specific.

- The run conditions arc logged in a database [103].

- Access 1o a calibration database {104] is given to cach 0S9 crate.

- The flow ol event data from VME/OS9 can be rouied to tape, cartridge or disk files. Several
oulpul streams are possible.

- Final online monitoring is performed before the data are stored on mass media for offline analysis.

8.5 Slow Conirol

A control system [105] ensures the safe operation of the delector and also serves as a homogencous
interface to all subdetectors and to the general infrastruciure of the experiment. The system consisls
logically of two parts. The flirst part supervises the common environment including salety aspecls,
and the second is specific Lo cach subdetector. Since the same software and hardware frame is used for
both parts, they are operated in a coherent way. The parameters of the common infrastructure such
as voltages, gas flows, lemperatures eic., which amount to about 5,000 channals in total at present,
are continuonsly monitored by 7 VME stations distributed over the electronics huts. Al values are
compared to their nominal settings, written to a file, and when problems arise, the system nolifies the
operator and takes aulomatic corrective actions if required. These stations are always operational and
also interface 1o the LEDP wide securily systems. One station is also connected to the data acqnisilion
system in order Lo include control data in the physics cvent record. The software to control the
different subdetectors usually runs in the corresponding LSC. The same software frame as used above
drives the subdetecior specific application programs. “The control system can be run both locally at
the VM station and centrally via the computer network from a dedicated station in the control room.
ITere the overall status of the detector is displayed on a Macinlosh 11 personal compuler in a graphical
way. The operator can also request detailed information and can act on the delector. Another sereen
shows permanently all warnings and alarms of all parameters monitored by the syslem.

3



8.6 Performance of the Online System

‘I'he typical trigger rate during the frst months of LEP running was about 1 Hz at the Z° with a
luminosity of 3 x 10 ecm™%s™'. The average cvent size was 100 kbyte, and up Lo 600 kbyle for
mulli-hadron evenls. The average readout dead-time was 50 ms per evend, which has been reduced
to 25 ms in 1990. Aboul 1.5 million events were recorded during the LIED rons in 1989, containing
about 30,000 multi-hadronic Z° decays.

At the LEP design luminosity of 1.6 x 10%! em™?s™1 the rale is 0.5 1z for multi-hadronic events
produced by Z° decays, and 1 Hz for forward detector Bhabha events. Including background events,
the expecied trigger rate will be about 4 Hz, and the data rate Lo be handled by the event builder
will be about 400 kbyte/s, afler some improvements in data compression. Online fillering will reduce
the amount of data writlen to tape by aboul a quarter.

9 TInitial Performance

The construction of the OPAL detector was completed in July 1989. T'he detector has operated very
well since the commissioning of LEP. The first hadronic Z° event in the one week "pilol” run was seen
al 23:15 on Augusi 13 1989. Tn 1989, physics data were recorded between September and December
al centre-of-mass encrgies between 89.3 and 95 GeV. The data sample collected corresponds lo an
integrated lominosity of 1.3 pb~! and contains ~30,000 hadronic and ~3,000 leptonic Z% decays.
Fig. 44 shows a Z° decay into hadrons with signals from most of the detector components. The lfast
turn on of LEP and the experiment led to first physics results [106] already in October 1989.
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Table 1

Magnet Parameters

Central ficld

0435 T

Mean coil diameler

41.36 m

istance between pole faces

6.3 m

Solenoid thickness

96 mm ol Al + 54 mm of glass-epoxy
(~1.7 radiation lengths,
including pressure vessel)

Maxinmnin current 7000 A
Maximum power F MW
Cooling water flow A0 1fs
Pressure drop 15 bar
Rarrel iron thickness 0.8-1.0m
Coil weight 25 ¢
Overall magnet weight 2800 t
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Table 2

Properties of the Tracking Chambers

Tracking Device

Vertex Deteclor

Jet Chamber

Z-Chambers

Wire organisation

36 sectors axial
12 wires/scctor,

36 scctors siereo (4°)
6 wiresfsector

24 scclors
159 wircs/seclor

24 chambers
8 cells/chamber
6 wires/cell

5.3 and 5.0

Wire spacing (mm) 10.0 1.0

Wire stagger (12m) %41 S 100 +250
Maximum drift distance 1.4 cm 25 em 25 cm
Maximum drilt time 0.5 ps 5 s 5 s

Gas

argon(88.2%), meth

anc{9.8%), isobutanc(2.0%) at 4 bar

(Gas gain

2 % 107

!

2-5x 10!

Angular coverage

23° < 0 < 157° (92% of 17)
for axial 4- sicreo wires,
18° < @ < 162° (95% of 47)
for axial wires

43° <8 £ 137° (73% of 47)
for 159 wircs

11° < 0 < 169° (98% of 1)
for >8 wires

14° < 0 < 136°
94% in ¢
67% ol 4%

Coordinale determination ¢

drilt time
AT and stereco wires

doifl Lime

charge division

z charge division drilt Lime
Spatial resolution ¢ 55 pm 135 prmn 15 i

z | 4 cm(AT), 700 pm(stereo) 6 cm 100350 pm
Double hit resolution 2.0 mm 2.5 mm 2.5 mm
Euergy loss dl/dx 3.8% (159 samples)

2/?‘

Trigger

all axial wires

3 groups of 12 wires
per scector
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Table 8

Properties of the Electromagnetic Calorimeter

Nelector

Properly

Rarrel

indcap

Presampler

Angular coverage, [cosf)

< 0.81

< 0.83-0.95

Active deleclor

Limited strcamer Lubes

Thin high gain MWPCs

Number of anode (cathode) Jayers

2 (1)

1{2)

Wire diameter and type

75pm slainless sicel

55um gold plaled tungsten

Wirc spacing 9.6 mm 4 x 2.0 mm
Cathode strip pitch 11 mm 18 mm
Typical high voliage 4.1 kV 3.5 kV
Gas n-pentanc(32%), CO2(68%)| n-pentanc(15%), CO2(55%)
Number of readout channels 21,504 6,080
Intrinsic spatial resolution for mip ~2 mm 2--4 mm

Lead glass < 0.82 0.81-0.98

Angular coverage, jcosf]

Malerial

SF57, Xo = 1.50 cin

CEREN 25, X, = 2.5l ¢cm

Block geometry

Quasi-pointing

Coaxial with beam line

Typical block dimensions

~ID X ~10 X 37.0 em®

9.2 % 9.2 x 52.0 cmn?

Depth (f(u; pholons from origin)

24.6 X,

N22 zYo

Number of blocks

9,410

2,264

Cerenkov light detector

Field tolerant phototubes

Vacummn photo triodes

Typical magnetic ficld at detector 0.002°T 0.45°T

Detector gain (PMT or VIT) ~ 1.0x10° ~12.3

Detector high voliage —1.0 kV —1.0 kV

Channel cquivalent noise ~2 MeV ~14 MeV

Intrinsic energy resolulion ap/Il =~ 0.2% + 6.3%/VE |ag/l ~ 5%/ at low encrgy
Intrinsic spatial resolntion {at 6 GeV) ~11 mm ~ 11 mm

Trigger IE>1 GeV

24 ¢ bins x 5 2 bins

24 ¢ bins x 2 0 bins

Combined

Typical malerial in front of lead glass

~2 X,

"‘2 1‘-9

Typical material 1o back ol lead glass

~206.5 X,

~205 Xo

Typical Ary Lo back of lead glass

~2

~2

Spatial resolution for em shower

~0 mm

2-0 mm

Flectron-hadron separation

133

~1073




Table 4

Properties of the Hadron Calorimeter

Barrcl lindcap -

Pole Tip

Angular coverage, |cosf
B,

< 0.8 0.81 — 0.91

0.91 - 0.99

Aciive detector

Lintited streamer tubes, cells

T'hin high gain

9 mmx9 mm every 10 mm. mulliwire
1.4 to 10 m long, chambers,
No. of layers of detector 9 8 10
High voltage 1.65-1.85 kV 3.5 kV

Gas isobutanc(75%), n-pentanc(45%),
argon(25%) CO5(55%)
Wire spacing 10 mm 2 mm
Wire diameler 100 yim 50 pm
Readout: Lowers pulse heighi pulse height
sirips digital digital
Absorber (between layers ) 100 muan fron 80 ¥ jrou
Gap in iron, for detector 25 mm 35 mm 10 mm
Dimensions: radins [ 3.4-4.4 m 1.9-3.3 m 0.6-1.8m
length 10 m 1O m 0.8l m
thickness of iron 0.8 m (.7 1n 0.72 n
Energy resolulion 120%/VE
Strips (10 mm) axial horizontal radial
Towers {pointing o vertex) | Adg ~ 7.5° A ~ 7.5° Ag ~ 11°
Af ~ 5° Al ~ 5° Al ~ 4°

Trigger

92 analogue signals from groups of 4 x 4 Lowers




Table 6

Properties of the Muon Detector

Barrel Endcap
Angular coverage, [cosfl 0.72 for 21 layer 0.67 - 0.98
0.68 for 4 Jayers
Absorber; Apge ~8 8- 14

Active detector

110 drifl chambers, 1.2 in wide,
with 2 wires per chamber.
drift distance: 0.3 m
lenglhs: 10.4, 8.4, 6.0 m

Limited streamer tubes,
with 9 mm x 9 mm cells
every 10 mm.
lengths: 6, 3 m

Wire direction along 2 along £ and y
Wire diamecter 50 pm 100 pm
Number of layers 4 |

Spacing

equally spaced over 0.6 m

19, 670, 19 mm

Area covered

cylinder: 10 m long, 5 m radius

12m x 12 m at cach end

Resolution position ~1.5 mm by drifl time (¢) ~1 mm z(y) by L sirips
~2 mm by cathode pads (z2) ~3 mm y(z} by || strips

direction 5 mrad 5 mrad

High voltage drift: 4.0 kV 4.3 kV

drift 4 signal: 5.85 kV

Gas cthane(10%), argon(90%) isobutane(75%), argon(25%)
Readont 6 FADCs per wire: both ends pulse height from orthogonal
ol a wirc and 4 calhode pads. strips {10 mm repeat) from
both sides of 4 layers.
Trigger 24 ¢ seclor signals 0-¢ bins

(any 3 of 1 Jayers)

(any 2 ol 4 layers)




Table 8

Theta-Phi Segmentation of the Trigger System

Theta bin |  cosf range Phi bin | ¢ range, degrees
1 -0.980 - .0.596 1 0-30
2 -0.823 - .0.213 . 2 15 - 45
J -0.596 - 0.213 3 30 - 60
0! -N.213 - 0.596
5 0.213 - 0.821 23 330 - 380
6 - 0.596 - 0.980 C2d 345 - 15

Table 7

Parameters of the Data Acquisition System

Subdetector Channels | Data size (kB) Digitiser Crate/Interface
Low mult. | Hadren
Vertex detector 618 o2 4 Dedicated TDC EURO/CAMAC
Jet chamber 7680 20 120 FADC 100 MHz LURO-ECL/VME
(compressed) 50

Z-chambers 2304 2 6 FADC 100 MHz EURO-ECL/VMF,
TOF 320 2 2 TDC/ADC/PU16 CAMAC
Presampler barrel 21504 5 5 Multiplexed ADC EURO/VMI,
IEM barrel 9440 3 5 Charge int. ADC FASTRUS
Hadron towers 1472 2 2 Charge Tnt. ADC CAMAC
Hadron strips 56116 ] 2 Bit pattern VMF,
Muon barrel 1320 6 6 ™D FASTRUS
Presampler cndcap 6080 I 2 Multiplexed ADC EURO/VME,
IEM endcap 22641 12 12 Charge Int, ADC FASTRUS
Hadron pole tip 336 1 2 Charge Int. ADC CAMAC

10240 Bit pattern VME
Muon endcap 12496 2 2 Muliiplexed ADC EURO/VME
Forward detector 1100 5 5 TDC/ADC/MuxADC | CA MAC/FURO-FCI,

FADC 50 M [VMT,

Track trigger 1296 7 7 FASTBUS
Trigger 640 I 1 EURO 12U/ VM,
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Figure Captions

: General layout of the OPAL Detector.

. Cross section of a quadrant of the detector (a) perpendicular to the LEP beam axis, and (b) pat-

allel to the beam axis.

Isometric view of the magnet in its open position.

: Schemaltic view of the vertex detector.
: End-plate wire layout for a section of the vertex detector.

: Spatial resolution in r-¢ as a function of drill distance for the axial drift cells of the vertex

detector (drilt field = 2.5 kV/cm, anode surface field = 360 kV/cm).

Cul away view showing the anode wire support of the joi chamber on the outside of the conical
end plates and the sttucture on the inside sorving as support for the cathode wires and as field
shaping clectrode. The front part of this structure consists of the wire suspension, the wire
positioning comb, one PC board holding the wires and the resistor chain and another PC board
with the field electrodes. The back part consists of the ficld degrader and an aluminium profile.

: Schemadic drawing ol the clectronic readont system from the jel chamber up to the processors.

The data flow and the reduction taking place al each level are also indicated.

. Spatial resolution in r-¢ as a Munction of drift distance lor the jet chamber.

Distribution of 1/p for tracks in events of the type e*e™ — p*p~ for the jet chamber.

: (a) Measurcd energy loss (truncated mean) in the jei chamber as Tunction of momentum for

tracks in mullihadronic events and in events of the type e¥e™ — ptp™. (b) Truncaled mean for
muons with momentum of ~4§ GeV.

: Longitudinal section of a bidirectional z-chamber cell. The numbered elements are: (1) cathode;

(2) drift field electrodes; (3) grid wires; (1) guard wires; (5) anode wires (the stagger has been
exaggerated for graphic purposes); (6) inner clectrode for wire I and 6 gain contsol; (7) Lexan
box and cover; (8) G 10 (glass epoxy composite) anode module; (9) HV distribution board; (10)
space for the IV resistor chain, HV bridging board and anode module cabling. All dimensious
are in mm.

« Mean z resolution as a Tunction of drift distance and track angle for the z-chambers.

: Measurement of the primary verlex position in the t989 physics run using all three subdetectors

of the central tracking system. In the vertical direction the width of the distribution is dominated
by the deteclor resolution, in the horizontal dircction by the beam dimension.

. Impact parameter resolution for the tracking chambers measured with events of the type ete™ —

ptp=; (a)in the r-¢ plance (¢=75 pm), (b) in the r-2 plane (#=2 mm with and ¢=2.7 cm without
the sterco wire information of the vertex detector).

: Tnvatiant mass distribution for x¥x~ pairs emerging from a sccondary vertex.

. Residual distributions of (a) the time-of-Right as measured by the TOF system, and (b) the

diffcrence in z as measured by the TOF system-and the barrel clectromagnetic calorimeter. The
distributions are for muous in dimuwon events salislying |cosf,|<0.7.

7
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calorimeter as a function of |cosf| at a typical angle in ¢. T'he peaks in the material in Tront of the
calorimeter at fcos@| ~0.8 and ~0.96 arise ltom the strncture of the pressure bell of the central
tracking system. The structure in the active material of the calorimeter arises, for [cosf}<0.8
from the quasi-pointing block geometry, al |cos@|=0.8 from the barrel/endcap overlap and tran-
sition, and at [cosf|~0.975 from the endcap/gamma- (di(h(‘r/l'urwarrl calorimeter overlap and
transition.

Mechanical structure of the barrel clectromagnetic presampler.

Spatial resolotion of the barrel eleclromagnetic presampler as a function of beam encrgy, from
test beam data. The resolution from the lead glass alone is also shown for comparison. The data
are ot electrons al § = 43°,

Barrel lead glass counter, showing optical and electrical conneclions..

3-1) view and cross scclion of the endcap calorimeter. In (a) an artist’s view of (he endcap lead
glass covered by the wmbrella of presampler chambers is shown. The cross section in (b) shows
the setup behind the profile of the pressure bell, which rt*prosonl% >50% of the radiator material
in front of the lead glass.

Endcap lead glass connter, showing optical and electrical connections.

Iinergy resolution of a prolotype barrel seclion of the (‘lv(tromdgnolm calorimeter, with and
withoul a presampler, as a function of incident e~ encrgy. The material in front of the presampler
15 2.08X, thick. Also.shown is the resolution obtained without any material in front.

Measured o~ misidentification probability as a function of e~ detection efficicocy for isolatled
20 GeV parlicles incident into 1.6 Xo of aluminium in front of a production endcap scction of

“the o.!c(:l.rrinna.gnn(.ic calorimeter. The curves represent the effect of various cuts on the dala:

cut on presampler ontput only (black squares), on lead glass output only (open circles), on
correlated presampler and lead glass outpuls (open squares), and finafly on the correlated data
together with an additional minimum presampler charge cul (black circles and shaded arca).
Some Mriher m!provvmonl may be obtained by exploiting the lateral shower width in the lead
glass.

Components of a multi- ((‘H plastic limited qlrc‘dmor chamber of the barrel and endeap hadron
calorimeder.

Barrel and endeap chamber a.ssmnhlios of thn_ hadron calorimeter.

Avorag(' response of a1 x 3 tower, 9 layer prototype of the hadron calorimeter to single particle
pion beams for various angles of incidence. ‘I'he dashed tine is the prediction of a Monte Carlo
sitmulation for normal incidence. ' B

Relative muon track finding efliciency for 5 GeV muons normally incident, upon the 3 x 3 tower,
9 layor protolype of the barrel hadron (ainrnn(‘t(‘r as a function of the minimem number UI'

Jayers required Lo tegister a cluster of 5 or less strip hm compared with the relative efficiency

for finding fake muons in a 6 GeV hadron sample.
(a) Cross section and (b) layout of the chambers of the paletip hadron calorimeler.

(a) Energy deposited in the endeap clectromagnatic calorimeler plotted against the energy de-
posited in the pole tip hadron calorimeter and (b) wm;,hlod energy sum for a 10 CeV incident
heam. '
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32:
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Total amount of material (in absorption lengths) that a particle has lo penctraic in order to
reach the muon chambers, as a Tunction of cos#, and averaged over the indicated ¢ ranges, as
determined from the Monte Carlo simulation [68}. ‘

Geometrical acceplance of the muon delector (requiring 3 laycrs) as a. function of cosf, averaging
over ¢. ' '

Ciross seetion of a drift charmber of the batrel muon detector.

Schemadtic Tayoul of the diamond shaped cathode pads of the barrel muon drill ¢hambers.
(a) Bnd-vicw and (b} side-view of the endcap muon delector.

Chamber layout and orientation of the endcap muon detector.

Cross section throngh the forward detector belween 2 and 3 m from the interscction region.

Simplified view of the forward deteclor, without cables and readout clectronics, supported from
the end of the cantilover which carries the superconducting tow-beta quadrupole. The tubes for
the laser beams used for the jei chamber calibration are dotted.

Tinergy response of the forward calorimeter to Bhabha electrons near the 79 peak. A collinearity
cut, using the tube chambers, removes most ol the radiative tail in the cnergy spectrum. The
fitted Caussian curve corresponds to o/l = 17%/VE .

Fine luminosity monitor counlers and their honeycomb support plate. The cutaway shows
one of the larger “coincidence” counlers mounted behind Lhe plate. The others shown are all
“acceplance” counters. ‘

Overall scheme of event. triggering, readout, monitoring and data handling.

Overview of trigger generation by the f-¢ malrix. The track trigger (TT), the time-of-flight
system (TOT), the electromagnetic calonimeter (1:M), the hadron calorimeter (HA) and the
muon detector (MU) send signals Lo the #-¢ malrix, the outputs of which, together with up 1o
64 additional NIM signals, are Jogically combined to form the final trigger decision. Grosses on
the vertical lines representing different particle (y pes passing through the detector indicate the

sensitivity at the trigger level.

Fvent display of a 79 decay into hadrons with signals from most of the detector components.
This event shows a two jel structure with one penetrating track which is probably a muaon,
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