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ABSTRACT

DELPHI is a 4% detector with emphasis on particle identification, three~dimensional information,
high granuiarity and precise vertex determination. The design criteria, the construction of the detector and the
performance during the first year of operation at the Large Electron Positron collider (LEP) at CERN are
described.
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INTRODUCTION

DELPHI, a DEtector with Lepton, Photon and Hadron Identification, is a detector operating at LEP
(Large Blectron and Positron collider) at CERN. It is designed as & general purpose detector with special
emphasis on powerful particle identification, even in complex events; Ring Imaging CHerenkov counters
(RICHes), three—dimensional information with high granularity in most of its components and precise vertex

determination are its specific attributes [1].

This report describes the construction of the detector, the performance during the first § months of
operation at LEP and a few test beam results of final components. All detectors are complete and fully
operational, except the RICHes and the tracking detector for the Luminosity Monitor. For the Barrel-RICH,
half the drift—tubes and liquid radiators have operated so far. First signals have also been observed from a

provisional gas radiator. Fig. 1 shows a few examples of event displays obtained.

in the following description of the detector we shall use a coordinate system with the z—axis parallel

{0 the beam, radius R and azimuth ¢ in the planc perpendicular to it and potar angle & (= 0 along z).

GENERAL LAYOUT

DELPHI is instalied in a cavern 100 m below ground. The general layout is shown in Fig. 2. The
ensemble consists of a cylindrical section, the barrel, and two end—caps, which can be axially opened by
2.8 m to allow rapid access to the various detectors, When the end—caps are closed, mobile shielding around
the beam pipe follows this movement, thus allowing access during bearn operation anywhere outside the
detector, which is self-shielding. Three—to—four-storey huts on both sides house the electronics, the
14 computers for the subdeieciors, gas distributions and the cryogenics and power supplies for the
superconducting magnet. The barrel and each end—cap can be moved sideways independently, together with
their huts, to give free access for instailation of major components. An optical data link sends the

compressed data o the main computer and control centre located on the surface.

Fig. 3 shows details of the detector arrangement.

SOLENOID

The superconductisig solenoid [2] has a length of 7.4 m and an inner diameter of 5.2 m (dimensions
of the cryostat). The field of 1.2 T is produced by a single conductor iayer (5000 A) with iwo 35 cm long
end sections containing a second layer to improve field homogeneity, The superconducting cable is made
from 17 twisted wires (700 microns @) clad in high purity aluminium and forming a flat conductor
(4.5%x24 mm?2), The wires themselves contain 300 Nb-Ti filaments (25 microns @) embedded in a copper
matrix. The cable is insulated by 2-siage pre-preg and wound {rom the inside onto the alumininn support
cylinder, which is cooled from the outside by forced flow of liquid helium at 4.5°K. Normal operation
requires a liquification rate of 0.85 g/s and 150 W of cooling at 4.5°K (including losses in the transfer lines
and in the intermediate dewar) and 900 W at 65°K in the thermal shield.
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The excellent field homogeneity required for the long—drift detectors was obtained after optimization of
the currenis in the short end layers, as shown in Fig. 4. Inside the Time Projection Chamber, the
longitudinal component lies well within 12334 G +1/~10 G (indicating a weak axial asymmeltry)} with

negligible azimuthal variation; the radial component is < 5 G,

The solenoid system is controlled using three G64 systems with higher level control from a
MicroVAX. The VAX also provides daia logging with a long—term memory and graphical display of
solenoid parameters,

BEAM PIPE

The aluminium beam pipe has a smooth central section, 32 cm long, an inner diameter of 158.4 mm
and 1.2 mm wall thickness. It is supported by 3 wires at + 1.47 m on the TPC and at + 3 m behind two
beliows, a pump and a vaive by the superconducting quadrupoles. The internal pipe diameter of 156 mm was
chosen to avoid all synchrowon radiation photons except those backscatiered twice, according to conservative

beam shape calculations.

After the first experience with LEP and beam envelope and background measurements it is clear that a
smaller beam diameter is possible. A second generation pipe with internal diameter = 106 mm is being
constructed, with a central beryllium section 1.4 mm thick and 570 mm long, fo.llowcd by a carbon fibre
tube 1 mm thick with 0.1 mm Al cladding on the inside. Instaliation of this pipe is scheduled for the end of
1990.

TRACKING DETECTORS

A summary of the principal parameiers and the performance of the tracking detectors is given in

Table 1. Combined tracking performance is discussed in sect, 5.10.

5.1 Vertex detector {(VTX)

Two concentric shells of Si—strip deiectors at average radii of 9 and 11 cm cover the central region
over a lengih of 24.0 cm. The principle objective of this detector is to provide maximum Ré-resolution, in

particular for the study of heavy flavour physics: 5 um single track resolution and < 100 pum double track
separation [3(a)].

Each shell consists of 24 modules with about 10% overlap in ¢ between the modules (Fig. 5(a)).
Each module carries 4 detectors along z, with strips parailel to the beam and detector pairs wire-bonded in
series and read out at the ends. The Si-detectors are 300 um thick and have a diode pitch of 25 um(), A
new feature is that the read—out strips (50 pm pitch) are AC coupled over the whole length through 0.2 um
of Si0y. The diodes are biased using polysilicon resistors (5 M(}). Each detector has a sensitive length of

*)
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59 mm and a width of 25.6 mm (for 512 read-out channels) or 32 mm (640 channels} for the inner and

outer shell, respectively. The number of read—out strips totals 54254,

The VLSI readout electronics ("M X 3", 6 x 6 mm2)(*), produced in 3 um C-MOS, contain 128
analog channels with serial read—out (power dissipation = 60 mW/chip), The outputs of nine chips are
multiplexed together in electronics mounted nearby, giving 1152 channels per readout iine. The measured
preamplifier noise is ENC = 700 e without load and 1500 ¢ when connected to two strips in series (i.e.

12 cm long).

The detectors and preamps are mounted with carbon-fibre supports to aluminium rings at the outer
ends. The mechanical structure is water cooled to guarantee good thermal stability. The two shells have a
total thickness of only 1.1% of a radiation length. Fig. 5(b) shows a blow—up of the connection of detector
and read-out chips. The whole detector can be slid into position in—situ on rails fixed to the Inner Detector.

The lasers and the SAT Tracker have 10 be dismounted for this operation.

Relative alignment of the modules was surveyed before installation with an accuracy of about 10 pim
in 30(""). Movements relative to the Inner Drift Chamber are monitored by light spots focussed o 12 of
the outer modules and by 18 capacitive displacement probes {3(b)]. Sensitivity of the monitoring is
~10um in R and < 5um in ¢ for the light spots and < 1 pm in R and ~ 6 um in ¢ for the capacitive
probes [3(b)]. Stability at LEP is found to be < 1 jim radially over 10 days (Fig. 7(2)).

Laboratory measurements gave a signal/noise ratio of 15/1 for a m.i.p. The same performance is
measured at LEP. Fig. 6 shows a partial online event display with information from the VTX, the IDC and
the TPC. From tracks passing through the overlap region and producing 4 hits, a preliminary value of 7 um
was obtained for the azimuthal resolution (Fig. 7(b)). Internal alignment with tracks from 20 events has so
far reached an accuracy of GRg = 14 um for the full Veriex Detector, resulting in & vertex reconstruction

error of 90 um in (x,y).

For the smaller diameter beam pipe, it is planned to install an innermost third layer of similar design,
but 21 cm long to cover polar angies > 30°, This will later be upgraded by adding layers with strips on both
inner and outer surfaces to obtain z—information. First tests of such detectors have given 16 pum resolution

on the n-side.

5.2 Inmer Detector (ID)

The ID [4)] provides high redundancy for vertex reconstruction and trigger information. It consists of

2 concentric layers:

an inner drift chamber with jet-chamber geometry, giving 24 R¢—poinis per track and

(*
(**)
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- 5 cylincrical MWPC layers, each layer with 192 wires and 192 circuiar cathode strips with about
5 mim piich, proportional to R, The wires provide {ast wigger information ané resolve left/right

ambiguities from the jet section. The strips give z information, aiso for the trigger,

The jel-chamber section has 24 azimwthal sectors, The wire iayout of a $0 cegree section is shown in
Fig. 8(a}. The gas (COy/C4Hq0/C3H7OH: 94.85/4.5/ 0.65%), field wire grids on both sides of the sense
wire plares and operating point (drift fieid varying from 1 10 2 kV/cm) were chosen io produce a drift
velociiy proportional o R, Thas, the trigger information for radial tracks is always cortained in 2 narrow
time—window (~ 100 ns). Six laser beams — used in con junction with the TPC - provide moniloring of drift

Droperties.

in the five outer lavers, sense wires are spaced aboui 8 mm apart ard interieaved with field wires,
Eack Iayer is 8 mm deep and has circular cathode strips with muluilayer transmission lines on the ianer wail,
The gas used is Ar/CO; (70/30%).

The chamber walls are buili from aramide~fibre/epoxy laminates chosen for is high meckanical
strength and low thermal expansion. Radiation thickness ai 8 = 90° is 3.75% Xy for the whole deiector,

The flanges are made from glass-fibre/epoxy laminetes,

Cosmic ray and beam tesis have given point resoluiions of ORre =90 um in the jet chamber and

Ty = 600 Lm on average for the outer layer (angle dependent).

During LEP operation, good efficiency has been reached: typ. 20 points/track in the jei chamber and
95% per layer in the cuter section. The average single wire resolution is CRre = 90 um in the jet chamber
(Fig. 8(b); and o, <1 mm in the outer layers. The trigger efficiency for the Jjet chamber is above 90% for
jet events. The outer layers give > 95% trigger efficiency for single tracks. During beam ramping and
squeeze, the HV has to be lowered, but under normal conditions, background is low: dark current = 610 nA

per sector in the jet chamber for L =3 x 1030/em?2 s and gas amplification of about 107,

5.3 Time Projection Chamber (TP

The TPC is the principal tracking device of DELPHI {51. Pattern recognilion normaily stans from it
information. The size of the TPC being limited (R=120cm, L =2 x 15G cm) by the inclusion of the
RICHes, oiher irack chambers were added (OD, FCA and B; sce below) w0 improve momentum resolution.
As the RICHes promise very superior particle identification, operation of the TPC at 1 atm. was specified
(although evacuation and 2 atm. are permitled), resulting in substantial technical advantages and lower

rediaiion thickness, The reduced dE/dX information will stilf be nseful, in particular for e separation below
8 GeV,

Each end-cap is divided into 6 sector plaies with 192 sense wires {spacing = 4 mm:
gap = 2 x4 mm} and 16 circuiar pad rows (constant spacing) {Fig. 9). A gaiing grid is piaced at & mm in
front of the cathode grid. The backplane is & G10 sandwich, 6 mm thick, coated with 70 um copper, with

¢xternal tibs carrying the preamps and providing structural rigidity and a flatness wlerance of 20 um. Short
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cathode pads (in R) were chosen for better two—track separation: length about 7.5 mm, width 8 mm, both
adjosted to give constant surface and a multiple of 16 pads per row; in total 1680 pads per sector. Three rods
per sector carry point sources of Fe?> and permit monitoring and absolute gain calibration of each sense wire

when moved inio position behind 1 mm holes in the backplane.

~ If required, feedback of positive ions into the drift volume may be reduced by gating off the
amplification zone. This is accomplished by biasing consccutive wires of the gating grid (spacing = 1 mm)
to £ 100 V. The bias is hifted for 3 ps at each beam crossing to permii a level 1 trigger decision and is

kept off only in case of a positive response.

The central high voltage plane is an Al honeycomb sandwich. The cylindrical vessels are constructed
from carbon fibre composites, each 1.15% Xg thick. Vacuum tight connectors are mounied on Al rings,
which also support the carbon fibre end covers. The field cages consist of GL10 laminates (1 and 2 mm
thick), with kapton foils carrying 3 mm Cu strips (spaced 1 mm) on both sides. With an Ar/CH4 80/20%
mixture and nominal drift field of 15G V/cm, the drift velocity is vp = 66.94 = .07 mm/us at T = 22°C.

MOSFET preamplifiers, including pole—zero cancellation, are directly mounted on the backplane.
Emphasis was put on low noise (ENC ~ 500 ¢~ on the pads) and low power dissipation {45 mW). Afler
two-stage shapers, 14 MHz sampling is provided by 8-bit Flash ADC's®*) (used with broken characteristics
for increased dy;iamic range and better reselution at the low end). For the wires, there is the possibility to

move to 45 MHz sampling rate to improve two—track resolution.

Six miniature nitrogen lasers, one per sector, are mounted on each end—cap (337 nm; 60 yJ in
1 x 2 mmZ2; fwhm = 0.8 ns; diffraction limited). Each laser produces three ionization tracks, one paralle]

to and 3 cm in front of the gating grid and iwo diagonally pointing towards the central plane (Fig. 1C).

Full gain maps with 1200 poinis/sector were obtained with a rotating line source (Fe35) before

installation of the sectors. They showed excellent homogeneity 0 < 1% over most of the surface.

After ! year of testing above ground with cosmics and laser beams, the TPC has been operating

successfully since the start-up of LEP.

Preliminary resolution resuits are: 6gy = 180-280 pm, depending on @ and z; 6, < 0.9 mm; two-
track separation = 1.5 cm. These values are very close to the specification. The reconstruction of K¥'s is
shown in Fig. 11(a); the mass resolution is 10 MeV. The dE/dx resolution {using 50% of the smallest
samples) is at present ¢ = 6.2% for muons at 45 GeV and 7.5% for pions between 280 and 400 MeV.
Particle identification at low momenta is shown in Fig. 11(b). This was obtained withoul pulseheighi
calibration of the wires. With additional corrections it is expecled from test beam data to reach a resolution of
about 5.5%. Background is low for the maximum luminosity obtained so far (5 x 1030/cm? s) and gating
is not yet required: dark current = 10 nA/scctor and less than 20 hits from synchrotron radiation per beam

crossing in the full TPC.

(*}
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5.4 Quter Detector (OD)

The Outer Detector is essential (o provide fast trigger information in both R¢ and z, and 1o improve

the momentum resolution by a large factor (> 5 for fast particles).

It is composed of 24 modules, mounted on the B-RICH, 4.7 m long and each consisting of 145 drift
tubes in 5 fayers [S5]. The layers are staggered and overlap with the adjacent modules, thus providing full
azimuthal coverage. Modules are cold bonded from Al-profiles 1.75 cm square, with high internal surface
quality. Tight tolerances were observed for the dimensions of the tubes (£ 50 um), the positioning of the
wires (£ 30 wm) as well as in the mounting of the modules. The drift tubes arc operated in the limited
streamer mode (wire @ = 110 m). All layers provide R¢ information, three in addition provide fast z

information by relative timing of signals from both ends.

Thorough calibration with cosmics and lasers in a magneltic field has given OR¢ = 80 um and
Oz =2cm (with Arfi-C4H;0/C3H70H = 51/48/1%). This performance is a significant improvement

upon the original specification of OR$ = 300 pm and o, = 7 cm,
Since LEP start-up, the detector has operaied as anticipated,

Preliminary results are: OR¢ = 110 pum, o, =4.4cm (Figs 12(a) and (b)). It is possible 1o

determine the charge of tracks, up to the highest momenta, from the track element in the OD alone.

5.5 Barrel Muon Chambers (B-MU)

The Barrel Muon detector is composed of 2 layers. The first layer of 2 x 24 planks is inserted ino
the return yoke after 90 cm Fe and contains 3 staggered drift—chamber planes. The second layer is mounted
on the ouside of the yoke, behind a further 20 cm of iron. It consists of overlapping planks, with clearance
between them for the passage of cables and pipes, each containing 2 staggered planes of drifi-chambers
(Fig. 13(a)). Each plank covers half the length of a yoke sector following the shape of the cable ducts to
maximize coverage. The active length of the majority of chambers is 3.65 m, All chambers of the second

layer are read out, but only 2 plares of the first layer, the third plane being regarded as spares.

Each plank is cold—bonded from accurately extruded Ai-tubes, 20.8 cm wide and 2.6 cm high, with a
single anode wire in the centre. Two plastic sheets, 0.28 cm thick, are glued to the wider inner surfaces and
carry Cu strips for potentiat grading. A flat delay line is glued to one side below the anode wire, providing

length measurements with a delay of ~ 1.8 ns/cm. The cross section for drifting is 20 cm by 1.6 cm high.

The drift chambers operate in the proportional mode, with Ar/CHy/CO; (85.5/8.5/6%). Chamber
signals are six—fold multiplexed into time digitizers. With 2 ns time digitization, tests with beams and

COSImICS gave OR¢ ~ 1 mm and o, ~ 10 mm.

Operation at LEP has proven to be very reliable. At the present time the detector is approximately
98% operational, with estimated individual chamber efficiencies of 95%. Overal] efficiency for 2 muon track

with typically 4 hits per track is therefore high. Measurements of resolution on extrapolated tracks give



ORrg =4 mm and o, ~ 2.5 cm at present (Figs 13(b) and (c)). these figures being limited by the low raie
of muons and the accuracy of the track extrapolation.

5.6 Forward Chamber A (FCA)
The forward chambers provide powerful tracking and triggering from 6 = 33° down to 6 = 11°.

Chamber A is mounted on both ends of the TPC. One side consists of 3 chambers, each with two
staggered layers and split into hatf-discs with an outer radius of 103 cm, The chambers are trned with
respect to each other by 120°, thus providing 2 X 3 coordinates: xx', uw', vv', where x' is staggered with
respect to x. The layers are consirucied from extruded conductive plastic (bulk resistivity about 15 kQcm)
forming square cells {15 mm inside, 0.7 mm walls) with a 100 pim anode wire in the centre. A double layer
is reinforced on both outer surfaces by 0.7 mm G10 sheets. These sheets carry a patiern of 58 mm wide
cathode strips, rotated by + 60° w.r.i. the corresponding anode wires, to improve local patiern recogpition
(Fig. 14).

With operation in limited streamer mode in Ar/iso-C4H10/C2HsOH (48.75/48.75/2.5%), test beam
results showed efficiencies for a double layer of € ~ 97% for the anodes. The space resolution was

ox =~ 150 pm for the anode signals.

Preliminary results from operation at LEP are: ¢ = ~ 300 um per layer, and efficiency/double layer

~95%. Hits on the cathode strips are associated to the wire signals by time correlation (5 = 15 ns).

5.7 TForward Chamber B (FCB)

Chamber B provides a precise track element using 4 x 3 coordinates x, u, v for triggering, patiern
recognition and substantiaily improved momentum resolution in the forward arms. The high redundancy
provided by 12 read—out planes offers the possibility to analyze track elements in a high multiplicity and

background environment.

The chambers (2 half-discs in each arm) are supported independently on the yoke, between the F—
RICH and the F-EMC. A complete disc is a regular dodecagon with inner R =48 cm and outer
R =211 cm. The 12 sense wire planes (separated by 1.1 cm) are rotated in pairs by 120° with respect to
each other: (xx', uw’, vv') x 2, where x' is staggered w.r.t. x and (x, u, v) coordinates are parailel 1o those in
FCA. The wire planes are tensioned on G10 frames and separated by cathode plates (1 mm thick conducting
G10 containing carbon dust). Separate endplates (10 mm honeycomb) close the gas volume. Sense wires are

spaced 2 cm and separated by field wires.

Beam tests gave Gy < 150 pm and efficiency = 90% per point in Ar/CoHg/CoHsOH 50/48/2% at
1.05 T. The inefficiency is concentrated near the poiential wire so that the efficiency of a staggered doubie

layer was close to 100%.

Preliminary results from operation at LEP, using "parallel muons” produced at large distance from the

interaction point, are: ¢ =290 jum and efficiency = 80% per plane as average over all planes, including
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effects from dead areas (Fig. 15). Combining the information of the 12 planes, o, = Oy = 130 um is
oblained.

5.8 Forward Muon Chambers {(F-MU)

Both arms of the Forward Muon Chambers [7] have 2 planes of chambers; one inside the yoke,
behind = 85 cm of iron, the second 30 ¢m further out, behind another 20 cm of iron and the Forward
Scintillators. Each plane, covering some 9 x 9 m?, is composed of 4 quadrants (4.4 x 4.4 m?), A
quadrant consists of 2 orthogonal layers of 22 drift chambers cold-bonded together.

The drift chamber body is an extruded Al tube, containing PVC profiles with coextruded Cu strips,
which act as drift field electrodes (E = 700 V/cm; see Fig. 16(a). The sensitive volume is 435.4 cm long,
18.8 cm wide and 2 cmn high, with a 100 um anode wire in the centre. One cathode section facing the anode
is formed by a flat solenoidal delay line, producing a pulse delay of 600 ns/m. Coordinates are derived from
the anode drift time and the 2 delay line propagation times to both ends. The drift chambers are operated in

the limited streamer mode, with a mixture of ArfCO2/iC4qH 1 (14, 70, 14%) and 2% i-propanol.

Exiensive tesls in a cosmic hodoscope have shown Gx,y = 1 mm from drift time measurement,

Lefi-right ambiguity is resolved using delay line information of the crossed layer: 6pL, ~ 2 min.

At LEP, halo muons accompanying the beams are used to investigaie the detector performance. The
efficiency per detector layer, averaged over all layers, was determined to be 89 + 3%, including 8%
inefficiency for structural deadspaces. From a sampie of muons hiiting the four detector layers of one end—
cap, the spatial resolution has been evaluated. Fig. 16(b) shows the residuals of the recorded hits w.L.L the
fitted trajectory, separately for each end-cap. These residual distributions (o ~ 3 min) represent an average
over the 16 detector layers of one end—cap and include drift and delay line measurements, In addition to the

detector's resolution, these residuals include effects due lo the presence of a magnetic stray field.

5.9 SAT Tracker

The Small Angle Tagger (SAT), the principal luminosity monitor, consists of a calorimeter

(sect. 7.3) and a wacker in front.

Both arms of the wacker foresee 3 planes of large area Si—detectors(™) af z = 203, 216 and 230 cm.
The planes cover twice 1465 and 2079 cm2, respectively, with an inner radius of 10 cm. The sensitive
region extends from 43.5 to 120 mrad, Each plane has circular strips with 1 mm pitch in radius and covers

5° in azimuth.

The strip signals are read out by VLSIs built in CMOS™™) . Each VLST has 48 channels with analog

and digital sections [8]. Afier amplification, shaping and discrimination of the signais, the zero—suppressed
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hit patterns are stored in registers. The detectors and VLSIs are mounted on kevlar substrates which also serve

as printed circuits, The detectors are contained in a kevlar box with shielding and ducts for air cooling.

The tracker is expected to give a precision of 0g = 1.5 mrad and to define the acceptance radius to
about 40 pum.

At present, only the 1. and 3. planes are installed in one arm. Due © late installation and noise
problems, only a few very preliminary results exist. Fig. 17 shows the radial distance to track exirapolations

to high energy showers in the calorimeter section for the ncarest kit in the tracker within a ¢ sector of 10°

In the second arm, a lead mask has been mounted io define the inner acceptance radius (sect. 7.3) for

the calorimeter.

510 Combined tracking

The insertion of the RICHes required a large number of independent tracking devices. Combining their
information is essential for the trigger, the vertex and general pattem reconstruction and in particuiar for high
momentum resolution. In the forward region, DELPHI has the potentiality for quite unique resolution for a
LEP detector, due to the power of the forward chambers.

Emphasis was, therefore, put on precise relative alignment and survey of the various componenis, but

ultimate precision can only be achieved with high statistics calibration with cosmics and Z° events.

So far the foilowing results have been obtained for muon pairs at 45.6 GeV: dp/p= 1%, i.e.
Ap/p = 0.0015 x p(GeV), in the barrel region, combining information of ID, TPC and OD (Fig. 18(z))
and (dp/p) = 17% in the forward sectors (8 = 20°-35°), using information from ID, TPC and Chamber B
(Fig. 18(b)).

SCINTILLATOR COUNTERS

6.1 Time-Of-Flight Counters (TOF)

The Time-Of—Flight {9] system in the barrel serves as fast trigger for beam events and cosmics and
may be used to veto cosmic muons during beam crossings. Cosmics are heavily used for alignment. The rate
was measured to be 104 particles/cm? s st at o = 0° with cos?a dependence for lof = 0-60°, where a is

the polar angle with respect to the vertical.

The TOF system consists of a single layer of 172 counters (355x19x2 ¢m3) mounted on the
inside of the return yoke just outside the solenoid. The counters cover most of the polar angle § =41 to

139°, but leave a dead zone 6 cm wide around 0 = 90° and at the support legs of the cryostat.

NE110 is used as scintillator. On both ends, a PM is connected via Plexiglass light—guides folded
back by 180° to reduce the dead zone in the centre and to avoid the higher magnetic ficld near the cable ducts
at the ends of the barrel yoke (Fig. 19). The scintillator wrapped with Al foils produces an effective
attenuation length of 135 cm and an effective light propagation of 16 cm/ns. Signal loss in the light guide



is 78%. Measurements of Cherenkov signals produced by partictes traversing the light guides (which cover
32% of the total TOF surface) indicate thas less than 10% of the triggers would come from Cherenkov

signals with shifted timing.

Time resolution measured with cosmics is Sy =1.2ns, corresponding t0 0, =20 cm. A simpie
back io back coincidence on cosmics esing only octants of the TOF gives a raie of 3.5 Hz. Detection

efficiency is 99.9% for m.ip.'s.

6.2 Forward Hed oScope

The forward scintitiator hodoscopes improve muon detection and trigger system efficiencies for beam
events and cosmics. In particular, it is the ondy trigger on beam related halo muons which are very nsefu! for

alignment,

The hodoscopes are mounted in the 45 mm gap between the end—cap yoke and the second muon
chamber layer, and cover the whole Cross section (in sotal ~ 140 mz) in a single laver. The layer is arranged
in quadrants, each contzining 28 counters (Fig. 20}, The extruded piastic scintillators ! om thick, 20 cm
wide and up 10 450 cm iong are mounted with some overlap. They are coupied via beni light-guides {made
from the same scintillator sheets) 1o a single phetomuiii'piier ai the outer radius. The light atfenpasion length

was measured 0 be about 1.5 m 2nd the loss in the light guides less than a factor 3,

Time resolution was measured with halo miuons 10 be S ns, averaged over the whole counter. Typical
noise rates of 250 Hz/counter tead 10 a random trigger raie of about 0.1 Hz for back—to—pack coincidences of
quadrants {or a beam crossing Bate width of 50 ns. Detection efficiency is 95% for M.Lp.'s at the far end of

e counier. The read—out of the hiz patiern and time measurements (one per quadrany) are combined with thag
of the forward muon chambers,

ELECTROMAGNETIC CALORIMETERS
7.1 High-density Projection Chamber {HPC)

The HPC {10] is one of the firs: large-scale appiications of ihe time~projection principle io
calorimetry. The aim is to measure the three—dimensional charge distribution induced by e.m. showers and by
hadrons with very high gramularity in al! coordinases, with an acceptable number of readout channels. The
Tesuliing capability of precise tracking aliows the detection of e.mn. showers and their separation from hadrons

even in the compiex eveni topoicgies encountered ai LED,

With only 18000 elecironics channels, 2 granularity of 4 mm along 7, 1° in azimuth and a nine—fold
radial sampling (over 18 Xp) have been achieved in the HPC, The dynamical range of the detector allows for

e.m. showers up 10 about 50 GeV witk, simultaneousty, fuil sensitivity 1o minimym ionizing particles,



The time-projection principle is realized by using the lead converter as electric field cage. The
ionization charge of showers and tracks is thus extracted onto a single proportional wire plane at one end of
each HPC module.

Fig. 21(a) shows the principle of comstruction. The converter consists of 41 lead walls spaced by
8 mm gas gaps. Each layer is formed by thin trapezoidal lead wires glued to both sides of a fibergiass-epoxy
support. A voltage gradient between neighbouring lead wires provides a longitudinal drift field of about
100 V/cm. In these narrow drift channels, charge iransmission is limited by transverse diffusion, once the
electric drift field in the HPC and the magnetic field in DELPHI are precisely aligned. To adjust to the small
radial field component in the magnet, each HPC umit can be tilied by up to = 5 mrad for optimization of
transmission, Charge attenuation lengths in excess of 350 cm have been obtained in the HPC, for a

maximum drift length of 85 cm.

The proportional chambers use pad readout. The pad pattern defines the granularity of radial and
azimuthal coordinate sampling (Fig. 21(b)). The drift coordinate z is obtained by digitizing the amplified
ionization charge with bilinear conversion 8-bit FADC's at 15 MHz. The bilinear conversion results in an
effective dynamic range of 800:1. The associated electronics provides excelient tail suppression (less than
0.1% of peak height after 1 ps) and base line stability. This electronics, combined with an efficient on—board
zero—suppression scheme, results in an average data transfer rate of only 14 kbytes per hadronic interacticn at
LEP for the complete HPC detector.

For fast triggering purposes, a plane of scintillators is inserted into one of the HPC sampling gaps
close to the shower maximum (behind 4.5 Xg). The readout uses 4-6 m long plastic fibers to PM tubes

mounted outside the cryostat,

A second level wrigger decision is derived from the analog electronics of each HPC unit. The trigger is

based on coincidence patterns inside the HPC and is fully efficient for about 1 GeV shower energy.

The HPC detector covers the barrel area inside the magnetic field with 144 separate modules, using a
segmentation of 24 in azimuth and 6 along z. The polar angle coverage is 43° to 137°. The modules are
offset by 7.5° in ¢ w.r.L. the hadron calorimeter to achicve optimum solid angle coverage, Gaps between
modules are 1 cm in z and ¢, except for a gap of 7.5 cm at z =0 caused by a stiffening ring inside the
cryostat. This zone is covered by scintillator/lead sandwich blocks which are read out via wave—iength shifter

and fibers, providing crude shower information and 97% efficiency for m.ip.

Before installation, each module was tested with cosmic muons for drift performance and gain control.
A subsample of modules was tested with electron beams. After installation, performance and calibration are
checked with three c—sources instalied in each module and, at regular intervals, with a minute admixture of
radioactive Kr gas emitting 40 keV photons [11). From test beam data on shower axis reconstruction, the
angular resciution of the HPC alone (without vertex constraing) was found o be (36NE + 2.5)mrad in @ and
(97/NE + 10)msad in ¢ for fixed 6 and ¢.



All 144 HPC modules are operating reliably. An example of the detailed event topology available

from HPC information is presented in Fig. 22(c} for a Bhabha event and (d) for a muitishower event,
The reconstruction of n¥'s in low muliiplicity events is demoastrated in Fig. 23(a).

The power of the angular resolution in HPC is illustrated in Fig. 23(b), which shows the track angles

for electrons and positrons from Bhabha events at the Z0, as measured in the HPC alone.

7.2 Forward Electromagnetic Calorimeter (FEMC)
Good energy resolution and granularity were the principle aims of the forward ¢.m, calorimeter.

The FEMC consists of two 5 m diameter disks with a total of 9064 lead glass blocks in form of

truncated pyramids, arranged to almost point (-3°) towards the interaction point. They cover polar angles
10° <9< 36.5° and 143.5° <9 < 170° (Fig. 24).

The lead glass(*) counters (20 X deep, 5 x 5 cm2 ~ 1° x 1°) are read out with newly developed
vacuum phototriodest™*), giving an average gain of 12, which i reduced by 30% in the 1.2 T field [12(a)].
Each counter has been calibrated in a 20 GeV electron beam, half of them twice with one year interval,

showing a stability of response better than 1%.

The preamplifiers show very low noise: 166+ 9 electrons t.m.s. with open input;
270 + 20 electrons directly mounted on the photoiriodes in the laboratory and 300 electrons in the

complete calorimeter module in the experiments; this corresponds to about 20 MeV of energy deposit.

The test beam resuits [12(c}] showed an energy resolution of op/E = {(0.35 + SNE)? + (6/E)2)1/29p,
with E in GeV/c, the last term being due to amplification noise.

At LEP, the energy resolution is degraded due to about two radiation lengths of material in front of
the calorimeter. Bhabhas at 45 GeV were measured with OF = 6%, using calibration constants obtained in
the test beam and rescaled for the effect of the magnetic field by means of monitoring pulses from a high
stability Xenon lamp. By using part of the data to correct these constants, the resolution could be improved
in the following data to og = 4% (Fig. 25(2)). The good precision in the reconstruction of the shower
position is visible in Fig. 25(b), which shows the difference between the polar angles of electrons and

positrons (og = (.3°).

7.3 Small Angle Tagger {SAT)

The SAT is optimized for luminosity measurements counting Bhabha events. Each arm consists of a

calorimeter and a tracker (sect. 5.9) in front.
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The calorimeter, covering polar angles from 43 to 135 mrad, consists of alternating layers of lead
sheets (0.9 mm thick) and plastic scintillating fibres (@ = 1 mm){™), aligned parallel to the beam.
Scintillating fibres were chosen because of their exceilent radiation hardness and because they can easily be
fitied into a cylindrical geometry. The fibre and fead layers are bonded with double—sided adhesive tape and
mounted into an Al support in form of half-cylinders. The total thickness is 28 radiation lengths. Behind the
calorimeter, the fibres are collected in 144 bundles per hal{—cylinder (450-800 fibres per bundie) and coupled
via conical lightguides to circular photodiodes(™*) with 1 cm? active area, Light coliection is about 70%,
diode quantum efficiency 90% at the peak. With the amplifiers developed for the FEMC (1 = 1 us), a noise
of ~ 350 ¢~/channel is achieved at T =25°C. A 45° prototype had shown an energy resolution of
6p/E = (V1.22 + 11.42/E + 2.3)% with good linearity from 10 to 70 GeV. The 2.3% term is due to

response variations across the module. The impact point was determined to 2 mm.

The read—-out segmentation is shown in Fig. 26(a). In the vertical plane, there is a 2 cm wide dead-
zone berween the 2 half cylinders. The inner four rings have 15°, the outer 4 rings 7.5° segments. Radial
segmentation is 3 cm, resp. 3.2 cm for the outer 2 rings. The inner radius of the fiducial volume will be
measured with high precision (~ 40 um) by the trackers. Uniil the irackers are both commissioned, a lead
mask (10 X thick) is used on one arm (Fig. 26(b)}. Its conical outer surface defines the acceplance radius to

< 100 wm. Zones of 15° from the vertical have also been excluded from the fiducial volume (Fig. 26(a)).

Fig. 27 gives a scatter plot of shower coincidences as measured in both arms. The cut for Bhabha
events is indicated. The total systematic error on the luminosity determination is estimated to be 2.0% at
present. The main contributions come from internal geomeltry uncertainties associated with the ¢—cut, from

energy cut, MC modeling and theory (1%).

7.4 Very Smali Angle Tagger (VSAT)

A tagger in the very forward arms is needed for fast monitoring of both luminosity and machine
operation. As SAT and VSAT give different rates and systematic errors, their luminosity measurements are

independent.

The detector in each arm is composed of two rectangular W-Si catorimeter stacks, 24 Xg deep, 5 cm
high, 3 cm wide and 10 cm long. The blocks are mounied at z =% 7.7 m {0 both horizontal sides of the
elliptic beam pipe and fixed to the support of the superconducting quadrupoles {survey precision 0.2 mmy}.
They cover polar angles between 5 and 7 mrad (6 to 8 cm from beam axis) and an azimuth of = 45° around

the horizontal axis,

The accepted cross section for two—tag events is about 400 nb with the superconducting quadrupoles

powered, leading to a Bhabha rate 10 times the Zg rate on the peak.

*
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The VSAT detector is also designed to measure the background of single electrons and of x-rays.
These measurements provide both checks of orbit calculations for the LEP machine and a measure of the
background to the Bhabha process. All events are bunch labelled, an essential prerequisite for LEP operation
with polarized beams,

Each stack consists of 12 W-plates (2 X¢ thick), interleaved with full area Si~detectors (3 X § cm?)
for energy measurement. Each full area detector is monitored by an a—source. Two Si-planes with 32
vertical strips (1 mm pitch) are inserted behind 5 and 9 X0 and one plane with 48 horizontal strips behind
T Xp-

Energy spectrum and rates of off-momentum electrons are different for modules sitvated outside and
inside the LEP circumference: a few hundred Hz of elecirons with energy close to that of the beam on the
outside and a much softer energy spectram and a rate below 100 Hz on the inside. Monte Carlo predictions
using TURTLE program for the LEP beams agree with these observations within a factor 2. Fig. 28(a)
shows the scatier plot for Bhabha triggers of the energy deposition in an external module and its diagonal

internal partner.

The information from the strips is used to eliminate showers at the edge of the detecior and to correct
for lateral energy leakage. Fig. 28(b) shows a projection on one axis of Fig. 28(a) after a circylar energy cut
of 3¢ around the Bhabha peak. One obtains an energy resolution of 5% at 45 GeV, in agreement with the
Monte Carlo predictions for fully contained showers (35%AE). In Figs 28(c) and (d) ransverse profiles are

shown for the first x plane and for the y plane, averaged over many showers.

HADRON CALORIMETER

The hadron calorimeter [13] is a sampling gas detector incorporated in the magnet yoke, the barrel part
covering polar angles between 42.6°-137.4°, and two end-caps between polar angles of 11.2°-48.5° and
131.5°-168.8°. The barrel is constructed of 24 sectors, with 20 layers of limited streamer mode deteciors
inserted into 2 cm slots between the S cm iron plates in each sector. The modularity of the end—caps is
similar to the barrel, with a sampling depth of 19 layers. The detectors are wire chambers which consist of a
plastic cathode forming & cells of 9 x 9 mm?2 with one anode wire in each. The inner surface of the cathode
cells is coated with a poorly conductive graphite varnish with surface resistivity > 50 kQ/3. The 80 um
anode wires are made of copper-beryllium, Special emphasis was placed on tight production tolerances,
repeated polishing of the conductive layer, repainting of insulator spots, quality of wire, tolerance of spacers
and profiles and gas tightress. Thorough iests of the detectors with stringent rejection criteria were performed

in order to maximise the operational reliability.

The calorimeter contains about 19,032 detectors varying in length between 40 and 410 cm. They
operate stably with relatively low i-butane content: Ar/CO2/i-butane 10/60/30%. This is important, as the
hadron calorimeter coniains by far the largest volume of gas in DELPHI and small icaks (mostly due to

diffusion through the PVC) are unavoidable in this construction. With ¢his gas mixture, an average charge of



10 pC is induced on the external readout boards with a HV of 3.92 kV. The HV of each deicctor can be

disconnected individually to reduce dead zones in case of a defect.

The copper clad read—out boards are segmented into pads which pick up the streamer charges, Pads are
shaped 1o form towers pointing to the intersection point; in the barrel (end—caps), pads of 5 (4 or 7) adjacent
fayers are combined into a tower. Each tower covers an angular region of A¢'= 3.75° and AB = 2.96° in the
barrel and A8 =2.62° in the end-caps. The dimensions of a lypical tower in the barrel are
25 x 25 x 35 cm3 (Fig. 29). '

The analogue signals from towers are collected into 96 front—end electronics crates (one per sector) for
charge integration, multiplexing by 256, 8-bit analog-to-digital conversion, zero suppression and a
discrimination accoiding to a control signal. The quality of the charge integration amplifiers was tested
carefully to reduce fluctoations in the signais. The charge integration time is 2 ps. A fast discrimination of
the signals from groups of 4 x 4 towers (supertowers) is performed and logical combinations of the
supertower signals are available for wriggering purposes. The zero suppressed data are processed in a local
FASTBUS data acquisition system, essentially composed of 12 receiver cards, a high speed buffer memory

and a crale control processor.

At LEP, operation has become smooth afier solving severe noise probiems. Even during LEP fills,
the HV can be kept on. During 6 months of machine operation the tube failures are essentially zero, random

faults are at the level of 0.5% and may be repaired.

The performance of the detector has been studied using hadronic and dimuonic events from Z0 decay.
For the hadronic analysis tracks measured in the TPC and punching through to interact in the hadron
calorimeter were used. Fig. 30(a) shows the average energy deposition in theé calorimeter against the
momentum measured in the TPC: good linearity up to 10 GeV is evident and in fact linearity up to 60 GeV
has been found for a single sector in a beam test. Fig. 30(b) shows an estimate of the resolution in which
dE/E is scaled by VE. The resolution is about 120%/VE. To obtain an estimation of resolution for jets, jet
energies were composed by adding up the energies of TPC tracks and the data are compatibie with a
resolution of 120%A~E. Figs 30(c) and (d) show the total energy deposited for hadronic Z events and for
background events, respectively. The calorimeter alone can distinguish Z0 events from background.
Fig. 30(c) also shows 2 Monte Carlo result in good agreement with the data. The efficiency of single muon
detection in the barrel for muons resuiting from the dimuon decay-of the Z0 is around 80%, both muons
being identified in the Muon chambers. '

RING IMAGING CHERENXKOV COUNTERS (RICH)

The aim of the novel RICH detectors is superior hadron identification over most of the momentum
range by Cherenkov angle reconstruction from both gas and liquid radiators: 4.2 g—separation for 7/K up to
18 (30) GeV/c and for K/p up to 33 (50) GeV/c in the Barrel (Forward) RICH [14(a},15].



9.1 Barrel-RICH

The design of the Barrel-RICH is shown in Fig. 31{a). It is a 3.5 m long cyiinder with inner
=246 cm and outer @ = 394 cm, divided into iwo halves by a central support wali, 64 c¢m thick.
Liguid radiator boxes (1 cm liquid) with Guartz windows on the outer surface are mounted near the itner
radius. UY—photons are detected in the drift-tubes consinicted entirely from quartz piatest™), which act as a
TPC with read—out chambers at the cuter end. Cherenkov—photons produced in the onter gas volume are
refiected by paraboiic mirrors™™) and focussed into ring images in the same drif: wubes. Each half containg
24 drifi tubes and liquid radiators in azimuth, grouped in pairs, Next to an electron attenuation tengih that is
farge compared (G the 155 cm length of the drifttubes, minimal distortion of the drift trajectories is essential.
Great care has been taken 0 produce a homogeneous drift field by precise construction and by providing
conduciive sirips on both the inside and outside of the quariz windows: the strips, 0.1 mm wide with
pitch = 3 mm, were produced by vacuum deposition, An additionai doubie field cage with 100 um wires at
6 mm piich is mounted from the drifitubes 1.4 cm 10 the side of the mirrors. The tapering of the drifttube
gap (4.2 to 6.2 cm) improves the electron coliection eificiency. For calibration and monitoring of the
electron drift parameters, UV lightpulses are injected into the driftboxes throngh guartz fibres, producing
5 rows (along z) with 9 spots across each box. Aieacation lengths of the order of 10 m and drift deviations

close 0 the tabe walls of less than I mm over 150 cm drift have been demonstrated {i4(b)].

—
1
i

he irner cylinder of the vessel contains a 15 mm thick insulator wound onto an Al honeycomb
cylinder. The insulator consists of 93 mylar layers of 120 yum embedded in polyurethane and is topped by a
HY degrader (sirips at 6 mm pitch on kapton) [14{c)]. To the inner radius are glued heating strips, thermal
insulation and water cooling pipes. Similar arrangements for heating of the detector are found on the outer

cylinder and endplates of the vesse! 10 allow operation up to 40°C.

Eaald
v
L

oe read-out chambers are operated at a charge mutltipiication of apnroximasely 2 % 10° for efficient
single photoeiectron detection. They contain biinds with high walls between the sense wires o reduce
crosstalk by photon feed—back and gating grids to reduce space charge build-up (Fig. 31(b)), The chambers
provide 3-D reconsiruction of photon conversion points from anode and cathode signais and time

information. Cathode-strip efficiency is 85-90% for single—electrons {14{d)).
Some other design parameters are summarized below:

- Liguid radiztor: CgFy4, <n> = 1.278 a1 6.5 eV, threshold Y = 1.6 UV-Absorpiion after cicaning:
< 20%/cm for Eph <692V, < 5%/cm for Eph < 6.6 eV,

- Gas radiator: CsFyg, <m> = 1.00174 at 6.5 eV (40°C, 1 atm.), threshold u = 16.9,

- Drifi gas: CH4/CoHg 75/25% + photo—ionizing substance TMAE, drift field = 600 Vicm; photon
abscrption length = 2.5 {1.3) cm for TMAE of 20 {30)°C.

*)
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- Quartz transparency (0.4 cm): > 80% for Epp < 6.5 eV,

- Mirrors: 288 in total, 6 shapes, vacuum formed on moulds, Coating: Al + MgF). reflectivity:

> 85% over the relevant wavelength region [14(e)].

- Gas tightness: Contamination of the drift gas by CsF19 has to be kept very low, as 1 ppm leads to
35% e~ abscrption over 1 m drift. Oxygen contamination should also remain below ~ 1 ppm 10
limit the conceniration of elecironegative TMAE oxidation products.

Each drift tube was tested for gas leaks, HV and drift properties before installation. The fluid systems
have to provide very clean fluids (for good UV transparency and low electron—absorption) and safe pressure

control: a differential pressure of only 0.1 atm. can break the quartz windows,

All Barrel RICH components are installed, except the drifttubes on one half—cylinder; these will be
added in autumn 1990. All 24 instailed drifttubes and the 24 liquid radiators facing them are. in operation.
Fig. 32 displays examples of Cherenkov images obtained from the liguid radiator. An individual ring is
shown in Fig. 32(a), a superposition of rings from cosmic muons in Fig. 32(b). Rings from muon pairs
and hadrons with momenta p > 6 GeV/c are displayed in Fig. 32(c) and (d), respectively. The peak in the
corresponding distribution of recomstructed photon angles (Fig. 32(e), (f)) is centred at the correct value for
B = 1 particles. The error on those still largely uncorrected data, 69 = 18 mrad, contains an appreciable
contribution from extrapolation errors on the particle tracks, to be eliminated after proper tuning and
alignment. The average number of photo—¢lectrons per liquid-radiator ring from nearly perpendicularly
incident tracks is <Npp> = 12. These data were obtained with an effective TMAE temperature of 13°C at
1 atm. They scale with the prototype resuit <Npp> = 18 for warm TMAE.

Next to increasing the TMAE concentration, heating is also necessary for CsF17 as gas radiator
which provides the highest number of photoelectrons; the boiling point of CsFy4 is 30°C at 1 atm, The fuil
system for heating and temperature contro! of the Barrel RICH elements has been implemented. It is

gradually being brought into operation, with careful monitoring of effects on other DELPHI components.

9.2 Forward RICH

The construction of the Forward—RICH [15] has to be different from that of the Barrel RICH because
of the geometry and the crossed E-B fields in the photon detectors. The design is shown in Fig. 33(a,b).
Each end—cap consists of two truncated half—cones and is divided in azimuth into 12 modular sectors. Each
such sector contains one driftbox, two MWPC's, three liquid-radiator containers and five mirrors. The
MWPC's are mounied radially on the two borders of each 30° sector. Each MWPC has two crossed layers of

photon screens to cope with the crossed E-B field configuration (Fig. 33(c)).

The vessel is built from carbon-epoxy laminate and contains heating elements on the inside and
cooling pipes on the outside. The two vessels of cne end—cap are supported from the iron yoke on a carbon

epoxy cylinder, which has been tested to bend 1 mm under the 1 t foad.
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Operation is foreseen at 1 atm., with CsFyg and CgF1 as gas and liquid radiators and
Cng, +TMAE as driftgas, W:lh a prototype, good rings were obtained in a test beam with
~20 photoeleclrons/rmg from the liguid and ~ 10 from the gas radiators (Fig. 34).

AtLEP, one end—cap is mounted so far, ‘but with only two drifi-boxes. Because of the priority given
to the B-RICH, electromcs for only one modular sector of the Forward RICH has been constructed so far.
Also other items have been delayed: the dnft—boxes {13 of 24 now avaiiable), the read-out chambers (20 of

48 now available) and all of the the fluid systems. On the other hand, all mirrors and all liquid radiators are

‘mounted in the 4 vesséls. Photons generated by a UV-flash lamp and injected at specific locations in one of

the two drift-boxes now installed, have been detected and read out thmugh the data—acqmsmon chain. First
detection of Cherenkov photons from some hqmd radiator containers filled with CgF14 is planned for August
1950,

GAS SYSTEMS

Ssandardlsanon was considered essential for the 16 gas systems required in DELPH] [16]. Only the
systems for lhe RICHes contain some specxa] elements, Each detector sysiem has an individual gas mixer,
and one or more dlstrlbulnon modules to meter the gas to and from each chamber, Mixer and distribution
modules are comrolled by mdlvndual G64.-microprocessors, which aperate local or remote run/stop
eommands, and continually monitor for leaks, mnxture errors, elc, Small excursnons caus¢ warnings (o the
operators, larger errors stop the supply, and aulomaucally ramp down the chamber high tension. Alarm
messages and cﬁaﬁges in gas pressures and mixwres are communicated 1o the rest of the slow controls
system (sect. 11) with ‘STRINGLISH" plain text on Ethernet.

The mnxers use Mass Flow Controllers the carrier gas flows on demand via a pressure regulator {0
maintain a constam 200 mbar supply pressure, while component gas and vapour flows are "slaved” 1o the
measured carrier gas flow. The microprocessor iteratively corrects the mixture ratios, giving a mixture

stability of + 0.1% as measured by the flow controilers.

Multichannel distribution modules electronically measure supply/return flows to +2%. In addition,

hygrometers and oxygen meiers sample chamber exhaust gases from up to 48 channels of some systems.

The TPC and HPC distributions recompress the exhaust gas and recirculate it via purifier modules.
The gas is dried by molecular sieves, then oxygen is removed with active copper pellets. The used column is
regenerated under microprocessor control by electtical heating to 200° under argon + 7% hydrogen backflow
to expel water and reduce copper oxide to copper. Meanwhile, a standby column takes over purification.
About 10% of the Ar + CHy return gas is vented and replaced by fresh mixture to prevent excessive
m!rogen building up in lhe circuit, At a flow rate of 1600 Ni/h, both purifiers give output levels of about
0 5 ppm Oxygen and 1—3 Ppm water.
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THE SLOW CONTROLS SYSTEM

DELPHI has been equipped with an automated system for monitoring and controlling technical
aspects of the experiment, and for reporting and acting on changes in the status of the detector or its

environment [17].

The system is based on a series of microprocessors, communicating over the DELPHI local area

network with the MicroVAX control computers.
The main functions of the slow controls sysiem are as follows:

- Monitoring of slowly—varying values {e.g. temperatures), and checking that they are within acceplable
limits, to guarantee safety and successful data-taking.

- Keeping a record of parameiers important for the subsequent analysis of the daia.

- Control of detector voltages and gas supplies, either by global commands from the operator (such as
at the beginning of a run), or from detector experts, or automatically based on conditions detected

during mositoring,

Most monitoring and control is performed by systems based on the G64 standard implemented in
special "MAC" crates. This crate has a Jower frame with the standard G64 backplane, and an upper frame
taking purpose~built "MAC" cards to interface w the detector hardware, The G64 crates themselves are driven
using a paging processor card(™), G64/MAC crates can be fitted w.ith various types of input/ougput card, such

as ADCs, digital relay cards, temperature monitoring cards, etc.

Most detectors have a MicroVAX "Equipment Computer” and several G64 crates, with between 20

and 2000 channels per crate. These are connected by thin—wire Ethemet and a G64 interface card.

In addition to the computer—based monitoring, independent hard—wired interlocks are provided to cut
high voltages in the event of a serious gas loss, a magnet quench, or a signal from the "General Safety and
Surveillance” (GSS) system. This system incorporates detectors for gas, smoke, and flood, ctc. The GSS and
DELPHI computers keep each other informed of safety problems via the locai-area network and, for less
serious alarm conditions, computer control is used before activating the hard—wired interlocks in order to

allow an orderly shutdown of apparatus.
The organization of the slow controls software is shown in Fig. 35.

Most of the G645 tun a standard (EPROM or disk—based) program. This program accepts requesis
from the MicroVAX to return data read from the hardware, or to change a parameter. Commands can also be
given directly via the G64 keyboard. Channels are continuously monitored and compared against acceptable
limits, discrepancies being reported to the MicroVAX. The configuration of cards, the list of channels to

monitor, and error limits are downloaded from a central database by the MicroVAX.,

")

With Motorola 6809 microprocessor
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Communication between MicroVAX and G64 is effected using the Remote Procedure Cail (RPO)
model, in which the applicaiions programs make subroutine calls, with the data 1o be sent or returned are
passed as normal parameters. The RPC system handles the encoding/decoding and sending/receiving of the
data, using the CATS and OSI standards for message transfer over Ethemet.

For each slow controls logical subsystem (e.g., the high voltage control for a specific detector), there
is an "Elementary Process” (EP) in the MicroVAX equipment computer. This sends requests to the G64 and
receives alarm indications from it using RPCs. On startup, the data defining the G64 channels to be
monitored is read from the central DELPHI database. This information also allows the (G64s to be initialised.

When initialisation is complete, the EP performs the following functions:

- Error conditions detected by the G64 and reported to the EP are passed on to 2 distributed error
message handling facility, "EMU", which can route messages to a number of destinations, such as

logfiles or VDU displays, or broadcast them to specified users.

- Detailed changes in detector status, e.g. the tripping of some channels, or changes in the values of
parameters necded for the reconstruction of data, are written to the central database. Monitoring rates
and tolerances in the values of such parameters form part of the data read from the database on
initialisation.

- Adjustment of the values of individual channels can be made by an interactive program.

A distributed state management facility, "SMI", hierarchically coordinates all the Elementary
Processes for one detector with each other and performs an overall coordination of the state of all the detectors
in DELPHI. Each EP reports the state of its subsystem to SMI, which uses these both for automatic control
(for instance, switching off part or all of DELPH] when an alarm such as a gas loss, is indicated), and for
providing an operator's display of the state of each detector. The operator can then give SMI commands to
conirol any desired part of DELPHI. This facility is, however, regulated by an authorisation scheme, based
upon normal VMS rights identification.

THE TRIGGER

12,1 Survey of the Trigper System

A four-level trigger system was designed to cope with high luminosities and large background rates
[14(a)]. During the first year of relatively low luminosity, only the first level and the most important

components of the second level trigger were implemented,

In the four level scheme, the first two trigger levels are synchronous with the Beam Cross Over
(BCO), which occurs every 22 ps. The trigger decisions for the first and second levels are taken 3 and 40 pis
after the BCO respectively. The third and fourth level triggers are asynchronous with respect to the BCO. The
processing time is expected o be typically 30 ms and 300-560 ms respectively.



The timing of the first level trigger is set to minimise the space charge in the Time Projection
Chamber. For the second level trigger, data from detectors with long drift times are used, causing the loss of
one BCO for an event having passed trigger level one. The task of the third level wigger is to reduce the

trigger rate to a few Hertz at the highest luminosities.

12,2 The First and Secomd Level Trigger Scheme

The central trigger decision for the first and second level trigger is taken by the Trigger Supervisor.
This module receives trigger information prepared by the subtrigger, units which handle the signals provided

by the detectors.

The main trigger components are: "Track”, "Muon", "Electromagnetic Energy”, "Hadron Energy"” and
"Bhabha". In addition, a special cosmic ray trigger provided by the Time of Flight (TOF) counters is used for
calibration purposes and can be activated between bunch crossings when the DELPHI detector is idle.

The whole trigger electronics was designed in Fastbus standard. However, in the first year of operation
also a trigger component using NIM electronics was implemented to treat the signals given by the
scintillation counters {TOF, HPG trigger counters and HOF) and by wire chamber planes (ID, OD and
FCA/B).

The trigger data from the subtriggers contain multiplicity information on the number of tracks (0, 1,

2 and more than 2), or number of energy clusters above a given threshold for the calorimeters.

The Trigger Supervisor module accepts 120 input signals. The required combination of logical "AND"
and "OR" of these signals is defined by a look—up—table which is programmed and loaded into the module.
The system was designed to allow for a high degree of flexibility with four final trigger combinations which

are equipped with scalers for downscaling,

12.2.1 The Track Trigger

The charged track trigger has two independent components, one in the barrel and one in the
forward/backward region. A barrel track wrigger uses signals from the Inner and the Cuter Detecior. A
correlation between the two detectors is done in the R— plane where 24 segments of the Inner Detector are
correlated with the corresponding 24 modules of the Outer Detector. The polar angle acceptance of the barrel
ID*OD trigger is 42° < 6 < 138°.

The TPC provides a second level barrel track trigger using the "OR" of the ID and OD signals as first
level (preirigger). This second level TPC trigger has two components, the R—Z and the contiguity trigger
{18(0)]).

The R-Z irigger operates in the R—Z projection of each TPC sector, requiring for a track that at least
13 of the 16 pad rows are hii. The contiguity trigger operates in three dimensions using typically groups of
four pads in a row as the smallest element in order to define a road of contiguously hit elemenis, The TPC

rigger has polar angle acceptance limited by the ID detector as 27° < § < 153°. Tracks produced in the six



inefficient regions of the TPC at the separation between the TPC wedges are rescued by the ID*OD trigger.
The TPC trigger has been used as single track trigger with threshold in transverse momentem which could be
programmed in the range from 0.3 up to 1.6 GeV/c. The operation of this trigger is illustrated by the 1
candidate event in Fig. 36 where the hit pattern of the contiguity trigger is compared to the actual hit patiem
of the TPC read—out,

The forward/backward track trigger uses data from Forward Chambers A and B. The first level trigger
works in the x, v and v wire projection of FCA and FCB. For each wire orientation of FCA, groups of four

wires are formed which are correlated with corresponding wire groups in FCB,

For the second level trigger, reconstructed points rather than projections are used, requiring the sum of
the three coordinates to fulfil the triangle criteria. The forward/backward track trigger has transverse
momentum threshold of about 1.6 GeV/c. As a consequence of the large background in the forward/backward
region due to beam halo, this trigger was used requiring a multiplicity of at least two tracks. It is planned to
add a first and second level forward/backward trigger using the TPC wire information o be correlated to the

FCA/B chambers in order 1o be abie 1o trigger on single tracks.

12.2.2 The Muon Trigger

The deiectors participating in the muon trigger are the TOF, HOF and the Muon Chambers, The

muon signature is provided by the muon chambers.

In the first year of operation of DELPHI, this trigger was implemented in the forward/backward
region. The first level trigger uses the signals from the HOF counters while at the second level hits having

the appropriate space correlation are required in three out of the four muon drift chambers.

12.2.3 The Electromagnetic Energy Trigger

The first level barrel trigger is provided by the HPC trigger counters. The scintillators are read out by

photomultipliers via optical fibres. The segmenlation is identical to that of the HPC modules.

The second level barrel trigger is based on the pulse-heights from the 128 pads per module arranged in
six groups for the wrigger. For each group of pads, the drifling charges are digitized in 32 time samples. From
the 6 times 32 samples per module, a pattern of at least 2-4 (normally 3) consecutive pad gréups and drift
times above a given threshold defines 2 module with an acceptable energy deposition. This energy trigger,
eliminates the background of the lead absorber due to local energy depositions originating from natural

radioactivity,

During the {irst year of running, the HPC trigger modules were arranged in eight sectors, four with

z <0 and four with z> 0.

The forward/backward first and second level electromagnetic energy triggers are provided by the
Forward Electromagnetic Calorimeter (FEMC). The trigger gives the number of superblocks (0, 1, 2 and



> 2} with energy depositions above two thresholds. A superblock consists of 16-32 leadglass blocks. The
rigger segmentation is 24 in phi and 6 in theta.

The second level rigger also contains information on the total energy above two energy thresholds in

the very forward, forward, very backward and backward regions, coded on two trigger signals for each region.

Presently, the energy threshold for e¢leciromagnetic showers was set 1o about 2 GeV in the barrel

region and to about 3.5 GeV in the forward/backward region. -

12.2.4 The Hadron Energy Trigger

For the first level trigger, the hadron calorimeter segmentation is 24 in phi and 2 in theta for the

barrel region. The pulse-height sums are compared with a low and a high energy threshold.

For the second level trigger, the segmentation is again 24 in phi, 2 in theta for the forward and
backward regions and 6 in theta for the barrel region. The total energy deposition is compared with two

energy thresholds for each of the five regions.

The trigger components formed by the hadron calorimeters were not yet implemented.

12.2.5 The Bhabha Trigger

The forward e*e~ trigger (the Bhabha trigger) is provided by the Small Angle Tagger (SAT) and the
Very Smail Angle Tagger (VSAT)). Coplanar energy depositions of at teast 13 GeV are required in both the
forward and backward detectors. The SAT is divided in phi in 30° wide segments having a 15° overlap with
each of the adjacent segments. For the first ievel trigger, the SAT also provides multiplicity information for

each arm and a pre—scaled single arm trigger used for efficiency studies.

The VSAT Bhabha trigger sequires energy depositions exceeding 30 GeV in opposite modules. A
special fake Bhabha trigger, measuring the accidental coincidence rate, requires a single arm trigger from one

Beam Cross Over in coincidence with a single arm trigger from the nexi four Beam Cross Overs.

12.3 Summary of Trigger Operation

In the first year of operation of DELPHI, most irigger components which had been foreseen were
actually implemented. Some of them, however, we used in a simplified form with respect to the original

design,

With a luminosity of a few 1030 cm—25-1 typical trigger rates Were of about 500 Hz for the first
level and of 2-3 Hz for the second level rigger. The main trigger components used in the experiment are
listed in table 3. The redundancy of the various components has allowed studying wigger efficiencies ‘for
hadronic and leptonic events of usual topology. As an example, the trigger efficiency for hadronic events is

presented in Fig. 37 as a function of the polar angle of the sphericity axes.
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THE READOUT SYSTEM

13.1 Imtreductiom

The readout system is based on the Fastbus standard. The system divides into three main areas

separated by data buffers.

The first area is hardware controlled and the operations are synchronous with the crossing of the beam
bunches - the Beam Cross Over (BCO). The main functions are to activate the first and second level trigger
procedures and to get the Front End Buffers ready for the next event. The complete sequence takes about
3.5 ms.

The second area is software controlied and asynchronous with the Beam Cross Qver. This is the main
readout phase and the main functions are the transfer of data from the Front End Buffers to the Multi Event
Buffer of each detector and the third level trigger processing, Inspection of the data can be performed with the
Equipment Computer of each detector via the Spy Event Buffer. The complete sequence of third level trigger
processing and data transfer to the Multi Event Buffer takes typically 30 ms.

The third area is also software controlled and performs the transfer of data from the various Mulii
Event Buffers to a single Global Event Buffer. The fourth level processing is performed by a set of emulators
tagging the various event types. The data are finally transferred for storage on magnetic tape at & maximum
raie of about 3 Hz,

13.2 The First and Secord Level Trigger Phase

The accumulation of data in the Front End Buffers takes from a few hundred nanoseconds to 23 s for
the detector with the longest drift time. The first level trigger decision is taken 3 s after the Beam Cross
Over and in case of a negative decision the data accumulation is halted and the buffer pointers are resel. The
system is ready to take data at the next Beam Cross Over. In case of a positive decision, the second level
trigger phase is started. The second level trigger decision is taken 39 s after the BCO. In case of a negative
decision the present data are aborted and the system will be ready to take data at the next BCQO, having lost
one BCO, In case of a positive second level trigger decision, a 3.5 ms deadtime is introduced in order to free
the front end of the detectors and to prepare for the next event. The left part of Fig. 38 shows schematically

the control of the synchronous phase of the data read—out.

This whole sequence is controlled by the Trigger Supervisor (TS) and for each detector by the Locat
Trigger Supervisor (LTS) and the Front End Freeing Controller (FEFC). The TS and LTS are pure hardware

modules whereas the FEFC is in most cases software controlled.

I3.3 The Main Readout Phase

Once the event is accepted by the second level trigger and the data are stored in local Front End Buffers
(FEB), transfer of data from the local FEB 10 the Global Event Buffer (GEB) is done in several stages. The



FEB data, which typically contain data from one Fastbus module, are first transferred to the Crate Event
Buffer by a Crate Processor, the Fastbus Intersegment Processor (FIP). During this process, data reduction

(zero suppression), formatting and third level trigger processing are done.

The information in the many Crate Event Buffers is transferred to the single Multi Event Buffer
(MEB) for each cdetector. The data in the MEB are duplicated in 2 Spy Event Buffer (SEB), which is
accessible from the Equipment Computer of each detector w inspect the data.

A set of Local Event Supervisors (LES) handle the data transfer tasks during the main readout phase.
During a first stage, some LES were General Purpose Fastbus Masters (GPM), the other LES being FIPs. In
a second stage, all have been standardised on FIPs. The FIP and the GPM are Fastbus masiers in which 32
and 16 bit architecture microprocessorst’) are integrated. They support block transfers up to 20 Mbytes/s.
These FIPs are connected 1o the data acquisition VAX cluster via Ethernet for remote login and program

downloading. All processors are running the OS9 operating system.

Processing of trigger leve! three will be performed in the global third level processor in paratlet with
the transfer of data from FEB 1o MEB. A trigger level three rejection will abort the corresponding event data
in the MEB and halt the event transfer of remaining blocklets of the event, At the end of data taking in 1990,
this trigger Ievel has not yet been enabled. The main readout phase is schematically shown on the central part
of Fig. 38. |

13.4 Event Tagping and Data Storage

When the main readout phase is finished the data exist in 15 Multi Event Buffers - mostly one per
detector. The event data are transferred from the Multi Event Buffers to the Global Event Buffer
asynchronously to the other two readout phases. This task is handled by the Global Event Supervisor, which
was composed of two GPM microprocessors for the control and monitoring and a Block Mover(**) for the
data transfer, The two GPMs were lately replaced by one FIP. The Global Event Buffer has a 2 Mbyte RAM
Memory.

The main purpose of the fourth level tagging, implemented on three 3081/E emulators, is to identify
the various types of events for fast physics analysis and background rejection. The results of the fourth level
trigger process, added 10 the event data in the GEB, are transferred to the data acquisition computer for
permanent storage on magnetic tape. The data acquisition computerl**™) situated on ground surface about
100 m from the detector, performs the data monitoring and data display prepared by the emulators, The event
tagging phase of the readout is shown on the right part of Fig. 38.

Motorola 68020 and 68000
Kinetics Systems Corp.
VAX 8700.
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13.5 The VSAT readout

Due to the relatively high Bhabha trigger rate in VSAT a special readout procedure is followed. The
VSAT events are stored locally and are all read out when a DELPHI event occurs. In case the VSAT buffer
gefs foll {after 1020 ‘triggers)i, the readout is also perfonned..'l'he procedure ensures that the recorded Bhabha
events correspond to the live time of DELPHI,

SUMMARY

The DELPHI detector has. been In.operation since the short piiot run of LEP in August 1989, During
the flrst 8.5 months of LEP operation until end of August 1990, about 135,000 hadronic Z0 events have
been recorded Trigger rates were typically 2.5 Hz at the highest luminosities around 5 x 1030 em=2 s~1,
with a lifetime of about 95%. Several detectors ‘have.reached their design resolution and globally good
performance has already permitted a rich harvest of physics results,

v
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TABLE CAPTIONS

TABLE | Specifications and performance of wacking detectors.
TABLE 2 Specifications and performance of calorimeters.
TABLE 3 Summary of the second level trigger components. Logical "OR" and "AND" are indicated by + and

* respectively. The multiplicity requirement is also shown.



TABLE
Acceptance No-points Resolution I
per point Comments i
Ricm) Izl (cm) 8%y along irack {G, mm)
Vertex Det. 9/11 12 37-143 2 Ro:1 8.007  (a) |2-wrack sep.: 100um
IDC: jei-s. § 11.8-22.3 40 17-163 24 Re: 0.11 (a}
rigger—s. § 23-28 < 50 30-150 5 z:< (a)
TPC 33-111 < 134 20-16%(1) 16 Ré: 0.23 (@) § () for= 3 pad rows.
192 1. 0.5 (a) 1 192 dEjdx samples
CEMX) =62%  (a) |
{ 55% (b
oD 198-206 <232 43137 5% Ro Ré: 011 (@) |
3%z 7 44 {a) | Fast z—information !
B-Muon ~ 445 < 183 52-13% 2{+2) Ro: 1.5 by | 2 layers,
~485 z: 10 (b) ]sep. by 20com Fe
r-CHaA 30-103 155-165 11-33 2 {x,v) zuy; 0.3 {a)
F-CHB 53-165 267-283 11-33 4% {xu,v) zav: 025 (a)
F~Muon 70-460 463 5-43 {2+ 272, ) %y 1.0 () 1} 2 layers,
560 1 sep. by 20 cm Fe
SAT Tracker 10-23.8/27.6 203,216,23C 2.5-6.8 2N R: 0.3 {2}
P: 0.5°
(a2} Measured at LEP.

(b Measured in test beam.
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TABLE 3

BARREL REGION
HPC > 2
TOF 22
(HPC > 1) * (TOF 2 1)
(OD=21)*(TOF = 1)
ID * QD (back to back octants)
(ID * OD) single track with Pr = 1.6 GeV/e
(ID + OD) * TPC single track with Pr 20.5GeVi

FORWARD/BACKWARD REGION
(Muon forward) * (Muon backward)
Muon forward/backward single arm
FEMC 2 1
Majority 2 of the following components: HOF, FEMC, FCA/B, ID * OD

LUMINOSITY MONITOR
"Bhabha" = (SAT forward) * (SAT backward)
Single arm SAT
"Very forward Bhabha" = (VSAT forward) * (VSAT backward)
Single arm VSAT




FIGURE CAPTIONS

FIGURE 1

FIGURE 2

FIGURE 3

FIGURE 4

FIGURE 5

FIGURE 6

FIGURE 7

FIGURE 8

FIGURE 9

FIGURE 10

FIGURE 11

Examples of Z0 events, as seen on the DELPHI interactive analysis display. The pyuy-event

shows the sensitivity of both the electromagnetic and the hadron calorimeters to muons.

Perspective view of the DELPHI detector. 1 = Micro—Veriex Detector, 2 = Inner Detector,
3 = Time Projection Chamber (TPC). 4 = Barrel Ring Imaging Cherenkov Counter (RICH).
5= Outer Detector. 6= High Density Projection Chamber (HPC). 7 = Superconducting
Solenoid. 8 = Time of Flight Counters (TOF). 9 = Hadron Calorimeter. 10 = Barrel Muon
Chambers. 11 = Forward Chamber A, 12 = Small Angle Tagger (SAT) = Luminosity Monitor.
13 = Forward RICH. 14 = Forward Chamber B. 15 = Forward Electromagnetic Calorimeter.
16 = Forward Muon Chambers. 17 = Forward Scintillator Hodoscope. The Very Small Angle
Tagger (VSAT) falls cutside the view.

Longitudinal {a} and transverse section {b) through the DELPHI detector. -

Magneiic Field with optimized compensation currents (Ip =-850 A, I¢ = -650 A,
IMAIN = 5000 A): (a) Axial component; (b) Radial component, as function of longitudinal

coordinate z and radius R.

Micro Vertex Detector: (a) Sketch of assembly in two shells with 10% azimuthal overlap between
15 degree sectors. (b) Close—up showing connection of strip detector (left) to VLSI preamplifier
chips.

Event display showing track fitting through Microvertex, Inner Detector and innermost section of

TPC. In the Microvertex, some tracks produce a third hit in the overlap regions.

Micro Vertex Detector: (a) Measurement of the radial gap to the Inner Detector. Variation over
10 days: ¢ = 0.64 um. (b) Preliminary R¢-resolution obiained from tracks producing 4 hits in
the overlap regions: fwhm/2.35 =7 um,

Inner Detector: (a) 90° cross section; (b) Distribution of R¢-residuals per wire in jet—chamber

section.

Time Projection Chamber (TPC): One read-out plane formed by six sectors, each with 16 circular

pad rows and 192 anode wires.

Laser calibration system for TPC. Each laser, one per sector, produces three photo—ionization
tracks.

Results from the TPC: (a) K@ reconstruction, (b) A—peak in the proton pion mass spectrum, (¢}

dE/dx—resofution in the low momentum region.
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FIGURE CAPTIONS (Cont'd)

FIGURE 12

FIGURE 13

FIGURE 14

FIGURE 15

FIGURE 16 .

FIGURE 17

FIGURE 18

FIGURE 19

FIGURE 20

FIGURE 21

FIGURE 22

FIGURE 23

FIGURE 24

FIGURE 25

FIGURE 26

Outer Deicctor: (a) Shape and a:rangemem of detector modules. (b) Distribution of residuals in R¢:
fwhm/2.35 = 86 | im, corrcspondmg to a resolution of 110 im per layer; (c) Distribution of z—
coordinates relative to the track extrapolation: from the TPC: fwhm/2,35 = 4.4 cm,

Barrel mubn chambers: (a) Cross section through a drift tube. (b) Distribution of residuals in R¢
on extrapolated dnmuon tracks: OR¢ =4 mm. (¢) Resnduai distribution m z: Oz ~ 2.5 cm, These

errors mclude the extrapolauon eIrofr.

Forward Chamber A. (a) Cross section through one staggered double layer. (b) Fit residuals of drift
distances as measured in all six layers: ¢ = 225 .

Forward Chamber B: (a) General layout. (b) Cross section. (c) Plot of residuals as obtained from
track fits for paralle! halo muons. The resultant resolution of 250 um per plane leads to a total

chamber resolution of about 120 um in x and Y.

Forward Muon Chambers: (a) Cross section through drift tube. (b) Residuals for fitied tracks of

halo muons registered in the four detecior layers, separately for end—caps A and C, including drift

time and delay line measurements and errors due 1o the magnetic stray field: o ~ 3 mm,

The Tracker of the Small Angle Tagger: Radial distance to irack extrapolations pointing 1o high

energy showers in the calorimeter section; nearest tracker hit within ¢ sector of 10°,

Combined Tracking: Momentum resolution for muons of 45.6 GeV. (a) Barrel region, using
information from ID, TPC and OD. (c) Forward region, 8 = 18-32°, using ID, TPC and
Chamber B.

Time of Flight Counters: Construction details of a single counter.
Forward Scintillators: Layout of a 90° section of the hodoscope in one end—cap.

High Densiiy Projection Chamber (HPC). (a) Design details of a module. (b) Pad layout of a read—
out chamber, providing 9 samples in R.

HPC samples obtained from a 45 GeV electron shower (a} and a multi-shower event (b),

HPC: (a) 10 reconstruction. (b) Track angles for Bhabha events as measureq in the HPC: electrons
and positrons are well separated.

Layout of Forward Electromagnetic Calorimeter.

Forward Electromagnetic Calorimeter. Energy deposition (a) and difference between the polar

angles of electrons and positrons (b} as measured in Bhabha evenis,

Small Angle Tagger (SAT): (2) Segmentation of read—out. (b) Lead mask used on one arm.
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FIGURE 27

FIGURE 28

FIGURE 2%

FIGURE 30

FIGURE 31

FIGURE 32

FIGURE 33

FIGURE 34

FIGURE 35

FIGURE 36

FIGURE 37

Scatter plot of energies of shower coincidences as measured in both arms of the SAT.

Very Small Angle Tagger: (a) Scatter plot for Bhiabha triggers in diagonally opposite modules. (b)
Projection on one axis of scatter plot (a) after circuiar energy cut of 37 GeV around Bhabhia peak.
(c), (d) show transverse profiles for the first x-plane and the y—plane, obtained by aligning the

strips with the largest pulseheights.
Tower stracture of read—out for the hadron calorimeter.

Hadron Calorimeter: (a) Average energy deposition in the calorimeter versus track momentum as
measured by TPC. (b) Comparison of energy deposition of single tracks in hadron calorimeter and
TPC after scaling by the square root of the TPC energy. (c) Total energy deposition in hadron
calorimeter for hadronic events and (d) for background events, as defined by off-line event

selection.

Constructional detaiis of the Barrel-RICH. (a) Longitudinal cross section. (b} Details of the
readout chamber,

Rings obtained with the liquid radiator (CgF)4) of the Barrel RICH. (a)-(d) show projections onto
a plane perpendicular to the track direction: (a) From a single high momentum particle. (b)
Superposition of photons from 246 cosmic muons. (c) Photons from 111 muon pairs. (d) Photons
from many particles in hadronic evenis with p > 6 GeV/c (central ionization due to dE/dx
suppressed and total reflection cut at 0.7 rad). (¢) Radial projection from distribution (c):
8.6 photons per track, error on Cherenkov angle = 18 mrad r.m.s. (f) Radial projection of

distribution (d): error of Cherenkov angle = 18 mrad r.m.s.

Forward RICH. (a) Layout of half an end—cap: A = liquid radiators, B = drift box, C = MWPC,
D = gas radiator volume, E = mirrors. {b) Drift box covering a 30° sector. (c) Detail of readout

chamber showing the crossed photon sceeens.

Forward RICH. Superposition of photons obtained with CsFy2 as gas radiator in a lest beam.
Distinct peaks are observed for K's and n's.

Slow Controls Sysiem. Diagram showing the sofiware structure for one detector's high voltage and

temperature monitoring,

Comparison of the hit pattern of the contiguity trigger (b) with the actual hit pattern of the TPC

read—out (a).

Trigger cfficiency for hadronic events as function of the polar angle of the sphericity axis.



FIGURE CAPTIONS (Cont'd)

FIGURE 38 The architecture of the read—out system. The schematics displays the trigger processes and the

control of the read—out phases by the Trigger Supervisor, Event Supervisor and Global Event
Controller,
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