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ABSTRACT

The design, construction, and performance of a large-mass 4x solid-angle detector with
solencidal magnet is described. The detector serves to study electron-positron annihilation processes
at centre-of-mass energies between 80 and 200 GeV at the Large Electron-Positron storage ring
(LEP) at CERN.
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1. INTRODUCTION

The detector described in this paper (ALEPH: ‘A detector for LEP PHysics’) has been
constructed for experiments using the new accelerator at the European Organization for Nuclear
Research (CERN), the Large Electron-Positron storage ring (LEP). This machine, in its first stage, is
able to accelerate, store, and collide electrons and positrons up to a beam energy of 53 GeV. At the
centre-of-mass energy of 90 GeV, LEP produces Z° bosons with an expected luminosity of the order
of 10%! em™~2 s=1. At a later stage, an increase of the c.m. energy up to 200 GeV is planned. The
detector has been designed to study in detail the parameters of the standard electroweak model, such
as the production and the decay modes of the Z® and W* bosons, to test QCD at large Q2 to
investigate neutral-current couplings of the different quarks and leptons, and to search for the top
quark. In addition, it will allow the search for new phenomena, such as the Higgs bosons or
supersymmetric particies.

Typical events are complex, with 20 charged particles on average plus a similar number of
neutrals, distributed over the entire solid angle. The expected event rate is very low, especially at
energies above the Z° pole. Therefore, this detector was conceived to cover as much of the total solid
angle as practically possible and to collect from each event 2 maximum amount of information. Of
fundamental importance for this purpose are the track detector and high magnetic field, designed to
permit precise momentum measurement of the charged particles, and the electron-photon
calorimeter surrounding it, designed to achieve high spatial resolution and electron identification.

2. GENERAL LAYOUT

The overall detector layout is shown in fig, 1; two sections through the centre of the detector,
one containing the beam line and one perpendicular to the beam, are given in figs. 2 and 3. The
components of the detector will be described in the following sections. The superconducting solenoid
(section 3), 5.3 m in diameter and 6.4 m long, produces an axial magnetic field of 1.5 T. The central
tracking chambers (section 4) measure emission angle and curvature of charged particle trajectories.
The small inner tracking chamber (ITC) using axial wires is a drift chamber with inner and outer radii
of 13 ¢cm and 29 cm, respectively, and a length of 2 m. It provides up to eight coordinates per track in
the plane perpendicular to the magnetic field, with an accuracy of 100 ym, and a trigger signal for
charged particles coming from the interaction region. The large cylindrical timme projection chamber
(TPC), 4.4 m long and 3.6 m in diameter, provides a three-dimensional measurement of each track
segment and yields a measurement of transverse particle momenta pr with an accuracy of Apy/p% =~
107 (GeV/c)™' if it is used together with the ITC. The chamber also contributes to particle
identification through measurements of energy loss {(dE/dx) derived from about 340 samples of the
ionization for a track traversing the full radial range. Beyond the TPC, but still inside the coil, is the
electromagnetic calorimeter (section 5), consisting of alternating layers of lead sheets and
proportional tubes read out in 73,728 projective towers, each subdivided into three depth zones.
Outside the coil, the hadron calorimeter (section 6) consists of limited-streamer tubes interleaved with
the iron plates forming the magnet return yoke, the total iron thickness being 1.2 m. This calorimeter
is read out in 4608 projective towers, and the tubes also give a digital output for tracking penetrating
muons. The muon positions and angles are also measured outside the calorimeter in two double
layers of limited-streamer tubes, separated by 50 cm.

The clectron—positron interactions take place inside the beam pipe, which has a diameter of
156 mm and a thickness of 0.5 mm, made of an aluminium (96%)-magnesium (3.2%) alloy. Around
the beam pipe, a double-layer silicon strip detector will be inserted in order to improve the vertex
resolution,

For an absolute measurement of the luminosity, two detectors for small-angle Bhabha scattering
are installed around the beam pipe (section 7). ‘



3. MAGNET

The magnet consists of a fully calorimetrized iron yoke and a superconducting solenoid
producing a homogeneous field of 1.5 T parallel to the LEP beam direction and corresponding in
uniformity to the requirements of the time projection chamber (TPC) track detector, i.¢. less than
0.2 mm sagitta distortions. The useful magnetic volume is 123 m?, the magnetic stored energy
130 x 108 J.

3.1 Theiron yoke

This iron structure has three parts: the central part, called the barrel, having a mass of 1680 t
and the two end-caps each having a mass of 450 t. The iron yoke serves four different functions: it
shapes the longitudinal magnetic field; it serves as a sampling medium for the hadron calorimeter; by
absorbing hadrons, it helps to identify muons penetrating the yoke; and it is used as a support for
most of the other subdetectors. Design criteria were: i) axial symmetry in order to avoid azimuthal
field components; ii} modular strﬁcture; a maximum weight of 80 t for a module was permitted by
the crane in the pit; iii) dead-space minimization. The barrel has the shape of a hollow dodecagonal
cylinder, 7.24 m long and 9.37 m wide. It is made of 22 layers of steel plates, 50 mm thick, and one
100 mm thick plate on the outside, with 22 mm spacing for the streamer tubes. The end-caps are
short (1.18 m) dodecagonal cylinders, 8.7 m wide. They have central holes of 90 cm diameter to
permit them to be rolled back along the beam line while the LEP low-beta quadrupoles remain in
position. At nominal field, the end-caps are pushed against the barrel by magnetic forces of about
4000 t. The maximum deformation of the plates is less than 3 mm.

3.2 Superconducting coil

The solenoid has been designed so that, together with the iron yoke, it provides a magnetic field
of 1.5 T in the central detector with the appropriate field uniformity.

The solenoid is suspended at both ends from the barrel part of the magnet iron voke, and carries
the weight of the electromagnetic calorimeter and central detector (the TPC), which are attached to
longitudinal rails fixed on the inner wall of the vacuum chamber which encases the solenoid. The
total weight of these detectorsis ~ 130t.

The field requirement can be expressed as a tolerance of the integral of the radial field
component By along z in the whole volume of the TPC, which is 4.4 m long and 3.6 m in diameter.
This tolerance is defined as

2200
(B:/B;)dz < 2mm ,

where B; is the main field component.

The configuration consists of a main solenoid, made of a continuous and homogeneous winding
extending over the whole length of 6.35 m available between the two end-caps, and of two
compensating coils located at the ends of the main solenoid, each 40 cm long. The main
characteristics of the solenoid are given in table 1. Because of its smaller density and larger radiation
length, aluminium of high purity is used as a stabilizer for the NbTi superconductor. A more
complete description can be found in refs. [1] and [2).

3.3 Magnetic-field measurement

The whole magnet with coil and yoke was assembled on the surface before completion of the
experimental hall. In this configuration, the magnetic field inside the coil was measured in the
autumn of 1987 with a gear consisting of two sets of Hall plates mounted on two radial arms which
could be rotated around the cylinder axis and moved in the axial direction. The Hall plates were
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mounted at 20 radial positions (r in cylindrical coordinates between 32.6 cm and 232.5 cm), and the
whole arm was moved to 25 axial positions in the range of z = +2.6 m and 35 equispaced positions
in azimuthal angle ¢. Measurements at ¢ and ¢ + 180° were taken at the same time. The Hall probes
were oriented such as to measure the main field component B,, the radial field component B;, and the
azimuthal field component B,. Three nuclear magnetic resonance (NMR) probes on one side of the
measuring arm, together with one reference probe at the centre of the coil, were used for
normalization purposes. A map of the whole volume consisted of field values at some 900 points.

The axis of the gear was aligned with the cryostat to a precision of 0.5 mm in radius and
0.3 mrad in angle. The axial and azimuthal positioning accuracies of the gear were 6z = 0.2 mm and
d¢ = 1 mrad, respectively.

The overall sensitivity of the Hall-plate measurements was equivalent to 6B =~ 0.1 G. The
repeated opening and closing of the end-caps did not produce any significant change in the field
distribution.

The main component B; of the field was optimized by adjusting the current in the two
compensating coils until its value at points on the axis was constant. A plot of B, versus z is shown in
fig. 4, and the measured value of AB,/B, is constant within 0.2%.

The main component is a function of azimuthal position with variations of up to 6B,/B, = § X
107* at r = 1.7 m produced by local differences in the magnetic reluctance of the end-cap modules,
as well as by minor imperfections in the main coil.

Values of the radial component B; are shown in fig. 5 together with the line integral §(B/B;) dz
in the TPC volume, at four different azimuthal positions, with optimized currents in the
compensating coils. This integral, which after weighting by 1/wr = 1/8 determines the sagitta
distortions in the TPC, is slightly larger than expected from the calculations, reaching ~ 1.5 mm in
the worst case. Here also the azimuthal variations reflect the non-uniformities in the reluctance of the
end-cap modules.

The line integral of the azimuthal component is shown in fig. 6. This integral, which contributes
directly to the sagitta distortions in the TPC, also shows variations due to local differences in
reluctance mentioned above.

In summary, these field maps [3] show that the main field component is uniform to the level of
0.2% and reproducible. The transverse field components show variations in radivs and azimuth of a
magnitude such that sagitta distortions in the TPC are less than 0.2 mm and can be corrected for.

4. CENTRAL TRACKING CHAMBERS
4.1 Inner tracking chamber (ITC)

4.1.1 Overall description

The ITC is a cylindrical multiwire drift chamber serving a dual purpose in ALEPH. It provides
up to eight accurate r-¢ points for tracking in the radial region between 160 and 260 mm, and it also
provides the only tracking information for the Level-1 trigger. The wires run parallel to the z (beam)
direction, so the r-¢ coordinate is obtained by measuring the drift time, giving a precision of about
100 pm. The z-coordinate is found with a precision of about 3 cm by measuring the difference in the
arrival times of pulses at the two ends of each sense wire. For the trigger, the ITC has two asssociated
processors that find, respectively, charged-particle trajectories either in two dimensions (the r-¢
projection) or in three dimensions. The trigger is available within 2-3 us of a beam crossing.

4.1.2 Mechanics
The basic mechanical construction of the ITC is shown in fig. 7; it is described in more detail
elsewhere [4]. The active volume is a cylinder of 2 m length and 570 mm diameter. A total of 960



sense wires are strung in 8 concentric layers (96 wires in each of the 4 inner layers, and 144 wires in
each of the 4 outer layers), between two Al end-plates.

The load of the wires is borne by a 2 mm thick carbon-fibre tube (570 mm inner diameter),
which defines the outer surface of the chamber. The inner surface is defined by a polystyrene
‘low-mass’ tube, of 2 mm thickness and 256 mm inner diameter. The inner and outer surfaces of both
tubes are coated with thin {25 pm) layers of Al foil. Inside the low-mass tube, there is a 100 pm thick
Mylar sheet to protect the polystyrene during installation of the minivertex detector.

High-voltage distribution boxes are mounted on the outside of the Al end-plates. An electrical
end-flange, 20 cm from the end-plates, supports these distribution boxes and connects them to the
preamplifiers on the outer side. The ITC is supported from the TPC end-plates by a cylindrical Al
can, which slides over the cables and is also bolted to the electrical end-flange. The mechanical
parameters of the chamber are given in table 2.

The drift cells of the ITC are hexagonal, with a central sense wire surrounded by six field wires.
Four of these field wires are shared by neighbouring cells in the same layer (fig. 8). The sense wires
are operated at a positive potential in the range 1.8-2.5 kV. The field wires are held at earth
potential: one field wire per cell is insulated from the end-plate by a small feedthrough, and can be
used to inject a calibration pulse into the chamber. The other field wires are in electrical contact with
the end-plates.

The cell sizes were kept small because of the need to reach a rapid trigger decision (whose speed
is determined partly by the maximum drift time). There are 96 cells in each of the 4 inner layers, and
144 cells in each of the 4 outer layers. This means that the cells in the fourth layer have the longest
maximum drift distance (6.5 mm), those in the fifth layer the shortest distance (4.7 mm).

The drift cells are ‘close-packed’, i.e. cells in contiguous layers are offset by half a cell width,
which helps resolve the left-right ambiguity in the track fitting and enables adequate two-track
resolution to be achieved with single-hit electronics. Pairs of drift-cell layers (double layers) are
separated by a layer of guard wires (96 wires between layers 2 and 3, 96 between layers 4 and 3, and
144 between layers 6 and 7).

The Al coating of the carbon-fibre outer tube and the polystyrene inner tube provides electrical
screening from RF interference, and forms equipotential surfaces at the boundaries of the chamber,
thus improving the uniformity of the electric field in the chamber.

4.1.3 Gas system

The ITC is operated with a mixture of either Ar(50%) + C:Hg(50%) or Ar(80%) + CO2(20%)
at atmospheric pressure. For the Ar-C,Hs mixture, the gas gain was measured to be 1.9 x 10* at
2.1kV,risingto 5.2 X 10* at 2.3 kV. The plateau in the detection efficiency is reached at 2,0 kV, The
operating voltage is chosen between 2.2 kV and 2.4 kV.

For the Ar-CO: mixture the gas gain was 1.2 x 10% at 1.8 kV and 4.9 x 10* at 2.0 kV. The
plateau is 200 V wide and is reached at 1.85 kV. The operating voltage is chosen between 1.85 kV and
2.05 kV.

4.1.4 Electronics

The signal wires of the ITC are connected to preamplifiers with a voltage gain of 3, which are
mounted on the chamber using boards with circuits for 2 x 8 wires. The signals are then taken to the
central boards (AZ boards) containing the main amplifiers, discriminators, latches and time-
expansion circuits, via a 50 @ cable. The incoming signals are amplified by a factor of about 36 and
then discriminated at a constant fraction threshold. The discriminator outputs from one end of the
chamber are routed via an auxiliary backplane connection to the drift-time CAMAC time-to-digital
converters (TDCs) with 0.5 ns resolution,
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The gated digital signals derived from one end of the chamber (the start end) are used to switch
on an accurately controlled charging current to a capacitor. This current is stopped by the arrival of
the signal from the other (stop) end of the chamber; this has been delayed by about 50 ns to ensure
that i) the Stop arrives after the Start, and ii) non-linearities in the system, immediately after the
arrival of a Start signal, may be disregarded. During the Enable Start-Stop gating period, a second
current is also discharging the capacitor at a rate that depends on the wire layer radius. The ratio of
the charging to discharging currents is the ‘time-expansion factor’. A comparator produces a signal
when the voltage on the capacitor returns to zero. The time of this is proportional to the charge
deposited and hence to the z-position of the pulse on the wire. The length of this pulse can be
adjusted to reflect the accuracy of the z determination before being routed, via an auxiliary
backplane connection, to the r-¢-z space-point processor. It is the coincidence between the selected
patterns of these signals from wires in different layers that chooses genuine tracks in three
dimensions.

Four digital-to-analog converters (DACs) configured as two pairs (coarse and fine) control the
operation of the time-expansion circuit for every channel. The first pair determines the starting
voltage on the capacitor and allows a timing offset for each channel. The second pair controls the
magnitude of the charging current and thus permits small variations in the slope of the z versus
expanded-time relationship. The time-expanded pulses are routed to FASTBUS TDCs for off-line
space-point reconstruction,

4.1.5 Trigger processors

From the AZ boards, two signals are provided for each wire; these signals can be used by the
trigger processors. The first, a hit wire latch, is used to search for tracks in radial patterns of wire
cells in the r~¢ projection. The second is a pulsed output, the arrival time and duration of which
represent, respectively, the z-position of the hit and its expected error. This second signal is used to
find tracks in space by means of the coincidence circuits of the r-¢-z space-point processor. Both
these processors are implemented in FASTBUS Slave modules. Special bits relating to the number of
hits per layer and to the number of tracks are generated only in the r-¢ processors and are always
output. The trigger signal produced is available to the ALEPH Level-1 trigger processor in less than
3 ps.

4.1.6 Chamber performance
The chamber was tested in a charged particle beam with the Ar-C,Hg gas mixture. The following
results were obtained:

1) Drift-time relation: The relation between drift time and drift distance was found to deviate
slightly from the linear behaviour, with a mean drift velocity across the cell of 50 pm/ns. This
refation was parametrized using a third-order polynomial.

ii) Efficiency: The detection efficiency of a layer of sense wires is defined as the percentage of hits
on these wires lying within 3¢ of a track crossing the layer but fitted without these hits. The
test-beam data show that the r—¢ efficiency is 98.2% at a sense-wire voltage of 2.3 kV and 98.G%
at 2.2 kV, independent of the distance from the sense wire. The z-efficiency is much more
voltage-dependent, and is highest for the innermost layers. At 2.3 kV it ranges between 95.6%
and 97.6%, whilst at 2.2 kV it is in the range 86.3% to 97.9%,

ili) Resolution: The resolution of the ITC, as measured in the test beam, varies as a function of
distance from a wire in r-¢ (fig. 9) and of distance along a wire in z. The mean values are
approximately 100 um in r-¢ and 3 em in z.



4.2 The time projection chamber (TPC)
4.2.1 Design considerations

The central track detector of ALEPH is a very large three-dimensional imaging drift chamber, a
TPC. It is a cylinder with axial parallel magnetic and electric fields (fig. 10). The electric drift field
points from each end-plate towards the central membrane that divides the chamber into two halves.
The electrons produced by the ionization of traversing charged particles drift towards one end-plate,
where they induce ionization avalanches in a plane of wire chambers. These are detected and yield the
impact point and the arrival time of the drifted electrons. There are 18 wire chambers (‘sectors’) in
each end-plate.

The TPC is used to measure the momentum and emission angle of charged tracks with good
resolution, and to determine the ionization density dE/dx, used for the separation of electron and
pion tracks. Pattern recognition is particularly simple in this chamber because it provides
three-dirmensional coordinates rather than projections.

The z-coordinate is obtained from the drift time and the known drift velocity field. The
1¢-coordinate is calculated by interpolating the signals induced on cathode pads precisely located on
the sectors, the r-coordinate is given by the radial position of the pads involved in the measurement.
'The TPC measures 21 three-dimensional points for each track traversing the inner and the outer field
cages.

The trajectory of a charged particie inside the TPC is a helix, and its projection onto the
end-plate is an arc of a circle. Measurement of the sagitta of this arc yields the curvature radius which
is proportional to the modulus of the component of the momentum perpendicular to B.

The resolution Apr in transverse momentum pr (GeV/c) is proportional to the resolution in the
measurement of the sagitta As (mm):

A As
T - 0.027pr o 1)
pr B

where B (T) is the modulus of the magnetic field and £ (m) is the length of the projected trajectory.
With the lever arm of ¢ = 1.4 m, a sagitta error of 100 zm corresponds to a 10% resolution in
transverse momentum for the highest possible momenta, i.e. muon pairs produced at a c.m., energy
of 200 GeV,

4.2.2 Mechanical construction

The main components of the TPC structure are the inner and outer field cages, the two
end-plates, and the four fixtures on each end-plate (fig. 10). These elements define the mechanical
positions of the wire chambers. The tolerances within each end-plate are 50 pm, while that for the
relative position of one end-plate with respect to the other is 0.5 mm and that for the relative position
of the TPC with respect to the other detectors in ALEPH is 1 mm. These latter two are defined by
optical alignment with a precision of +0.2 mm. The main mechanical parameters of the TPC are
listed in table 3.

a) Field cage

The electrical drift field is shaped by two coaxial cylinders, by the central membrane held at
negative high voltage, and by the proportional wire chambers at ground potential. The cylinders,
which have diameters of 3.6 m and 0.6 m, and a length of 4.4 m, are covered with electrodes at
potentials which ensure that the drift field in the volume between them is constant and parallel to the
axis. The electrodes are made of copper bands with a pitch of 10.16 mm, separated by gaps of
1.5 mm. Two layers of bands (35 pm thick for the outer cylinder, and 19 gm for the inner one) are
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laid on both sides of a 75 um Kapton sheet (fig. 11). The two layers are staggered in order to shield
the TPC volume from the high fields in the insulator, consisting of Mylar foils. These are wound
helically and glued together with a polyurethane glue.

The electrodes and insulator are supported by aluminivm structural skins separated by an
aluminium honeycomb spacer. The total material thickness corresponds to 0.023X, in the inner
¢ylinder, and 0.048X, in the outer one.

The central membrane is made from 25 pm Mylar coated on both sides with a conducting
graphite paint. The Mylar sheet is reinforced at its outer and inner periphery by two rings of 0.3 mm
thick Mylar. The whole sheet is stretched and its tension is supported by a 10 x 8 mm? Al ring, which
fits into a shallow U-section Al ring, glued onto the outer field cage.

The drift field of about 115 V/cm is generated by a high voltage of —27 kV on the central
membrane. The electrode rings are connected in series using 1 M resistors. The resistors were
measured and paired so as to obtain a value of 2.004 MQ (£ 0.2%) between adjacent electrodes. Four
resistor chains connect the central membrane with the last electrodes at — 65 V potential, drawing 2
total current of 4 X 60 pA.

b) Gas system [5]

The gas in the TPC volume is Ar (91%) + CHa (9%) at atmospheric pressure. This is a
non-flammable mixture. In order to ensure the required high long-term stability in the mixing ratio,
and with it the uniformity of TPC performance (drift velocity, gas gain), the gas is pre-mixed into a
large buffer volume which can hold 900 m? of gas.

Extreme care has been taken to minimize the signal attenuation due to electronegative impurities
in the drift space. Only materials that had been controlled to be non-contaminating were accepted for
the construction of the TPC and for the gas system components.

The gas supplied from the buffer volume to the TPC has an Oz content below 3 ppm, an H,O
content below 5 ppm; the loss of ionization by electron attachment is less than 0.5% in 1 m of drift.
For a fresh-gas flow that corresponds to about one TPC volume change per week, and without
purification, the gas leaving the TPC has typically an Oz content of less than 20 ppm and an H,O
content of about 20-40 ppm; the signal loss is less than 1.5% per metre of drift,

The TPC volume is held at 8-12 mbar above atmospheric pressure and follows the atmospheric
pressure variations. The temperature of the gas flowing into the TPC is maintained at (21.0 +
0.5)°C.

¢} Wire chamber sectors

The large diameter of the TPC, required by the magnetic bending power necessary for precise
momentum measurement, results in a large number of end-plate sectors, 18 on each side. The
‘zigzag’ geometry shown in figs. 12 ensures a minimum Ioss of lever arm when the track crosses the
boundaries between chambers. In one end-plate, there are 6 sectors labelled K (Kind) inside and a
ring of 12 alternating sectors labelled M (Mann) and W (Weib) outside. Figure 13 gives details of the
mechanical design of a K sector. There are three planes of wires strung on each chamber; in sequence
they have the function of gating grid, cathode plane, and sense-wire plane, interleaved with
field-shaping wires. Properties of the wire grids are listed in table 4, and fig. 14 shows a perspective
view of them.

The relative positions of the wires in the r-¢ plane within the sense/field grid are accurate to
+0.02 mm. The overall positions in the r-¢ plane of the three grids relative to the reference marks on
the pad plane are good to better than + 0.1 mm. The mechanical tolerances of the wire planes and of
the sense-wire diameter (0.5%) were chosen such that any individual tolerance would not cause more
than about + 1% change in gas amplification.




The ionization avalanches created around the sense wires are read out by the signal induced on
cathode pads at a distance of 4 mm from the sense wire. The arrangement of these long pads of size
6.2 mm X 30 mm [5(r-¢) X &r] is shown in fig. 12b. The pad pitch in azimuth is 6.7 mm. The two
pads at the sector edge of each pad row have 1/2 this pitch. A K sector has 9 pad rows and a total of
909 pads, a W sector has 12 pad rows and 1182 pads, and an M sector has 12 pad rows and 1326
pads, giving a grand total of 41004 pads for the whole TPC.

Between these pad rows there are long, circular ‘“trigger’ pads from which ALEPH’s second-level
trigger is derived. The trigger pads are 6.3 mm in r and subtend 15° in ¢, except for the outer 5 trigger
pad rows (see fig. 12b), which are segmented again to reduce electronic noise. There are 32 trigger
pads per sector.

The pads are milled onto a copper-clad glass-fibre-reinforced epoxy sheet which is glued to the
drift-volume side of the Al sandwich. The pads are connected to the preamplifiers via wires passing
through the Al sandwich structure. The preamplifiers are grouped in modules of 16 on boards which
plug into the back of the sector. The pad positions have a tolerance of +20 um relative to the
reference marks on the chamber; their overall accuracy causes a maximum of +30 um error on the
sagitta measurement.

4.2.3 Electronics and readout

The readout system of the TPC is based on FASTBUS. It is subdivided into independent crate
clusters, each of them serving one of the 36 TPC sectors. The number of main components in each of
the three sector types is given in table 5. The architecture of the TPC readout system is shown in
fig. 15, and the main properties of the electronics are summarized in table 6.

The pad and wire amplifiers on the sectors are mounted on printed boards in groups of 16. The
preamplifier is a charge-integrating circuit with a decay-time constant of 2 gs, followed by symmetric
cable drivers (see fig. 16). Pulses of typically +10 mV are transmitted on a twisted-pair cable to a
pulse-shaping amplifier and a flash analog-to-digital converter (FADC). Sixty-four channels are
mounted on a FASTBUS module (TPD: time projection digitizer), with buffers for 4 events. The
8-bit FADC (Thomson TS 8328P) digitizes the analog signal with an 11.4 MHz clock. To equalize the
responses from the different channels (pedestal, gain, and linearity) the reference voltages of the
FADC are controlled by four 6-bit digital-to-analog converters that are attached to the reference
ladder at the 0%, 25%, 50%, and 100% taps. This ‘electronic calibration’ is done with a remotely
controllable pulse-generator installed on each sector. The generator pulses the field wires. The signals
induced on the pads and wires (inverted polarity) are received and transmitted in the same way as
signals from particles. The generator is controlled by a special FASTBUS module, the STPC. The
calibration program is running on a time-projection processor (TPP), a FASTBUS master designed
using a Motorola 68020 chip. It has control over the STPC and calculates from the response of the
channels the settings of the tap-points, which are needed to equalize and linearize the responses.

The readout of the TPDs is controlled by a TPP. A TPP controls several FASTBUS crates with
TPDs, see table 5. Its tasks are: readout of TPDs and data formatting; reduction of wire data;
monitoring of data and data transfer, error recording and error recovery; calibration and testing of
the TPC electronics. ‘

The data flow generated by the TPPs is transferred to an Event Builder (EB). The EB (also based
on the Motorola 68020) is connected to the TPPs via a FASTBUS cable segment. The 36 TPPs of
cach end-cap are read out by one EB, whilst a third EB collects the data from these two end-cap EBs.

The tasks of the EB are to
- handle service requests from the TPPs, and do readout and formatting;

- monitor the evolution of data-taking;




For the purpose of calibration and checking, test pulses can be injected into the readout system
under the control of the TPP. Such tests may consist of
- pulsing the field wires;
- pulsing the inputs of the preamplifiers via individual capacitors;
- pulsing all shaping amplifiers of a TPD.
The main characteristics of electronics and readout are summarized in table 6.

4.2.4 Gating

The operation of a TPC in a continuously sensitive mode is made difficult by the presence of
space charges in the drift region {6]. These are positive ions produced in the Townsend avalanches
near the sense wires, which then migrate towards the central high-voltage electrode. They can alter
the drift field and cause track distortions. The ALEPH TPC therefore contains a gating wire grid (see
figs. 13 and 14). This extra wire grid is installed between the shielding grid and the drift region
(fig. 17). The gating grid is either in the ‘open’ state or the ‘closed’ state. In the open state (fig. 17a),
the potential V, (= — 67 V} is placed on the gate wires so that the gate is transparent to the passage of
drifting charged particles. In the closed state (fig. 17b), the potentials V, + AV, are placed on
alternate wires of the grid, so that the resulting dipole fields render the gate opaque to the passage of
charged particles. A AV, of = 40 V suffices to block the passage of the positive ions [7] while,
because of the magnetic field, a much bigger AV is required to also block the incoming electrons (see
fig. 18). By using a AV, of 150 V the closed gate becomes also quite opaque to electrons.

Switching between the closed and open state of the gate is done synchronously with the bunch
crossing (BX). About 3 us before the BX, the gate is opened to allow electrons to drift into the
amplification region. Normally the gate is then closed when the first-level trigger is negative (about
5.5 us after the BX). Only when the first-level trigger is positive is the gate held open for the
maximum 435 ps drift time of the electrons in the TPC.,

It has been shown [7-9] that even though this synchronous mode of operation leaves the gate
open roughly 33% of the time, positive ions are still unable to penetrate into the drift volume. The
gate remains effective because the positive ions do not drift very far during one ‘open’ period and can
still be neutralized at the gating grid, after following a zigzag path during a succession of gating
cycles.

4.2.5 Laser system for field calibration

The purpose of this system is to provide information on the distortion of particle tracks and to
measure the vector of the drift velocity in the TPC. Laser tracks can be created repeatedly in the same
place. Averaging over many shots thus effectively eliminates statistical fluctuations on the
measurement and allows a detailed study of systematic effects. Thirty straight ionization tracks are
created in the TPC by firing two ultraviolet (UV) lasers. The tracks are arranged to originate
approximately from the interaction point. The measured curvature of these tracks is used to correct
the sagitta of particle tracks; the drift velocity is determined from the reconstructed polar angles, the
differences of which are known to 0.02°.

Tests have shown that it was always possible to produce these ionization tracks in the gas
without especially adding any of the molecular vapours that are known [10] to make the ionization
possible. We therefore rely on the contamination that is present in the gas provided.

The layout of the laser systern is shown in fig. 19. Two lasers are situated in a stable position on
a platform above the magnet. The lasers are frequency-quadrupled Nd-yag lasers emitting at 266 nm
with an energy of 4 mJ per 5 ns pulse. The polarization is controlled by a half-wave plate. This
element is mounted directly on the laser frame, together with a telescope that is used to create a waist



of the beam in the chamber in order to obtain a high yield and narrow beam. In the chamber, the
transverse r.m.s. width of the beam is of the order of 1 mm.

The beam path from the top of ALEPH into the TPC (fig. 19) has a length of about 10 m.
Before the beam reaches the splitter ring through one of the notches in the HCAL, it is deflected
through 90° three times. It travels down to the splitter ring in tubes that have an inner diameter of
5 cm, but from there on, the aperture is reduced to roughly 15 mm. To maintain the path through
these narrow openings the beam is actively steered onto precise sensors. This is achieved by one
actuator for each half of the TPC, which adjusts under computer control all four degrees of freedom
that define the position in space of a narrow light beam.

The laser beam then enters the splitter ring surrounding the vacuum pipe of ALEPH at a radius
between 35 and 40 cm. The beam is split twice on its path inside the ring to create three axial rays of
equal intensity at a radius of 36.8 cm. Each of these rays passes four semitransparent mirrors and one
pentaprism that directs a fraction of the light towards the TPC volume, thus creating ionization
tracks at polar angles of 18°, 30°, 39°, 67°, and 90°.

Figure 20 shows the distributing elements as they are glued on the inger field cage of the TPC.
The double mirrors consist of two dielectric surfaces held between two ceramic plates. The first
mirror is semitransparent and deflects a partial ray onto the second mirror, which finally directs the
beam into the volume of the TPC. Likewise, the first reflecting surface of the pentaprism is partly
transparent, with a wedge glued onto it, so that 2% of the incident light continues to travel in the
axial direction. This beam is monitored by a position-sensitive diode incorporated into the splitter
ring on the opposite end-plate. This diode is used for active steering of the beam,

Figure 21 shows an (r$) projection of ionization tracks due to the laser beams at six different
¢ angles.

4.2.6 Performance and tests

The performance of the ALEPH TPC as a track-measuring device has been studied extensively
in a test model with 90 cm diameter and 130 cm drift length (TPC 90) [11]. It had a solenoidal
magnetic field of up to 1.2 T and used the same type of wire chambers as in ALEPH.

a) The r¢ spatial resolution
The r¢ spatial resolution depends on several factors, such as the magnetic field and the angles of
the track segment with respect to wires and pads. The resolution can be expressed as

o® = of + 0 + dh(tg o — tg ¥)’ cos’a + ohtg®B, 2)

where the angies @, 8, and ¥ are shown in fig. 22 and the non-relevant cos8 dependence has been
neglected.

The angle 8 is zero for a high-momentum track coming from the origin (main vertex); «, the
angle between the track and the wire, ranges from — 30° to 30° in the inner sectors and from — 15° to
15° in the outer ones; ¢ is the Lorentz angle, whose tangent is proportional to the magnetic field. In
our standard gas mixture, at a magnetic field of 1.5 T, ¢ is 32° {12, 13].

The contribution due to diffusion, gy, is

2
o = 2¢D(0) 1 - (6 mm)* ¢ (m) ’ G)

vNe 1 + o?# 1+ 0?72 N

where D(0) is the transverse single-electron diffusion coefficient at magnetic field zero, £is the drift
length in metres, N. is the total number of electrons in the track segment, v is the drift velocity, and
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w7 is 2 known function of the magnetic field [14]. Typical values of o4 are: oF = (350 pm)? £ (m) at
B =0andof = (50 pm)®>¢(m)atB = 1.5T.
The contribution of the so-called ‘angular wire effect’ is

2 = d  (1.15mm)’
*12Negr Negg

)

where d is the distance between two sense wires and Negr is an effective number of electrons taking
into account the effects of Landau fluctuations.

The value of o, has been measured in TPC 90 at 1.2 T and also at 1.5 T [13]. Typical expected
values at a magnetic field B = 1.5 Tare o, = 219 umat { = 0.04 mand o, = 126 ygm at ¢ = 2 m.

The contribution of the so-called ‘angular pad effect’, o, is large since it is proportional to the
length h of the pad. However, it is important only for track segments that are not parallel to the
radius of the TPC, i.e. low-momentum tracks:

h? (8.66 mm)*

A Na T Na ®
In TPC 90, the measured value is og = 2.5 mm, for the same pad geometry.

The value of oy includes the contributions due to electronic noise, digitization, and errors in the
calibration. We have measured oo < 80 pm.

Table 7 quotes the values of ¢ from eq. (1) for a high-momentum track (tan8 = 0) for different
values of £ and «. The contribution of the angular pad effect (tang = 0) is 25 um for 20 GeV/c and
280 um for 2 GeV/c.

b) Momentum resclution

The error of the transverse momentum of a track with 21 measured TPC coordinates is given by
the formula

Ap ., ( () m) (I.ST)
F = 107 p (GeV/c) 150 & 5 @ 0.003, 6)

where p is the transverse momentum and {0} is the average error on each coordinate. The last term is
the contribution of the multiple scattering in the gas of the chamber, which has to be added in
quadrature ().

Since the error on the measurement of the polar angle is small, the relative error on the
momentum coincides with the relative error on the transverse momentum. Owing to the angular pad
effect, {0} increases at low momenta and there is a deterioration of the resolution.

In spite of the fact that the spatial resolution of a single measurement depends on «, the
momentum resolution as a function of the azimuthal angle is roughly constant (+20%) because of a
compensation of the o dependence from the inner to the outer sectors. The effect of the dead regions
between the sectors is also modest. It is important only when the track crosses the boundary between
two inner sectors. In that case the measured track length is halved and the momentum resolution is
worse by a factor of about 4. This happens in a ¢ region of about 2.3° for each of the six boundaries,
about 4% of the full azimuthal angle in total.

The error of the transverse momentum depends on the polar angle, since a track at large [cos6) is
measured with less points and with a smaller lever arm. The effect of polar angle can be expressed as
a function of cos § which multiplies the above expression, i.e.
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%’ (®, B, o, cosf) = %P ®, B, o) x f(cosf), )

where the function f depends on how many pad rows have measured the track and is shown in
fig. 23, assuming that the momentum is measured only with TPC coordinates.

¢) Spatial resolution in z

The resolution in z has been measured in TPC 90 as a function of the drift length from the
straightness of reconstructed cosmic-ray trajectories in the r—z plane (parallel to the magnetic fields).

The drift-time measurement has a systematic contribution from the transit time of the
electronics, the different length of the cables, and the shaping time of the electronics. These effects
largely dominate the z-resolution, which does not show an important dependence on diffusion. Using
the pad information, we have found o, = 1 mm for a track with a polar angle around 90°. This is
worse by about a factor of 2 for tracks at polar angles around 20° or 160° where the signal on the
long pads is very long in time.

The z-coordinate is also measured using the wires. This can be done when there is no confusion
due to another track intersecting that particular wire at almost the same time. The space resolution
achieved with each wire measurement is about 2.0 mm, weakly depending on the polar angle (see
tabie 8).

d) Systematic effects on the track reconstruction

The space measurements made with each sector are converted to the global TPC coordinate
system, using the position of each sector which is known with sufficient precision not to deteriorate
the momentum resolution.

Electric and magnetic field inhomogeneities displace the trajectories of the drifting electrons,
causing systematic errors on the reconstructed track. Global non-linear distortions that add to the
momentum resolution are corrected by measuring the deviation from straightness of the 30
reconstructed laser beam tracks of the calibration system. The remaining systematic error on the
sagitta should be small compared with the statistical contribution.

Linear distortions, such as those coming from the unknown small angle between the axes of the
electric and the magnetic field, are measured with cosmic muons within the alignment procedure
between TPC and ITC. These linear distortions do not influence the momentum resolution when it is
measured only with TPC coordinates.

e) Two-track confusion

Two tracks are confused if they are close in both the r¢ and the z dimensions. Since the typical
total width of the signal of a radial track parallel to the end-plate is about 1.5 cm inr¢ and 2 ecm in z,
two tracks are separated if they are more distant than the quoted distance in at least one dimension.
Even if they are closer, the information can often be recovered by using specific algorithms.

f) dE/dx resolution

A dE/dx resolution of 9% has been measured in TPC 90 with an average radial track length of
40 cm. This value can be extrapolated to a track length of 140 cm giving a dE/dx resolution of less
than 5% corresponding to the full TPC. The actual resolution can be obtained from Z° decays
measured in the first three months of operation: fig. 24a shows dE/dx (truncated mean from more
than 250 wires) plotted against the momentum p (GeV) of tracks from Z° decays. The lines are those
expected for electrons, pions, kaons and protons. Figure 24b shows dE/dx distributions for pions
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from hadronic Z° decays (left) and for electrons from Bhabha scattering at 45 GeV/c beam
momentum. The resolution of the Bhabha peak is 4.5%.

The main properties of the TPC performance are summarized in table 8. The performance of the
TPC can be judged from the invariant mass distribution of V® decays in these events, shown in
fig. 25. The K° mass peak seen there has a resolution of ¢ = 4 MeV. The momentum resolution
obtained, from the TPC alone, in this initial phase is Ap/p* = 0.0015 GeV~’, as shown in fig. 26
from tracks with positive and negative charge. If the ITC information is used in addition, this figure
is expected to decrease to 0.0010 GeV 1.

5. ELECTROMAGNETIC CALORIMETER
5.1 Overall description

The ALEPH electromagnetic {(e.m.) calorimeter (ECAL) is a lead/wire-chamber sampling device
of 22 radiation lengths (Xo) nominal thickness. The total energy and the position of the e.m. showers
are measured using small (approximately 30 X 30 mm?) cathode pads. The cathode pads are
connected internally to form ‘towers’ pointing to the interaction point. Each tower is read out in
three sections in depth (‘storeys’), corresponding to the first 4, the middle 9, and the last 9 radiation
lengths.

The calorimeter is a highly granular hermetic detector (3.97 sr covered by 73,728 towers), with
cracks representing 2% of the barrel and 6% of the end-cap surfaces. It provides an e.m. energy
resolution AE/E of 18%/VE and operates within the ALEPH solenoidal magnetic field at 1.5 T.
Construction methods have assured a tower-to-tower uniformity within 1.6% (r.m.s.). The
mechanics and electronics of the barrel modules and end-cap petals have been designed to be as
identical as possible.

5.2 Mechanical construction

The e.m. calorimeter is arranged as a barrel surrounding the TPC, c¢losed at both ends with
end-caps, as shown in fig. 27. The two types of subdetector elements — ‘barrel’ and ‘end-cap’ —are
divided into modules, each subtending 30° in azimuthal angle ¢, the end-cap modules having a 15°
rotation with respect to the barrel modules. The entire e.m. calorimeter is rotated by —32.7 mrad
(—1.875°) with respect to the hadron calorimeter in order to avoid overlapping of crack regions. The
construction of the barrel and end-cap subdetectors differs somewhat owing to their geometries and
differing stress loads. Thus their mechanical aspects are treated separately in subsections 5.2.1 and
5.2.2. The general aspects of readout geometry are as follows.

* The barrel region is organized in twelve 10.4 t modules. There are 4096 (32 x 128) towers per
module, making a total of 49,152 towers in the barrel. Read out in three ‘storeys’, there are 12,288
channels for each module (147,456 for the entire barrel). Since the geometry is ‘projective’, some
of these channels are not (or are only partly) equipped.

* The end-cap regions are each organized into twelve 2.6 t modules. There are 1024 towers per
module, 24,576 for both end-caps. Read out in three ‘storeys’, there are 3072 channels for each
module (73,728 for both end-caps).

The e.m. calorimeter is a sandwich of 45 lead/proportional wire-chamber layers. The wire
chambers are made of open-sided aluminium extrusions. Ionization from an e.m. shower developed
in the lead sheets is amplified in avalanches around 25 ym diameter gold-plated tungsten wires. The
signals are read out capacitively via the extrusions’ open faces with cathode pads placed behind a
highly resistive graphite-coated Mylar ‘window’. The structure of a typical single layer of the
calorimeter is shown in fig. 28. (Details of layer composition differ between end-cap and barrel
modules, see below.) The pads from consecutive layers are connected to form towers pointing at the
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intersection region. They are summed independently in three depths (‘storeys’), corresponding to the
first ‘stack’ (= 4X, = 10 layers of 2 mm lead sampling), the second ‘stack’ (= 9Xo = 23 layers of
2 mm lead sampling), and the third ‘stack’ (= 9X, = 12 layers of 4 mm lead sampling). The
capacitance of a tower storey varies with position; typically it is about 2 nF. The average radiation
length in stacks 1 and 2 is between 2.0 and 2.4 cm, and in stack 3itis 1.3 or 1.4 cm,

The cross-section of a tower as viewed along its axis is roughly 30.4 x 30.4 mm? at the front face
of the calorimeter. The segmentation is thus 0.94° in azimuthal angle A¢ and 0.93° X sin# in polar
angle A for the barrel.

5.2.1 Barrel modules

The mechanical design of the barrel modules was optimized to satisfy three basic requirements:
i) uniform spacing of anode wires from the readout pads and extrusion walls, in order to ensure
uniform pad response; ii) good gas tightness; and iii) minimum ‘dead’ areas between adjacent
modules’ sensitive regions. The essential mechanical elements are shown in fig. 29. The calorimeter
stack has 45 layers, with each anode wire plane having 195 to 233 sense wires which run parallel to the
z-axis of ALEPH and thus parallel to the main component of the magnetic field.

The wires lie in the channels of the aluminium extrusions. The channels have inner dimensions
of 3.2 mm Xx 4.5 mm, the rib thickness is 0.5 mm, and the base is 0.6 mm thick (overall thickness is
thus 3.8 mm). The ‘free’ wire length between circuit-board inner edges is 4630 mm for all anode
planes. The wires are strung with a tension of 65 g and supported and positioned every 450 mm by a
plastic spacer. This introduces a 6 mm wide local dead zone. Therefore, for each wire layer, the
positions of the spacers are varied systematically to avoid coherent effects on the energy deposition
of showers.

Each of the 45 cathode planes in one module is cut in a rectangular pattern into pads. The width
of the pad rows is the same in ¢ (32 rows), but it increases from the centre outwards in # in order to
have the transverse width of the towers match the shower size. There are 184,320 pads in each barrel
module (45 x 32 x 128); within one tower, the first 10, the middle 23, and the last 9 layers are
connected, resulting in 12,288 readout channels.

5.2.2 End-cap modules

The design criteria were the same as for the barrel modules. Figure 30 shows the components of
each petal module. The wire layers contain 210 sense wires on a 5 mm pitch. The wires run parallel to
the right-hand side of the petal, viewed from the front with the narrow end uppermost. The wires,
with a maximum length of 1.7 m, are supported by a plastic spacer every 350 mm. Cathode-pad sizes
are given by the tower structure of the calorimeter. There is 2 maximum of 50 pad rows in & in any
layer of the petal. Each pad row is divided into equal ¢ segments across the full 30° angle of the
petal. The pad arrangement is given in table 9,

5.3 Gas system

The e.m. calorimeter is operated with a mixture of Xe (80%) and CO: (20%). The high-Z gas is
chosen to minimize the contribution of path-length fluctuations to the energy resolution, which are
due to &-rays propagating perpendicular to the shower direction, along the sense wires in one tube.
Gas gain in the tubes depends on the gas mixture, the absence of impurities, and the gas density. The
gas system keeps the Xe content in the mixture at 80 + 1% and purifies the recycled gas. The gas
pressure is kept constant at about 60 mbar above atmospheric pressure. Pressure and temperature are
monitored in each module. In addition, each module contains a small single-wire chamber (3.5 X
3.5 x 20 mm?®), equipped with a %5Pe source. The charge collected on the wire, initiated by the 6 keV
X-rays, is used to monitor the gas gain.
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5.4 Electronics

5.4.1 QOverview

The main characteristic of the ECAL electronics is the large number of analog channels to be
read, 221,184 pad channels and 1620 wire channels (see table 10).

Every physical pad tower in the calorimeter is divided in depth into 3 storeys, each connected to
an independent electronic channel. Conversely all wires in a wire plane are readout together on a
single channel. This explains the large factor between the number of channels of each type: a barre}
" module contains 12,288 pad channels but only 45 wire planes.

Since the number of cables between the detector and the electronics, as well as the number of
ADCs and readout crates had to be kept at a manageable level, it has been necessary to multiplex the
pad channels at the front end by 32 and again by 8 before the ADC.

5.4.2 Analog chains
a) Pads

Each pad tower with a capacitance of about 2 nF is directly connected to an integrated BIFET
operational amplifier of reasonably low noise (20 nV/VHz), which integrates the charge on a 200 pF
feedback capacitor (see fig. 31). It is followed by a sample-and-hold circuit and a 32-channel
multiplexer. This multiplexer is built using CMOS analog switches. The unit first forms an analog
sum of the 32 channels for trigger purposes. When the sample-and-hold circuit has finished
integration, the 32 charges are sequentially transmitted to the cable drivers. Two drivers with a gain
of 1 and 8, respectively, are used for each group of 32 channels. In this way, a dynamic range of 2'%is
obtained from the 12-bit ADCs connected to each multiplexed readout channel.

b) Wires

Because of the higher capacitance of about 10 nF per wire plane and the much smaller number of
channels, a more conventional design with better noise performance was chosen. Here a common
base transistor is followed by a differential cable driver. At the other end of the 30 m long cable, the
signal is amplified and integrated. Again there are two outputs with a gain of 1 and 8, respectively.
The channels are then also multiplexed in groups of 32. For trigger purposes, the sums of even- and
odd-numbered planes are formed at this stage.

c) ADC

Each twisted-pair cable sequentially carries the charges from 32 channels to one input of an
8-fold multiplexer. This is followed by a 12-bit ADC (AM 6112) working in the successive
approximation mode. This ADC sequentially digitizes the analog signals from each of the 256
channels connected to it. The total operation time is 3.7 ms including the settling time after switching
channels between conversions.

Twelve ADC chips are mounted on a single-width FASTBUS module. After completion of all
conversiots, this module performs a zero suppression by comparing the results for each channel with
thresholds preloaded in its memory. The unit then generates the address of each channel fired and the
corresponding digitized pulse height.

The complete sequence of sampling, multiplexing, converting, and resetting the front end is
controlled by a microprogrammed sequencer, housed in a FASTBUS module and linked to the front
end boxes and the ADC modules.

d) Tests and calibration
Each wire chain can be tested and calibrated by injecting test pulses at the detector level. For the
pad chains, owing to the number of channels involved, test pulses can only be injected after the
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front-end multiplexer. The gain of the first part of the chain (integrating amplifiers + multiplexer)
depends only on the ratio of two capacitors, selected to be 1.000 + 0.005 during fabrication.

For test purposes, it is possible to inject pulses on each wire plane of the detector and to measure
the response of each pad channel. This allows a check of the connections between pads and amplifier
and of the proper operation of each amplifier. It is not possible to calibrate the complete pad chain in
this way since the ratio of wire and pad capacitances varies over 2 module owing to the slight
mechanical non-uniformity. On the other hand, this method is used for barrel modules to measure
the distance between pad and wire— from which the wire position in the cell is deduced —and thus to
determine the wire gain and the module gain maps for pads and wires. Such a procedure is precluded
for the end-caps because of stray capacitances.

5.4.3 Digital readout
a) Readout controllers

After zero suppression in the ADC, the data are read out by a Readout Controller {ROC). This
module is 2 FASTBUS master in the crate and is mainly based on a fast bit slice processor. Each
ROC reads 17 (barrel) or 27 {end-cap) ADCs and performs the pedestal subtraction and gain
correction on their data. It then reorders the data and formats them before they are read by the Event
Builder (EB) on its slave cable port (see fig. 32).

b) Event builders

A single EB for the whole ECAL reads out the data from the ROCs and reorders them. It then
sends the events to the main ALEPH Event Builder through its cable port. For monitoring purposes,
events can also be sent to the ECAL VAX via an EVI and an optical link (see fig, 32).

¢) Error handling

Errors detected by the ROCs (e.g. FASTBUS errors in the ROC crate, protocol errors in the
trigger signals) are reported to the EB. The EB detects in addition FASTBUS errors in its link to the
ROCs and protocol errors in this transmission. It reports all errors to the data acquisition VAX.

5.4.4 Precision

The overall measurement precision is given in table 11. The total energy per module (sum of 45
wire planes) can be measured with a 10 MeV dispersion. This gives the possibility of triggering at the
200 MeV level. For the pads, the single-channel noise is not a good measure of the detector
performance since about 100 channels have usually to be added to cover the extension of a typical
shower. Instead the correlated noise between channels, which is due to low frequency pick-up, is the
dominant factor. For example, the sum of 96 channels is measured with a typical dispersion of
100 MeV, to be compared with 60 MeV expected in the absence of correlation.

5.3 Performance

3.5.1 Spatial and angular resolution

The e.m, calorimeter was designed to have the best possible granularity in order to simplify the
identification of electrons inside hadronic jets and to facilitate the measurement of photon energies in
a background of hadrons. This granularity varies between 17 x 17 (mrad)® at § = 90° in the barrel
and 9 x 10 (mrad)® at & = 40° in the end-cap. The centre of gravity of a shower is reconstructed
from the four leading towers
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where E; is the energy deposit in tower number i of which the centre coordinates are 6; and ;.
Figure 33 shows data taken in a test beam with 10 GeV electrons. The data are represented
as two-dimensional plots: § — 6o versus o, and ¢ — ¢ versus ¢o; fo and ¢ correspond to hit co-
ordinates of the incident particles. The ‘S shapes’ that are observed arise from the fact that the
transverse dimensions of the tower are close to the e.m, shower size.

This effect can be suppressed by correcting the centre-of-gravity coordinates § and ¢ with
periodical functions of 8, and ¢o:

0. = 8 + c1sin [276s + d, sin 2n6,] ,
d’c = (jb + ¢ sin [21!’@50 + dz sin 27r¢to] .

The constants ¢; and d; are obtained from fits to electron test data at various angles # and ¢ and
energies E. They are found to be almost independent of 8, ¢, and E:

c=c;=c= (9.3 £ 0.7 x 10”2 tower units

d=dy=dy = (045 = 0.15) rad .
This correction reduces the width of the distributions in §—8, and ¢ —¢o by a factor of 2. The
corrected distributions are shown in fig. 34 for 10 GeV electrons. The standard variations of
(Gaussian fits are given by:

Af = Ajp = a + b/VE, 8)

where
a=1(20+02) %102 (in tower units) ,

b = (17.6% 0.9) x 10~2GeV¥? (in tower units) .

The energy dependence is shown in fig. 35 for data with 10, 25, and 50 GeV electrons. In this energy
range, the angular resolution for e.m. showers is below 1 x 1 (mrad)?® over the whole detector.

5.5.2 Energy resolution
The energy resolution was measured for barrel modules at 10, 25, and 50 GeV and for end-cap
modules at eight energies between 5 and 70 GeV at an operating voltage of 1340 V. For the barrel
modules, the energy resolution for the wires is consistent with (fig. 36)
AE/E = a + b/VE, &)
with a small constant term
a=(03=+0D%

and a slope

b = (16.5 + 0.3)% GeV'/?,
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For the end-cap modules, the data yielda = 0.45% and b = (17.0 + 0.5)% GeV'? for wire readout,
anda = 0.33% and b = (19.2  0.5)% GeV'’? for pad-cluster readout (fig. 37).

3.5.3 Linearity of response

The response Ep, of the e.m. calorimeter increases approximately linearly with the energy of the
incident electron, E, between 10 and 70 GeV energy. There is a small deviation from linearity which
can be parametrized by the formula

En/E=1-«E.
Test measurements then show values of & = (9.0 + 0.7) x 10”* GeV~!, for angles of incidence

between § = 90° and 50°, at the nominal voltage of 1340 V. The observed non-linearity is the sum of
a saturation effect (1) and a leakage effect (2): @ = o) + 2. Assuming e to be proportional to the

gas gain, from measurements with different gains and different angles one obtains a;; = (7.8 = 0.6) '

X 107* GeV~'. Space-charge saturation is the dominating effect. The gas gain G varies with the high
voltage V, according to the power law G o V162201

5.5.4 Pion-electron separation

This separation has been measured with a barrel module at 5 and 10 GeV particle cnergy. Energy
responses for electrons and pions of 10 GeV are shown in fig. 38. Defining a pulse-height window
with > 99% efficiency for electrons in fig. 38a, the fraction of pions simulating electrons is (1.5 +
0.3)%, while most of the pions have much lower energy deposition. This pion rejection is improved
by using the calorimeter segmentation. If only the energy in the four towers adjacent to the impact
point of the particle with momentum p is summed (E4), the ratio E4+/p shown in fig. 39 aliows a
sharper discrimination: for the cut E,/p > 0.75, only (0.8 = 0.2)% of the pion sample can fake
electrons, while the electron efficiency remains above 99% .

Additional cuts are based on the longitudinal shape of e.m. showers, and on the comparison
between barycentre reconstruction, as described above, and track-hit coordinates within spatial
resolutions.

The final pion contamination for an electron efficiency larger than 95% is

&= (1.1 £ 0.5) x 1073 at 10 GeV .
&x < 3 x 1072 at 95% confidence level at 5§ GeV .

The test beam studies [15, 16] have also been used to reconstruct energy-independent estimators
of the quality of electron identification based upon the compactness ratio Eq/p defined above (R2)
and the longitudinal shower shape (R3). These two estimators are formulated to be normally
distributed dimensionless quantities centred at zero. The first, R2, measures the deviation of the
compactness of the shower from the expected transverse shape reconstructed in the calorimeter
storeys:

— (Ba/D)mcasurca — {E4/Dexpected

R.
2 8(E4/p)

The second, R3, performs the same function for the longitudinal shower shape and is formed from
the first and second moments of the longitudinal energy depositions measured in the three stacks.
Applied to hadronic Z° events in the data, a plot of R2 as a function of R3 (fig. 40) shows electrons
(above 2 GeV) clearly separated from other charged particles. This illustrates the power of the fine
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granularity in ECAL, combined with the good spatial track resolution of the TPC, to identify
electrons embedded in high-multiplicity jets.

The response of the ECAL to muons and pions (the latter in combination with the hadron
calorimeter) have been reported earlier [185, 16].

5.5.5 Uniformity of response
The mechanical tolerances achieved and their expected influence on the variation in response
from one wire layer are as follows:

Ag/g (%)
‘ Pads Wires
1} Vertical wire position: + 30 ym +0.8 F1.2
ii) Cell height (extrusion): + 10 ym t1
iii} Wire radius (g o r*): +£0.25 pm in diameter + 4 (locally)
iv) Lead thickness: +50 ym (if systematic in all layers) +2

The global uniformity of response was tested with 20 GeV and 7 GeV electron beams for two
barrel and four end-cap modules. The barrel modules were tested over a uniform grid of 4 X 4
towers, yielding about 220 points; the end-cap modules were scanned to cover 8 values of 8 and 4 of ¢
with addditional measurements across the centre, yielding results for 40 points. The r.m.s. deviation
of the mean responses over these areas lies between 1.0% and 1.7% for pads and between 1.6% and
1.9% for wires. Similar r.m.s. deviations between 1.0% and 2.1% have been found in tests with
cosmic muons [17].

5.6 Energy calibration

Energy depositions in ECAL aré measured from charges collected in the front-end electronic
circuits attached to the individual pad storeys and wire layers of the modules. The relationship
between energy deposited and charge collected can only be determined experimentally. The purposes
of the energy calibration procedure are to determine this relationship absolutely for each detector
element, to monitor variations with time, and to correct malfunctioning channels. The procedure
described below refers specifically to the determination of e.m. energy depositions from primary
electrons and photons. Different calibration constants apply to energies deposited by muons or
hadrons. :

The methods of calibration and monitoring subdivide as follows:

a} Absolute calibration from direct measurements with electrons of known energy.

b) Relative calibration both between modules (intercalibration) and between channels within
modules (uniformity mapping). The secondary sources employed are radioactive gas and cosmic
rays.

¢) Short/medium-term drift monitoring using *°Fe test cells (platines).

The relative accuracy of calibration between modules depends on
i) the details of mechanical construction;

il) amplification (or gain) in the Xe + CO; gas layers;

iii) electronic gains of the analogue readout chain, including the front-end circuits and the
digitization system.

5.6.1 Absolute calibration and **Fe test cell monitoring
Direct measurements of the response to electrons (and photons) of known energy between 2 and
70 GeV in the ALEPH test beam have been made with two barrel and four petal modules. These data
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formed the primary source of absolute calibration for all 36 modules before LEP started. The
analysis was restricted to fiducial regions away from edges and the overlapping corner, namely 45° <
§ < 135° for the barrel modules and 20° < # < 35° for the petals. The Xe + CO, gas-gain
conditions were continuously monitored with intercalibrated >°Fe test cells operating from the same
high-voltage supply and setting as that for the anode wire planes.

Approximately 10 x 10 pad towers (300 channels) surrounding the eleciron beam impact point
and all 45 wire layers were read out per event, using a charge integration time of 6 gs. In-burst
pedestals from the same channels were sampled by a random trigger. Running mean values of the last
10 pedestals were used for subtraction from the measured summed tower response. Mean energies
were determined by fitting the observed pedestal-subtracted spectra with a Gaussian, cutting at 2¢
and re-fitting.

The calibration of the pad response to electrons is calculated from the average response to
electrons within the defined fiducial regions using the following linear relationship:

3
E = <—1-) 2. 20 FysRx ~— Py, (10)

Cu/ x=1 i

where
E is the nominal electron beam energy (in GeV);
Chwm is the calibration constant of the module (in pC/GeV);
Fj« is the electronic gain (in fC per count) of the j™ storey in stack k;
sk is the relative depth (in radiation lengths) of a wire layer in stack k (5; :s2: 83 = 1.0:1.0:
1.935);
Rjx and Pjk are the corresponding individual measured response and pedestal values (counts);

The Fi factors are determined by injecting test charges into the summing amplifiers that serve
groups of 32 channels in the pad readout.

The modules were calibrated under slightly different gas-gain conditions. Compensation for this
difference was made using the intercalibrated *°Fe test cells that monitor the mean charge collected
from 6 keV X-rays absorbed in the same gas. The dependence of gas gain on density (i.e. on the ratio
of the pressure to the temperature p/T) follows an inverse power law given by (p/T)™ . The exponent
a has been determined experimentally at the working gas gain as a function of instantaneous
variation in gas pressure at constant temperature. The results are:

a(p/T)e = —5.30 + 0.05 (stat.),
a(p/T)r = —6.84 £ 0.06 (stat.),
a./ap = 0.77 £ 0.01,
where e signifies the electron beam and F the >°Fe test cell dependences. Similar measurements of the

power law gain dependence on the common high voltage applied to the test cell and the anode layers
give the corresponding indices:

B(HV), = 16.2 £ 0.05 (stat.),
BHV)s = 17.6 *+ 0.01 (stat.),
Be/Br = 0.92.
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Applying these corrections to the data gave the comparative electron calibration constants
shown, for a barrel and petal module, in table 12 scaled to the 5Fe test-cell gain of the barrel. The
ratio of the pad calibration constants Ca between the barrel and end-cap modules is larger than
unity, as was expected from the calculated sampling ratios between their passive and active layers.

3.6.2 Relative calibration between modules

Before LEP started, the principal method of intercalibration between modules was the
measurement of response to the radioactive gas **Kr that had been introduced into the Xe/CO, gas
system temporarily. The technique allows the wire response to be calibrated. The wire spectrum from
each layer shows a clear peak at 9.4 keV and a higher-energy plateau extending to 40 keV (fig. 41),
produced by internal-conversion electrons in the gas. The corresponding pad signal shows a broad
peak for those disintegrations in the gas depositing at least 20 keV on the wire.

The anode spectra are recorded: i) for each wire layer (45 spectra), and ii) combined in fayers
1-10, 11-33, and 34-45, corresponding to stacks 1, 2, and 3. These latter three spectra are subdivided
into 4 x 4 tower regions using the pad signal for location (180 regions per petal; 750 regions per
barrel). The upper part of each spectrum is analysed to determine the height of the plateau and the
slope of the steeply falling edge, fromq which the #Kr calibration parameter or ‘value’ is determined
as the half-height point down the falling edge. This point corresponds to a deposited energy of about
35 keV.

The **Kr parameters were determined, for the two modules calibrated during the period of
clectron test-beam running before the start-up of LEP, and are listed in table 12. They are equal,
within errors, after correcting for operational differences of gas gain and high voltage. This result
confirms that the difference in calibration between these modules, for electrons, arise from the
variation in sampling ratios quoted above.

The **Kr radioactive gas technique has also been used to check the uniformity of response over
the surface of a module. Using the wire spectra subdivided into 4 X 4 tower regions, it has been
established that an excellent correlation exists with similarly obtained electron scan data (see fig, 42).

¢) Time drift of gas gain
Owing to absorption of the Xe/CO; gas in the graphite layers of the modules, there is a gradual
fall in gas density (p/T). An experimental fit to the evolution in time t gives

/T =@/ Thil ~0.147( ~ e~ V7)),

where 7 = 44.1 days.

Over a LEP fill-period of ~ 6 hours, the time drift is rather smali (£ 0.6%) for modules filled
with gas for more than one week. Furthermore, the gain drifts can be followed accurately with the
test cells for deviations of up to 10% in gain. In practice, the gain drifts are corrected by injecting
small quantities of fresh gas (= | mb per day and module). Tests have shown that gain stability to
* 1% can be achieved over a 10-day interval.

d} Operation of the whole calorimeter in LEP
Following final installation of all 36 modules, the **Kr radioactive gas technique was employed
to determine the operating conditions required to equalize the summed energy respotise from the

wires of each module. The energy scale was set using the modules calibrated earlier in the test beam
measurement.

This initial energy calibration was subsequently checked as soon as a sufficiently large sample of
electrons from wide-angle e*e™ Bhabha events over the Z° resonance had been recorded in each

2]



module. Combining all these data, it was found that the energy spread for these electrons (Emean =
45.6 GeV) was +5.5%, compared with a Monte Carlo prediction of +3.0%. This additional
uncértainty 1s attributed mainly to systematic discrepancies in setting the relative calibrations, and as
such contributes to the constant term a in eq. (9). The same Bhabha events were used to fine-tune the
relative calibration constants with the result that the energy resolutions ( + AE/E) found for new data
are now consistent with (i) 1.6% + 17%/VE for wires and (ii) 1.7% + 19%/VE for the pads.

5.7 Summary
The essential parameters of the e.m. calorimeter are summarized in table 13.

6. HADRON CALORIMETER AND MUON DETECTOR

The main support of the ALEPH apparatus is a large iron structure which serves both as the
passive part of the hadron calorimeter and as the return yoke of the magnet. The iron is split into
layers between which are placed the active or readout parts of the calorimeter consisting of limited
streamer tubes. Outside this calorimeter structure are two additional double layers of streamer tubes,
well separated so as to give both the position and direction of muons which penetrate the iron.

6.1 Mechanical design
The way in which the hadron calorimeter is subdivided into a centra} barrel and two end-caps
and how this structure fits around the superconducting coil and e.m. calorimeter is shown in fig. 43.

6.1.1 The barrel

The barrel is dodecagonal in shape with each of its twelve modules split into two parts which are
mirror images of each other. One such half module is shown in fig. 44. In depth the modules
comprise 22 iron slabs, 5 cm thick, plus an outer slab of 10 cm. Spacers formed of iron bars are
welded along the edges of the slabs so as to maintain the 22 mm gaps between them. Although these
are necessary for the rigidity of the structure, they do reduce the space available for the streamer
tubes. However this reduction is limited to a loss of only 3.4% of the cover in azimuthal angle. The
first layer of streamer tubes is placed in front of the first iron slab and is kept in position by a thin
aluminium sheet (5 mm) fixed in front of it. Subsequent layers of tubes are placed in each of the
22 gaps between the iron slabs.

The total thickness of iron is 1.2 m, corresponding to 7.16 interaction lengths for a hadron
passing in a direction perpendicular to the slabs. The barrel modules are 7.24 m in length, but as can
be seen from fig. 42 some of the iron is cut away at each end to allow cables from the inner
subdetectors to pass through. In the topmost module of the structure there is an extra hole to
accommodate the piping associated with the superconducting solenoid.

The streamer tubes are made of extruded plastic {PVC). Each tube has a base sheet with nine fins
perpendicular to it forming eight long cells. The internal size of a cell is 9 x 9 mm? and the wall
thickness 1 mm. The inner surfaces of each cell are painted with graphite and a 100 um wire is
positioned on its axis. The wires are soldered to cards at each end; one card distributes the high
voltage but the other just provides mechanical support, there being no direct signal readout from the
wires. Along the length of a cell the wire position is maintained by plastic supports placed at intervals
of 0.5 m.

Signals are induced on electrodes on both sides of the eight-cell unit. The open side of the cells
faces copper pads which are etched on Vetronite sheet with an earth plane on its reverse side.
Twisted-pair cables, one grounded and one connected to the pad, carry away the induced signals.
These are summed from pads in different layers so as to form signals from projective towers which
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subtend an azimuthal angle of 3.7° at the interaction point. Thus each half module of the barrel is
4 towers wide in azimuth. Every tower also has the same width in polar angle and this is ensured by
making the lengths of the pads proportional to 1/[cos*(90° —6)]. Some 2688 towers are fully
contained in the barrel while 768 are in the overlap region between barrel and end-cap. In general, the
pattern of towers matches that of the e.m. calorimeter with about 14 of its towers covered by one
tower of the hadron calorimeter. The distribution of towers is illustrated in fig. 45.

On the other side of the eight-cell unit, aluminium strips, one per cell, are positioned parallel to
the wires. These are used to derive standard logic signals whenever the particular cell fires, This
digital readout provides a two-dimensional picture of the hadronic shower and is also vital to the
process of identifying muons.

Because the barrel modules are trapezoidal in cross-section and the eight-cell units have a fixed
width, it is not possible to completely cover the layers with an integer number of units. To overcome
this, passive spacers are inserted between units in such a way as to spread the sensitive regions within
each layer without allowing the passive parts to line up along possible muon paths.

The streamer tube units are approximately 7 m long and as access is possible at both ends, gas
and high tension are brought in at one end and the strip readout taken at the other. The need to
accommeodate electronics for this latter and also the presence of cables from the inner subdetectors
means that the length of the tubes has to be varied slightly.

6.1.2 The end-caps

The end-caps each consist of six petals, and an example is shown in fig. 46. The narrow end of
the petal has 22 slabs of iron, 5 cm thick, plus a 10 cm slab on the outside; but at the broad end,
where the petal fits with the barrel, the overall number of slabs is reduced to 16. In order to withstand
the large magnetic forces that pull the end-caps inside the magnet, and to maintain the 22 mm spacing
between slabs, five iron bars are welded into each gap. This reduces by 6% the area of the petal that
can be covered with streamer tubes.

Each layer of tubes has to be fitted into the four sections between the iron spacer rods. A section
holds five plastic boxes with a pair of eight-cell units in each. The length of the boxes ranges from
0.4 m to 4.5 m to fit the petal shape. Only the outer edge of the petal can be accessed and so all gas
pipes, and the high tension and signal cables are grouped at that end of the tubes. In each end-cap,
the orientation of the tubes is horizontal for the four petals that have an edge in the horizontal plane
and at 60° to the horizontal for the other two.

At the narrow end of the petal there are 22 layers of tubes and at the broad end 15. Where the
barrel and end-cap overlap, the tower structure is continued across both, but because the petal layers
are subdivided by the iron bar spacers some pads may be split between two sections. When this occurs
the signals from the two parts are collected separately but subsequently added into the same tower
sum, The equal width of the towers in polar angle is sustained throughout the petal, but the width in
azimuthal angle changes on approaching the narrow end. At a polar angle of 34° the width in
azimuth changes by a factor of 2 from 3.7° to 7.5°. At a polar angle of 18° it is doubled again to 15°.
In total there are 2100 towers in the end-caps, of which 768 are shared with the barrel.

6.1.3 The muon chambers

The two double layers of streamer tubes which form the muon chambers are installed outside the
iron. The disposition of these follows the layout of the hadron calorimeter barrel and end-cap
sections, but in addition there are so-called middle-angle chambers placed over the outer edges of the
petals thereby covering the region of overlap between end-cap and barrel. The position and the
azimuthal distribution of all three types of chambers, barrel, end-cap and middle-angle, are shown in
fig. 47.
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The muon chambers do not contribute to the measurement of hadronic shower energy but are
simply used as tracking devices with two coordinates read out from each layer of tubes by means of
strip electrodes parallel and perpendicular to the wires. The former are 4 mm wide with 10 mm pitch
while, in order to obtain a signal of suitable strength, the latter are 10 mm wide on a 12 mm pitch; the
two members of a double layer are offset with respect to each other by half a pitch in both directions
to ensure good efficiency and spatial resolution. The separation between the two double layers is
0.5 m for the barrel and middle-angle chambers and 0.4 m for the end-cap. This enables track
directions to be measured with an accuracy of 10-15 mrad.

6.2 Operation
In this section, the various aspects of the calorimeter operation from the limited streamer tubes
and their gas system, through the readout electronics to the data-acquisition system, are discussed.

6.2.1 The limited streamer tubes and gas system

Streamer or Iarocci [18] tubes are similar in construction to proportional counters, having a
gas-filled tubular cathode with a fine anode wire along its axis, but they operate in a slightly higher
voltage regime. An incident charged particle produces a local avalanche around the central wire, the
size of which is independent of the amount of primary ionization created by the incoming particle.
The standard gas mixture for such tubes is argon (30%) + isobutane (70%) but for underground
experiments such a high hydrocarbon content is deemed unsafe and so ternary mixtures obtained by
adding CO; have been tried. Two that have been tested for the ALEPH hadron calorimeter and
muon chambers are Ar + CO: + isobutane and Ar + CO; + n-pentane. A systematic study [19] of
the influence of gas composition on the efficiency, the distribution of streamer sizes, and the stability
of operation has been carried out. However, the freedom of choice is severely restricted by safety
regulations to those mixtures with at most a 30% hydrocarbon content and to gas systems which do
not use the hydrocarbon in liguid form. The latter restriction eliminates the use of the mixture
containing n-pentane.

For stable and reproducible operation the first requirement is a wide high-voltage plateau
throughout which the process of streamer formation is fully efficient. For fixed hydrocarbon content
the width of the plateau can be effectively controlled by adjusting the ratio Ar/CQ,— the best values
lying in the range 20-40%. Taking account of these restrictions, the gas mixture chosen for the
hadron calorimeter and muon chambers consisted of Ar + CO, + isobutane in the proportions 13%
+ 57% + 30% for which the length of the high-voltage plateau is more than 500 V and after-pulses
contribute less than 10% to the streamer count. The operating voltage is 4250 V and the energy
resolution of 90%/VE is only slightly worse than that attainable with the standard gas mixtures.

The total gas volume of the combined hadron calorimeter and muon chambers is 54 m?, and this

volume is exchanged every two to three days. This implies a flow of about 0.4 m®/h, which is

achieved with a control system capable of delivering up to twice that rate. The flow rates of the
component gases are monitored to an accuracy of + 1% full scale and a reproducibility of +0.2%
with mass flowmeters. The total fluctuation in the charge per streamer due to flow variations within
these limits is expected to be less than 4%

Additional standard ALEPH streamer tubes are incorporated in the gas circuits adjacent to the
control units, and at the entrance and exit of each module, in order to monitor charge spectra and
singles rate plateaux and thereby follow gas-mixture variations. This information can then be used to
correct drifts in the detector calibration.

Gas storage, mixing, and venting is done at the surface and a single pipe carries the mixture
down to the input manifold in the underground experimental zone. As well as feeding the
distribution system, the manifold has a line for gas mixture monitoring and a bypass to the return
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manifold. The distribution system fans out in a tree-like structure; ultimately, the flow through each
branch is equalized by means of needle valves. Flow rates and pressures are carefuily monitored and
the detection of any leakage or overpressure generates an alarm.

6.2.2 The electronics

The hadron calorimeter is the source of three different types of signals; those from the pads,
which are used to measure the energy deposited in the calorimeter; those from the strips, which
provide the pattern of the fired tubes in the event; and those from the wires, which give the energy
deposited in single planes and are used for triggering.

The formation of a streamer avalanche in one of the tubes induces a positive pulse on the pad
electrode facing the open side of the appropriate tube plane. A typical pad pulse has a peak of $ mV
into a 50 Q load, a rise-time of 50 ns, and a fali-time of about 200 ns. Signals from pads in the same
projective tower are summed electronically in so-called mixer boxes, four per calorimeter module,
mounted on the detector. The summed signals are then transported via twisted pair cables to the
counting room barracks where they are fed into FASTBUS ADC units.

An overview of the pad electronics is shown in fig. 48. The pad signals for each tower are
summed in two halves via resistances mounted on the basic mother board of the mixer unit. These
summed signals are then fed via hybrid amplifiers and matched into the long cables to the counting
room through a patch panel. At the input to the ADCs in the counting room a paddle card correctly
terminates the cable and attenuates the signal to within the ADC range which is automatically
selectable at either 200 pC or 1600 pC full scale. For the overall system a typical pedestal distribution
displays a fluctuation of 3 pC, which can be compared with the 280 pC signal given by a muon at
normal incidence to the module.

The formation of a streamer avalanche also induces a positive pulse on the strip electrode
situated on the opposite side of the tube plane from the pads. The characteristics of this signal
depend upon the strip length; a typical pulse has 6 mV amplitude, 10 ns rise-time, and about 50 ns
fall-time. This pulse is converted into a 1 us long digital signal by a hybrid amplifier-discriminator,
the effective input threshold of which can be lowered to 2 mV. This digital signal is latched into one
bit of a shift register. The shift registers from up to 256 channels are chained together and, in order to
speed up the readout, the information from 24 shift register chains is transferred in parallel to an
ALEPH strip readout scanner (ASTROS) situated in a FASTBUS rack in the counting room. An
overview of the digital readout system is shown in fig. 49. The splitter board in this figure acts as an
interface between the scanner module and the 24 shift register chains, fanning out the ASTROS
control signals, the discriminator threshold level, and the low voltage supply. There is also the facility
of setting a mask pattern which enables the selection of specific shift register chains, The ASTROS
modules are controlled by the Hadron Calorimeter Processor (HCP), and in normal data acquisition
the processor initiates a load sequence in which the shift register information is transferred to the
ASTROS for scanning and formatting before being moved to the HCP buffer. The ASTROS can
also test the front-end electronics by loading into and reading back from the shift register chains,
cyclic 24-bit patterns.

The third signal induced by the formation of the streamer avalanche is that on the wire itself and
this can be picked up by appropriate capacitive coupling. The wires of each eight tubes in a plane are
connected in parallel so it is not possible to obtain signals from individual wires. The treatment of
these signals is inextricably linked with the high-voltage system and in fact the distribution boxes
mounted on the detector, as well as fanning out the high voltage, also sum the wire signals from all
the eightfold tubes in a plane, discriminate these with respect to a remotely set threshold, and enable
the pulsing of the wires in a selected plane for test purposes.
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6.2.3 The data acquisition

The layout of the hadron calorimeter data-acquisition system is shown in fig. 50. The system
comprises four coupled pairs of FASTBUS crates, one for each end-cap and two for the barrel, plus a
single FASTBUS crate containing the main hadron calorimeter data acquisition control units, the
Event Builder (EB) and the Trigger Supervisor (TS). The individual pairs of crates are controlled by
an HCP, which is also capable of operating in stand-alone mode. The operational mode of the HCP
is selected by setting its control status registers. By this means it is possible to determine whether the
sequence of acquisition is started by software, as is the case for pedestal measurement or wire pulsing
through the HV boxes for example, or started by the early gated beam crossing puise (EGBX) which
comes from the TS, as in normal data taking.

6.3 Performance

In this section we deal with some aspects of the performance of the hadron calorimeter including
a discussion of its calibration. Details of the results of beam tests on prototype modules of the barrel
and end-caps have been published elsewhere [20].

6.3.1 The analog signals

After pedestal subtraction the signals from the towers are summed to give the total charge
collected in association with an incident particle. Such charge distributions for 20 GeV pions and
muons are shown in fig. 51. These results come from test-beam measurements, and also shown in the
figure are the charge response and resolution as a function of energy for pions. The gas used in this
case was Ar + CO; + n-pentane, but as mentioned above the resolution obtained for the ternary
mixture containing isobutane is only slightly worse, The calibration factor is (155 + 2) pC/GeV. The
angle of incidence of the test-beam particles was 30° to the normal and this leads to a slight decrease
in the resolution, which is due to the effective increase in the thickness of iron traversed and the
consequent poorer sampling of the shower. Comparison with test-beam measurements on electrons
produced a value for the visible energy ratio for electron to pion of 1.33 + 0.04.

The rise-time of the pad signal is about 50 ns and, although signals from individual streamers
arrive at different times, this spread is small and the large number of streamers involved means that
the time response of the calorimeter to high-energy hadrons is fast with an event-to-event fluctuation
of only a few nanoseconds. Thus the calorimeter signals are well suited for triggering the experiment
on hadrons and muons and this is discussed below in the section on the trigger.

6.3.2 The digital signals

Typical patterns of fired tubes produced by the strip digital readout of the calorimeter for single
pions, muons, and electrons of 10 GeV energy are shown in fig. 52. As can be seen the different cases
are quite distinctive. For planes which are hit the average number of strips fired for an orthogonally
traversing muon js 1.6. This is due partly to &-ray production and partly to the strip on one tube
picking up the signal from an adjacent tube. The average total number of hits per muon varies from
32 to 40 for angles of incidence ranging from normal to 40° to normal. At low energy pion showers
give 5.5 + 0.8 hits per GeV and, if the energy is lower than about 5 GeV, then measuring the energy
by counting the number of hits gives a better resolution than using the analog signal.

6.3.3 Calibration

‘There are two aspects to the calibration of the hadron calorimeter. One has to do with equalizing
the response of all towers and the other involves the overall calibration constant, in pC/GeV, and its
monitoring during data taking.
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Under the first is included correction for the various insensitive regions which arise because of
spacers and the gaps through which cables pass. Also included are the two effects which depend upon
the angle of incidence of the particle. One is that the effective thickness of jron increases with angle
as the particle direction moves away from normal incidence and the resulting coarser sampling leads
to an undermeasurement of the energy. The second angular effect is due to the increased number of
streamers per plane as the obliquely incident particle passes through more tubes in each layer. These
effects have been studied in a test beam with both pions and muons, and for different angles and
configurations, including the region of overlap between the barrel and end-cap.

The tower-by-tower correction factors have been determined using the full simulation of the
ALEPH detector in the Monte Carlo program GALEPH and their values checked against the
test-beam measurements. Satisfactory agreement has been obtained and the full set of factors
installed in the HCP memory so that raw data are corrected to uniform response before being sent to
the reconstruction program JULIA.

Studies in the test bearn have shown that the total charge collected per muon does not depend
upon energy, provided that full penetration of the module is ensured (p, > 5 GeV/c). For normal
incidence a muon produces 21 streamers on an average and a signal equivalent to a pion of 2.7 GeV
energy. Thus for example, on an average, 10 GeV pions produce 78 streamers. In the underground
experimental zone a cosmic-ray muon rate of 1 Hz gives a continuously available source for use in
dedicated calibration runs of the calorimeter. '

During the data-taking runs, variations in the calibration factor due to changes in the gas
composition or ambient temperature and pressure are monitored with control tubes installed in the
gas lines of each module, two in front and two behind. A collimated strontium source produces
electrons which pass through the first tube into the second. Signals from the second are used as
trigger in collecting the pulse-height spectrum of the first. An extensive comparative study using a
test beam and cosmic-ray muons has indicated that the stability of the control tubes is sufficient to
hold the calorimeter calibration to better than 2%,

As a summary to this section, the main parameters of the hadron calorimeter and the muon
detector are listed in table 14,

7. LUMINOSITY MONITORS
7.1 Design considerations

The luminosity is determined from the rate of Bhabha events at small scattering angles. In this
kinematic region, the interference between y and Z° is almost negligible and the cross-section is well
known from QED. The differential cross-section for small scattering angles 8 is, in lowest order of o
do _ 4o’ (he)?

o E2 ¢

where E is the electron energy.

The luminosity monitor is designed for a systematic uncertainty of about 2%, so that the error in
the annihilation cross-section will not be dominated by the uncertainty of the luminosity. Such a
precision can be obtained with detectors in which the scattered electron and positron are measured in
coincidence on both sides of the interaction region. A precise measurement of angles, especially of
polar angles, is necessary since the Bhabha cross-section is a steep function of the scattering angle, A
good determination of the energy of the electron and positron is needed for their identification and
for background rejection. These measurements are done in two instruments: the -luminosity
calorimeter (LCAL) and the luminosity tracker, also called the Small Angle Tracking Device
(SATR). A combination of one tracker and one calorimeter, representing one half of the main
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luminosity monitor (fig. 53) is situated on each side of the interaction point, roughly atz = +2.7m
and z = —2.7 m. For polar angles between 55 and 90 mrad the measured electrons or positrons first
go through the tracker, which is an arrangement of drift tubes, then into the calorimeter, a sandwich
structure of lead and proportional tubes very similar to that of ECAL,

The tracking device accepts electrons and positrons with polar angles between 40 and 90 mrad,
LCAL those between 45 and 155 mrad. They overlap between 45 and 90 mrad.

At a luminosity of 10*! cm™2 5™, the luminosity calorimeter counts Bhabhas at a rate of 0.3 Hz,
similar to the total rate of resonant Z’s in the ALEPH detector.

In order to provide a fast relative luminosity measurement, we have installed a Bhabha Calo-
rimeter (BCAL) at very small angles (fig, 54). It counts Bhabhas at a rate 20 times higher than the
main luminosity monitor, and consists of a system of four small calorimeters located pairwise —at
z = +7.7m and —7.7 m, behind the low-8 quadrupoles—having a minimum detection angle of
5 mrad.

7.2. The small-angle tracking device (SATR)
7.2.1 Mechanics

The complete tracking device consists of thirty-six half planes of drift-tube chambers which are
arranged in four quarter detectors, two quarters to be mounted on each side of the interaction point,
One half plane is made of four 45° sectors, each of which contains fourteen drift tubes (fig. 55). The
nine planes of one guarter detector are rotated by 15° with respect to one another to avoid dead
zones. Because of the 45° degree modularity of the sectors, there are three sets of planes with
different wire orientation. Planes within one set (i.e. numbers 1, 4, 7; 2, 5, 8; and 3, 6, 9) have the
same position in azimuth,

The individual drift cells forming one 45° sector are made from brass tubes with a square
cross-section of 9.95 x 9.95 mm? outer dimension and a wall thickness of 300 um. The positioning of
the 25 pm anode wire is guaranteed by notches cut in precison epoxy supports.

The amount of material in front of the luminosity monitor varies between 14% and 7.3% of a
radiation length in the angular range from 40 to 90 mrad.

7.2.2 Electronics

The anode signals are amplified and then digitized in a 10-bit TDC with a precision of 1 ns.
Because of space limitations for preamplifiers at the detector, some pairs of wires are ORed into one
preamplifier. For the 2016 wires, there are 1152 readout channels, each equipped with a TDC. The
digitized information is read out through buffer cards into an event builder (EB). The readout from
the event buiider follows, as for the other subdetectors.

7.2.3 Performance

The detector is operated with a gas mixture of Ar(90%) + COx(10%) and 1% isopropanol. The
spatial resolution of the single drift cell was found to be (320 = 20) um, which leads to an r.m.s.
error of the track polar angle of about 0.08 mrad. Accordingly, the azimuthal resolution of the entire
chamber was found to be about 13 mrad. The latter values correspond to an r.m.s. of the fitted track
position of 200 gm in the radial direction and 2 mm in azimuth, The overall reconstruction efficiency
was determined to be 99%.

The final alignment of SATR is done with the Bhabha events. An uncertainty in the inner radius
of the SATR acceptance of 0.1 mm results in a 0.25% error in the luminosity.

The main parameters of SATR are given in table 15,
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7.3 The leminosity calorimeter (LCAL)

The luminosity calorimeter is a lead/wire-chamber sampling device of 24.6 radiation lengths
nominal thickness. It is placed around the beam pipe on both sides (upstream and downstream) of
the interaction region; the first sampling layers are at z = +266.8 cm and z = —266.8 cm from the
nominal interaction point. The sensitive area is shown in fig. 56.

The total energy and the position of the e.m. showers are measured using small (~ 30 X
30 mm?) cathode pads. The cathode pads are connected internally to form ‘towers’ pointing to the
interaction point. Each tower is read out in three sections in depth (‘storeys’) corresponding to the
first 4.77Xo, the middle 10.6Xo, and the last 9.25X,. There is a total of 38 sampling layers: 9 in the
first storey, 20 in the second, and 9 in the third. The lead sampling thickness is 2.8 mm in storeys I
and 2, and 5.6 mm in storey 3.

7.3.1 Mechanical design

The LCAL is made up of four semicylindrical modules, with a hole for the beam pipe. The outer
radius is 52 cm and the inner radius is 10 cm. The length of a module is 45 cm. On each side of the
vertex, a pair of modules occupies the region between the beam pipe and the end-cap of ECAL. The
mechanics and the electronics of LCAL have been designed in such a way that they are nearly
identical to those of ECAL. The differences are mainly those dictated by the geometry and the
available space.

The sampling layers are accurately positioned by two bronze dowels, 40 mm in diameter, passing
through precision holes in the layers and supported by the front-plate and end-plate. The difference
between the diameter of the hole and that of the dowel is 80 um.

7.3.2 Wirelayers

Each layer has 112 gold-plated tungsten wires, 25 pm in diameter and with a 5 mm pitch. The
wires run parallel to the ALEPH y-axis, nearly vertically. Wires of a length less than 200 mm have
been omitted from the construction. The wires lie in grooves in an Al extrusion. The positioning of
the wires is controlled by 3 mm wide Noryl wire supports running orthogonaily to the wires.

7.3.3 Cathode layers

Each lead layer is a laminate of lead, plastic, graphite, and 1.0 mm thick printed-circuit board.

The cathode pad pattern is like that of a chess-board, with square pads varying in size from
28.6 x 28.6 mm?” in layer 1 to 31.8 x 31.8 mm? in layer 38. The edges of the pads are parallel and
orthogonal to the wires.

For reasons of economy, the pad boards are made in multiples of 5, 6, or 7. The pad boards in
layers 1 to 6 are identical, and so are those in layers 7 to 13, 14 to 20, 21 to 27, 28 to 32, 33 to 38. This
gives an overlap region in the borders between towers, with an average maximum size of about
+2 mm, which is small compared with the width of the showers.

The error on the relative positions of the cathode pads inside a layer is 120 um. The expansion
due to an increase in temperature of 2°C, contributes 25 um to this error. The positioning of the
detector layers is fixed by means of steering pins that go through precision holes drilled in the
printed-circuit board and the lead sheets. The holes in the lead sheets are positioned accurately with
respect to the precision dowels that carry the stack. The position of the supporting holes for the
dowels in the front-plate and end-plate is given by reference marks on the plates. In this way the
average x and z positions of the pads will be known with an accuracy of 140 pm with respect to the
centre of a pair of modules. The survey, together with the construction accuracy, determines the
overaH position of a pair of modules with a precision of 0.25 mm in each direction.
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7.3.4 Signal readout

In addition to the analog signals from each tower storey, an analog signal is available from each
wire plane (38 planes per module). These signals are used in testing and calibrating the modules, but
can also be used in the analysis. The total number of cathode channels read out is 4608. These are
multiplexed at two levels: i) at the front-end amplifiers placed in boxes on the calorimeter modiuiles,
where summing amplifiers sequentially read out 32 front-end Sample and Hold amplifiers; ii) at the
FASTBUS analog-to-digital converters (MUX~ADC) where ecach group of eight input signals are
multiplexed together. FASTBUS sequencer cards give the necessary switching sequences for both
operations. A double-gain system is used (x 1 and x 8 signals sent from the front-end sums) in order
to obtain a 16-bit dynamic range from 12-bit successive approximation ADCs. A zero suppression at
10 counts is performed at the MUX-ADC level. Calibration-constant corrections are performed by
the readout controllier (ALEPH EB). The electronics system is almost identical to the one used in
BCAL as described in section 5.4.

7.3.5 Gas system

The calorimeter operates at approximately 60 mbar above atmospheric pressure with a
Xe (80%) + CO2 (20%) gas mixture. The gas circulates in a closed loop for each module (at constant
volume and pressure, hence constant density) in order to maintain constant gas amplification. LCAL
is supplied from the ECAL gas system which is discussed in section 5.3.

7.3.6 Energy calibration
The calibration system for the detector is similar to that used for ECAL. The calibration factors
used are as follows:

- A calibration factor which translates ADC counts in GeV, and which depends on time and on the
module number. It is determined from test-beam data and updated using selected e*e~ events.
Typical values for the calibration factor are 4.8 MeV per count for storeys ! and 2, 9.6 MeV for
storey 3, and 0.3 MeV per count for wire planes. The precision is limited by statistics and is
estimated to be better than 2% for each run. The calibration factor is applied on-line and corrected
off-line. In addition, the gas gain fluctuations are monitored by a **Fe test cell mounted on each
module as described in subsection 5.6.1. This factor is applied off-line.

- An electronic gain factor depending on channel number resides as a table in the EB and is only
used on-line.

- A pedestal depending on the channel number and the time. It is updated dayly and resides as a
table in the EB.

7.3.7 Summary
The main characteristics of LCAL are listed in table 16.

7.4 The very small angle luminosity monitor BCAL

The main goal of BCAL is to provide an on-line monitoring of the relative LEP luminosity, so
that it is available to the persons on shift. The measurement is achieved by a system of four
calorimeters (described below), which detect very small angle Bhabha events with an expected rate of
5 Hz at 10*! ¢m™? s™! Juminosity, 20 times higher than that of the main luminosity monitor. A
statistical precision of 5% can thus be achieved in 1.3 min of monitoring time at the above
luminosity.

The four monitors that make up BCAL are located on each side of the beam pipe in the (x-y)
plane (fig. 54) and on each side of the interaction point (fig. 57). The beam pipe is elliptical in the
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region from 7.66 m to 7.91 m in z, so as to place the monitors as close as possible to the beam line.
The active area of the counters starts at 6.5 cm from the beam.

The superconducting (mini-beta) quadrupoles located in the region 3.7 m < z < 5.7 m defocus
Bhabha electrons and positrons going towards the monitors from the interaction point, so that the
effective minimum production angle seen by the monitors is fyroa = 5.1 mrad. On the other hand,
beam-pipe elements before the monitor region define a window in such a way that the maximum
acceptance angle in the x-z plane is fp0a = 12 mrad. In the x-direction this translates into an
acceptance which is fess than 2 cm wide.

7.4.1 Design

Each of the four counters consists of a sampling calorimeter made of tungsten converter sheets
interspersed with sampling layers made of plastic scintillator and a plane of vertical silicon strips, as
described below. The overall shape of the calorimeter is that of a rectangular box, 3 cm X 5 ¢m X
14 cm. The first tungsten layer is 4 radiation lengths thick (the radiation length for tungsten used in
BCAL is 3.8 mm); this thickness is needed to protect the sampling layers from the high flux of
synchrotron radiation photons. The next nine tungsten layers are each 2 radiation lengths thick. The
ten sampling planes are made of 3 mm thick scintillators read in pairs by small 1 cm diameter
photomultiplier tubes. A plane of vertical silicon strips (40 strips: S ¢cm long, 0.5 mm pitch, and
300 pm thick}) is located after the first 8 radiation lengths. Finally, a thick plate of tungsten, 6
radiation lengths, protects the sampling planes from synchrotron radiation photons entering the back
of the calorimeter.

The main properties of BCAL are summarized in table 17.

7.5 Acceptances
A comparison of the geometrical acceptance of the three luminosity monitors is given in
table 18, and a two-dimensional representation is shown in fig. 58.

8. THE TRIGGER SYSTEM
8.1 The trigger scheme

The ALEPH trigger system is designed to accept all genuine e*e” interactions. Given the
luminosity of LEP and the corresponding event rate, no specific type of physics events needs to be
selected —the trigger must only reduce the background to a manageable level, i.e. the frequency of
triggers must be small enough to be acceptable for gating the TPC and to cause only minimal
dead-time in the data acquisition.

The trigger scheme has to be rather flexible, since the properties and the rate of the background
are not well known a priori. As experience shows, background conditions are unstable during fills
and may vary with changes of parameters in the LEP storage ring. The main background for the
trigger comes from beam-gas interactions and off-momentum beam particles hitting the edges of
collimators or the vacuum chamber at, or in the vicinity of, the detector.

Signals from different ALEPH detector components allow for a variety of triggers which
together cover all possible types of events. The basic philosophy for the design of the individual
triggers was to be sensitive to single particles or single jets.

The ALEPH trigger system is based on three levels of refinement:

1. the Level-1 trigger, with a decision within about 5 us (compared to 22 us between two beam

crossings),

2. the Level-2 trigger,with a decision within about 50 s,

3. the Level-3 trigger, which is applied only after the readout.
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The overall requirement for the trigger system is not to exceed the rate acceptable for data
writing, i.e. 1-2 Hz. The Level-1 trigger initiates the event digitization. To keep the space-charge
effects in the TPC small, the trigger rate should be at most a few hundred hertz. The Level-2 trigger
refines the Level-1 track triggers and checks for the presence of charged-particle trajectories in the
TPC originating from the vertex region. In case the Level-1 decision cannot be confirmed, the
readout process is stopped and cleared. The maximum trigger rate allowed for Level 2 is about 10 Hz.
The Level-3 trigger, which has access to the information from all detector components, identifies
genuine e*e” interactions, separates them from background triggers, and validates them for
recording on the storage medium.

As we will describe below, the excellent running conditions of the LEP machine from the
start-up have led to Level-1 trigger rates of the order of 0.5 Hz at luminosities of 10°° cm~2s™ 1,

8.2 The Level-1 trigger

Four detector components play a major role in the trigger scheme: ITC, TPC, ECAL, HCAL.
They cover the same solid angle of almost 4x. In the case of ECAL and HCAL, signals from the
wires and from the pads, forming projective towers, are available.

The signal sources are grouped into 60 logical trigger segments for the HCAL and ECAL, as
indicated in fig. 59, where the limits of the projective segments are shown on the outer surface of the
hadron calorimeter. The subdivision follows closely the structure of the electromagnetic and
hadronic calorimeters. In particular, the barrel section retains the subdivision into 12 segments of 30°
in azimuth. The end-caps of both calorimeters are divided into 6 segments of 60°. The subdivision in
polar angle is slightly more complex, because the size of segments decreases towards the incoming
beams. A particular region is the junction of barrel and end-cap. In order to obtain the segmentation,
signals from different modules have to be mixed, This can be seen from fig. 59, where the segment
limits in polar angle are indicated.

In addition L.CAL tower signals are used to trigger on forward Bhabha events in order to
monitor the e*e™ collision rate. These signals are grouped into 24 trigger segments.

The trigger electronics (fig. 60) sums the multitude of analog signals arriving from the
calorimeters to obtain segment signals. Each of these sums is sent to four discriminators with
remotely adjustable thresholds, so as to yield four YES/NO signals per trigger segment. The resulting
digital signals are ordered into arrays of 60 bits. They are then fanned out to be available for the
formation of physics triggers. In addition, a total energy signal is formed as well as energy signals for
the central part (the barrel) and the two end-caps separately.

The analog sums at the discriminator inputs are digitized in ADCs and are read out together with
all digital signals from the discriminators to monitor the performance and the efficiency of the
subsequent physics trigger.

The layout of the various detector components provides different granularities to be used for
triggering, i.e. segment, module, and totat-energy signals. For the formation of physics triggers, the
following source signals from the different detector components can be used:

- HCAL towers: 60 segments;

- HCAL wires: 24 direct module signals; or mapped onto 60 segments;

ECAL towers: 60 segments;

ECAL wires: 36 direct module signals; or mapped onto 60 segments;
ITC pattern: track candidates in 60 ¢ segments;

TPC pattern: track candidates in 60 #-¢ segments;

LCAL towers: 2 X 12 overlapping segments.
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A particular physics trigger (up to 32 can be defined) is obtained by establishing the trigger
condition first in each segment and then ORing the segments. All these triggers are finally ORed to
deliver a global Level-1 YES/NO decision.

8.3 The Level-2 trigger

The second-level trigger is based on hard-wired processors which look for tracks in the TPC
from the beam intersection region [21]. As the lower transverse momentum limit set by the ITC in the
first-level track trigger is 1 GeV/c, and as these tracks are essentially straight in the r-z plane in the
TPC, the processors look for tracks in that plane. Tracks found by the second-level processors set
bits in the 60-bit segment mask, and the second-level track trigger decision is made by replacing the
ITC mask with the TPC mask.

Signals for the second-level trigger are provided by 1152 special pads situated between the rows
of standard pads. There are eight trigger-pad rows in the inner zone and eleven in the outer zone
where each trigger pad is 6 mm wide and covers an arc of 15° in ¢. Signals from the trigger pads are
amplified and shaped, using the standard TPC devices, before discrimination. The measured pad hit
efficiency is greater than 99% and the timing jitter is equivalent to less than 4 mm r.m.s. in z.

The timing constraints on the second-level trigger are governed by the TPC drift time and the
ECAL clearing time, which total 61 ps. For the case where the second level rejects a trigger, the
experiment has to be ready to accept the third bunch crossing after the trigger, i.e. at 67 us. The
second-level decision to reject a trigger must therefore be made and broadcast to all parts of the
experiment within about 6 ps of the end of the TPC drift time. To achieve this, the data are processed
as they arrive during the drift-time period.

Twenty-four processors are used to search independently for tracks in six ¢ sectors in two radial
zones of each end-plate. Processing of most events is completed before the end of drift, and a vertical
track at the HV membrane is processed within 2.25 ps.

8.4 The Level-3 trigger

The third-level event selection is performed by an analysis process running within the data
acquisition before the data are recorded. It acts on the complete set of digitizations of events passed
through trigger levels 1 and 2.

In order 10 cope with the rate at which these events arrive, several copies of the process may be
running in a battery of independent computers to which events are distributed in a round-robin
fashion (the ‘ALEPH event processor’).

The event processor is located in the data-acquisition system at a place where all digitizations of
an event are available, Parts of the final event reconstruction can therefore be anticipated in order to
obtain sharper selection criteria as compared with the previous fast hard-wired triggers. In the design
of the programs, emphasis has been put on high efficiency for pattern recognition and low CPU
requirement, rather than on excellent reconstruction precision. Therefore, the need for high-level
calibration of analog signals is avoided as much as possible. Reconstruction is done oniy for the parts
of the detector showing activity to the Level-1 and Level-2 triggers; processing is stopped as soon as
sufficient information on the good quality of a trigger is gathered. No effort is made (so far) to
explicitly identify ‘false’ triggers in order to reject them, the reason being that genuine e*e™ events
may be overlaid with background signals and could be lost with an unpredictable rate.

8.5 The trigger performance

In the following, the physics triggers which were used in the 1989 runs, and the performance of
the trigger will be discussed. |

Annihilation events are triggered by two independent sets of Level-1 triggers:
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1. Triggers based on the information from the ECAL wires and the ITC:

a) total energy greater than 6.5 GeV in the central region (the barrel),

b) total energy greater than 3.8 GeV in either of the two end-caps,

¢) total energy greater than 1.6 GeV in both end-caps in coincidence,

d) ITC-ECAL coincidence, requiring a track candidate in the ITC (at least five out of eight
planes fired) and an energy of at least 1.3 GeV in an ECAL module in the same azimuthal
region,

with the additional coincidence requirement that the analog sums of the odd- and even-numbered
wires planes both exceed half of the above-mentioned energies. This condition, together with the low
electronics noise, allows to trigger on thresholds of few hundred MeV with acceptable trigger rates.

2. A trigger based on an ITC-HCAL coincidence, for penetrating particles, requiring a track
candidate in the ITC and 4 out of 12 double planes of HCAL tubes in the same azimuthal region.

Luminosity (Bhabha) events are triggered also in different ways using LCAL tower signals:
1. a coincidence of 20 GeV deposited in an azimuthal segment on one side, with 16 GeV
deposited on the other side, without azimuthal correlation requirement;
2. asingle-arm requirement of 31 GeV deposited on either side;
3. prescaled single-arm triggers with 16 and 20 GeV thresholds to provide an estimate of the
beam-related background.

In general, events were triggered by more than one trigger. Thanks to this redundancy, the
trigger efficiency could be easily measured and was found to be 100% for hadronic Z° decays, close
to 100% for leptonic Z° decays, and 99.7 + 0.2% for Bhabha events.

As already mentioned, the overall trigger rate was 0.5 Hz for a typical luminosity of
10°° em~? s™'. Despite the simple trigger requirements and the very low thresholds used, the data
sample is strongly enriched in physics-related processes. In a sample of 538,472 triggers, taken at
energies at, or close to, the Z° mass, we found about 28,592 hadronic Z° decays and 52,669 Bhabha
events. The rest stems from beam-related muons (generated by beam-collimator interactions),
beam-gas interactions, off-momentum electrons, cosmics, and finally electronic neise (mainly in the
ECAL module trigger).

Additional triggers can be formed, such as:

- energy of at least about 1 GeV in an ECAL module without the coincidence requirement
with the ITC (neutral electromagnetic trigger),
- trigger on HCAL towers and wires (neutral hadronic trigger),
- pure track triggers using the ITC (TPC).
Once higher luminosities are achieved, or if worse beam conditions occur, the triggers can be based
on finer granularity (segments).

Under standard running conditions, 20% of Level-1 triggers are track-only triggers. Level 2
removes 75% of these, primarily beam-gas interactions, and reduces the track trigger proportion to
approximately 6%.

The Level-3 trigger is tested and will be used for the 1990 runs.

9. DATA-ACQUISITION AND EVENT RECONSTRUCTION
9.1 Requirements

The modular structure of the detector requires & modular structure of the data-acquisition
system and determines the way in which the various components are brought together. At the
beginning of the design phase, it was decided that each subdetector group needs some autonomy, not
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only during the development phase but also whilst bringing the complete detector into operation and
whenever parallel activities are appropriate, for example during debugging or for calibration runs.
Apart from small changes and some extensions, the system follows the guidelines given in ref. [22].

9.2 Readout architecture

The architecture adopted is a tree-like structure with a strong hierarchy (fig. 61). Following the
data and/or control flow from the bunch crossing of the accelerator down to the storage device, we
find the components that are listed below (figs. 61 and 62).

a) The Timing, the Trigger, and the Main Trigger Supervisor synchronize the readout electronics to
the accelerator and inform the Readout Controllers (ROCs) about the availability of data. They
also keep track of the proper protocol and synchronization of all controllers, and measure the
dead-time of the experiment. The task of the Fan In/Out (FIO) units is to fan out timing and
trigger signals to the ROCs and to combine BUSY and ACK signals from the ROCs, the logical
function being programmable via look-up memories.

b) The ROC:s initialize the front-end modules, read them out, format the data into standard banks,
do first calibrations.

¢} The EBs build a subevent at the level of each subdetector, do formatting if needed, and provide a
‘spy event’ to a subdetector computer.

d) The main EB (MEB) collects the pieces of an event from the various EBs, and ensures
resynchronization and completeness. ’

¢) The Event Processor, also called the ‘Level-3 trigger’, is a facility for refined data reduction.

f) The Main Host and subdetector computers. The main machine collects all data for storage,
on-line analysis, event display, etc. It also provides the common services. The subdetector
computers get the ‘spy events’ and perform the monitoring of the large subdetectors (TPC,
ECAL, HCAL). During the stand-alone activities of these subdetectors, they are used as the
‘main machine’.

g) Event Reconstruction, which is normally done ‘off-line’ in a computer centre. Preference was
given to a solution where the event reconstruction would be done ‘quasi on-line’ at the
experiment.,

The functionality of all major system components, the protocols for data transfers, the handiing
of control signals, and the procedures for handling errors were defined before the components were
built. A full 32-bit architecture was used throughout the complete data-acquisition chain knowing
that the system would grow in the future. A single family of machines is employed.

The readout protocol devised for this system imposes a strong hierarchical control over the flow
of data. Processing elements follow the principle of being a Master towards the detector and a Slave
in the downstream direction, towards the main computer (fig. 61). This principle allows a missing
processing element to be skipped by joining its input and output and by transferring the function to
the next higher layer. It also means that there is no communication between compoenents on the same
readout level.

Another feature of this scheme is that multiple parallel data streams can be established, thus
optimizing the processing and buffering to equalize the data flow. Synchronization on the detector
side is achieved by connecting all ROCs to the same timing signals. On the host computer side, this is
done by using an event-building stage that accepts only data belonging to the same event. Spy
channels have been added to allow data handling in parailel with the main data stream.

Another key feature of the readout architecture is called ‘partitioning’; this permits any subset
of the data-acquisition system to be configured such that it can function independently of the rest of
the system. This is achieved by allowing the selection of any combination of ROCs to take part in
data-taking (fig. 62) and is implemented by programming the FIO units such that only those RGCs
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contained in the partition receive the trigger signals. This partitioning scheme is presented in detail
elsewhere [23].

9.3 Implementation of the architecture

Figure 63 gives an overview of the entire readout system. A number of standards have been
chosen for implementing the architecture. We use almost exclusively FASTBUS for data acquisition,
apart from some small amounts of CAMAC and NIM units. The VME standard is used only for
some communication equipment, A sophisticated FASTBUS database is used to keep track of the
detector configuration, and to define devices, segments, routing tables, broadcast trees, service
request routing, and so on. It is also used to initialize the system.

For embedded processors, the 680x0 family of microprocessors was selected with one exception
(bit-slice processor). They run the OS-9 operating system and have a connection to thin-wire
Ethernet. The network connection was originally introduced to provide a secondary path to
the processing nodes. System-wide microprocessor support and data-acquisition control has
_ been established with a centralized OS-9 disk server, a remote log-in facility, and task-to-task
communication with the host computers [24].

The last major component of the system is a VAX cluster, consisting of four Bl-based machines,
one VAX 8700 serving as the main data-acquisition computer and supporting most of the services,
and three VAX 8200/8250 machines used by the larger subdetectors TPC, ECAL, and HCAL. These
machines have their own connection to FASTBUS via an optical link [25] bridging the distance of
400 m to the first FASTBUS equipment, where a high-performance interface [26] developed for
ALEPH is attached to an EB [27]. Figure 64 shows the central FASTBUS crate and its dual data path
to the main VAX; one path provides the readout, the other serves as a direct general interface to the
FASTBUS system. The real-time performance of the VAX 8700 has been boosted by adding the
‘Event Processor’, which consists of 11 real-time front-end microVAX CPU cards residing directly
on one BI bus. The data from the MEB are routed under the control of one control processor
directly, event by event, to one of 10 data processors. Events passing this filter are moved to the
memory of the VAX 8700 for subsequent treatment and storage [28]. Some 20 VAX work stations
are connected via Ethernet to the same cluster, and all machines share the disk and tape drives. Data
are divided between all CPUs in the main cluster via disk-based global sections; synchronization is
achieved using the distributed lock manager.

The above choices leave us with only two CPU architectures: 680x0 and VAX. The number
comnversion is done at the boundary between the two systems. In the case of FASTBUS, the
contversion takes place inside the FASTBUS-to-VAX interface. For Ethernet, the conversion could be
done on either side.

9.4 Data reduction

The reduction of the raw-data volume is achieved simultaneously with two methods: i) by
decreasing the rate with the help of the trigger; ii) by compacting the data through ‘zero suppression’
and on-line calibration. .

Starting from a bunch-crossing rate of almost 50 kHz, the Level-1 trigger will generate rates of
less than 500 Hz, The decision time is less than 5 ps, which means that there is no dead-time. With
each Level-1 YES decision, the data conversion in the front-end modules (ADCs, TDCs, etc.)
proceeds. At the end of the TPC drift-time, a Level-2 trigger based on TPC track information is
available. The decision time is 45 ps, enough to match the TPC drifi-time, and short enough to miss
only the next bunch crossing. With a Level-2 NO, data conversion is aborted, and the trigger is ready
for the fourth bunch crossing. The Level-2 trigger leads to a trigger rate of less than 10 Hz. This
frequency determines the data collection rate. The last step in rate reduction takes place in the Event
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Processor, where one hopes to distinguish real physics events from background events by comparing
the information from the trigger system with the event data. This last stage should bring the rate
down to the rate of interesting collisions (~ 1 Hz).

Reducing the data volume per event is equally important. The first and most effective measure is
the ‘zero suppression’. For the bulk of the readout channels, this is done in the hardware by
comparing the measured analog value with a preloaded threshold. For digital channels, the addresses
of the channels hit are recorded. The next step takes place in the readout controllers, where
formatting and calibrations are done. This does not necessarily reduce the amount of data, but
greatly reduces the computing time needed later. It should be noted that the raw computer power
embedded in the electronics is of the order of 100 Mips, and exceeds by far the power of the on-line
computers. The event building does not reduce data, but data consistency checks are done.

9.5 Performance

The system was exposed to real data for the first time during the pilot run in August 1989. The
LEP machine started with low luminosity, and the background conditions were much better than
expected. As a result the Level-1 trigger rate (~ 1 Hz) was much lower than had been predicted. On
the other hand, the average event size is about five times higher, ranging from some 30 Kbytes for
random triggers to several 100 Kbytes for Z° events. Once all data reduction algorithms have been
applied, we expect the event size to be significantly smaller.

The Level-2 trigger was tested and commissioned during the first data-taking runs and was fully
operational (i.e. rejecting events) during the final running period of 1989. The Level-3 trigger has
been fuily commissioned under real data-taking conditions but has not yet been used to reject events.
The overall performance of the system has met the design goals and, with the integration of the
Level-2 and Level-3 triggers, the system is able to cope with the data rate expected at full LEP
luminosity.

9.6 Event reconstruction

The event reconstruction is not done off-line in a computer centre, but by coupling a dedicated
computing system, the ALEPH Event Reconstruction Facility [29] to the main data-acquisition
computer through shared disks (Fig. 65). A microVAX 3600 serves as host for a Local Area VAX
cluster of diskless VAX station 3100 CPUs, and controls three dual-ported RAS0 1.2 Gbytes disks,
where the second port is connected to the data-acquisition VAX cluster via an HSC50 controller. The
disks are alternatively mounted on both systems under software control, and raw-data files written to
a disk by the data-acquisition are made available to the Event Reconstruction Facility shortly after
the end of the run. _

A preliminary scan of the data is performed by the microVAX in order to produce an Event
Directory containing the address of each event within the file, as well as constants for the
reconstruction program. Contiguous subsets of events are then assigned for reconstruction in each of
the VAX work stations in parallel, exploiting the fact that events are independent from one another.
Each of the 12 processors runs a full operating system {(VMS) and the full ALEPH reconstruction
program. The event subsets are efficiently accessed by using random access to the disk over Ethernet
based on the addresses in the Event Directory, a feature built into the reconstruction program and
widely exploited in the off-line analysis environment as well. Custom-tuning of the operating system
parameters provides refatively high input/output bandwidth over the Ethernet (500 Kbytes/s) and
results in high CPU utilization efficiency (98%).

The results of the reconstruction are written by the processors to separate disk files, which are
joined into a single file on the microVAX. The order of the events on output is preserved by
construction. The reconstruction output files are immediately transmitted to the off-line computers
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construction. The reconstruction output files are immediately transmitted to the off-line computers
through a Vitalink bridge, which interconnects the Ethernet of the reconstruction system and the
CERN computer center. The protocols used are TCP/IP to the CERN IBM system and the
Distributed File System for the ALEPH off-line VAX cluster, both with speeds in the 70 Kbytes/s
range. The reconstruction output is stored on large disk subsystems and written to magnetic
cartridges for distribution to participating institutes within 24 hours of data acquisition.

10. INITIAL PERFORMANCE OF THE DETECTOR AT LEP

Detector construction has been completed in August 1989. After an initial pilot run in August,
the first physics data were recorded between September and December with LEP operating between
44.5 and 47.5 GeV beam energy and at luminosities up to 4.5 x 10°® cm™2 s™% The trigger rates were
around 1 Hz. Among the 538472 events recorded, there were 52669 small-angle Bhabha scatterings
detected in the luminosity calorimeter, and 28592 hadronic Z° decays. Figure 66 shows one such Z°
decay into hadrons. The performance of the apparatus was good from the early stages and this has
led to first physics results in QOctober 1989,
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Table 1
Characteristics of the ALEPH solenoid

Inner cryostat diameter
Quter cryostat diameter
Overall cryostat length

Main winding:
Mean diameter
Winding length
Number of turns
(uniformly distributed)

Compensating coils

(at both ends of the solenoid)
Two sections per coil
Mean diameter
Axial distance of coil centre
Winding length
Number of turns

Total number of turns
Nominal current
Nominal field (with iron)
Stored energy (with iron)
Thickness of coil and cryostat
Absorption length
Radiation length
Weight of coil and cryostats
Refrigeration power

4960 mm
5840 mm
7000 mm

5300 mm
6350 mm

1532

Section 1 Section 2
5450 mm

2840 mm 3102 mm

188 mm 188 mm

45 45

1712
5000 A
15T
136 MJ

0.4}\abs

1.6X¢o

55¢

100 Wat42K
2400 W at 80K




Table 2

Basic ITC parameters
Active length of chamber  2.00m
Inner wall:
Inner radius 128 mm
Thickness 2 mIm
Composition Polystyrene/aluminium foil
Radiation length 0.2%
Outer wall:
Inner radius 285 mm
Thickness 2 mm
Composition Carbon fibre
Radiation length 1.0%
No. of layers 8
Wires:
960 sense wires Gold-plated tungsten, 30 um diameter
3840 field wires Gold-plated aluminium, 147 pm diameter
Wire sagitta 120 pm
Gas:

50% argon + 50% ethane or 80% argon + 20% carbon dioxide
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Table 3

Mechanical parameters of the TPC and gas properties

Longitudinal diffusion
Transverse diffusion (B = 15 kG)

Specific ionization for m.i.p. {(inean)

Attenuation

Dimensions:

Radius:

Router 1.8m

Rinner 0.31m
Overall length 4.7 m
Drift length 2x22m
Weight 3.6 t (with cables)
Gas volume 43 m®
Radiation length:

inner field cage 0.023X,

outer field cage 0.048X%,
Sectors:

Sectors Rosi, Rus No. of No. of trig. Nc?. of
pad rows pad rows wires
(cm) (cm)
Type K 38 91 9 8 148
Type W, M 100 170 12 11 196
Pad size 6.2 X 30 mm?
Pitch in r-¢ 6.7 mm
Trigger-pad size 6.8 mm x 15°
Sense-wire spacing 4 mm
Sense-wire diameter 20 pm
Field-wire diameter 127 pm
Diameter of other wires 76 pm
(ias properties:

Composition Ar (91%) + CH,4 (9%) at STP
Drift velocity 5.2cm/us

4 mm/Vm per single electron

0.8 mm/vm per single electron
90 electrons per centimetre

< 1.5% per metre of drift length
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Table 4

Characteristics of the TPC wire grids

Distance + Wire Stringing
Grid tolerance from spacing Material Diameter tension
pad plane
(mm) (mm) (mm) (N)
Sense 4 + 0.05 42 W + 3% RhY 0.020 0.5
Field 4 + 0.05 4% Cu + 2% Be® 0.127 3
Cathode 8 + 0.05 1 Cu + 2% Be 0.076 1.2
Gating 14 + 0.1 2 Cu + 2% Be 0.076 1.2

a) Field wires are interleaved with sense wires; distance sense~field wire = 2 mm.
b) The sense and field wires are gold-plated.

Table 5

Number of electronic components in the TPC readout system
(TPD: time projection digitizer, TPP; time projection processor)

Sector type
b 12 x &
K W M

Pads 909 ) 1182 | 1326 | 3417 41004

Boards 57 74 83 214 2568
Pads

TPDs 15 19 21 55 660

TPPs 1 1 1 3 36

Wires 148 190 190 528 6336

. Boards 10 12 12 34 408
Wires

TPDs 3 3 3 9 108

TPPs 1 1 1 3 36
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Table 6

Characteristics of TPC electronics

Sampling rate of digitization
Pulse width of shaped signal (FWHM)
Electronic errors for:

calibration (channel versus channel)

r¢-measurement {total)
Z-measurement (total)

11.4 MHz
300 ns (1 m drift)

gain = 1%
time = 6 ns
£ 70 pm

£ 0.5 mm

Tahle 7

Expected space resolution (um)
fromthe TPCatB = 1.5 T for
a high-momentum track

£ o
(m) -30° 0° 30°
0.04 80 150 230
1 95 130 180
2 105 130 170
Table 8

Performance properties of the TPC

Z spatial resolution at 8 = 90°

per wire: 3 mm

r¢ spatial resolution: 160 pm at 0° pad crossing angle
400 pm at 10° pad crossing angle

45¢ 20°

per pad row: 0.7mm 1.7mm 2.3 mm

2mm 2mm

Momentum resolution Ap/p? = 1.5 % 1073 (GeV/c)™*

dE/dX resolution: 4.5% for 280 wires




Table 9

Arrangement of pads in a pad plane of an ECAL petal

Inclusive Number of pads | ¢ angle subtended
pad row across petal by each pad
1- 8 8 27/96
9-24 16 27/192
25-40 24 2n/288
41-50 32 27x/384
Table 10

Components of the ECAL electronics

Barrel End-caps
Number of pad channels 147456 73728
Number of wire channels 540 1080
Number of ADC modules 102 54
Number of sequencer modules 6 2
Number of readout controllers 6 2

Table 11

Measurement precision of ECAL electronics

Measurement precision/channel Pads Wires
Charge (fC) 40 20
Energy (MeV) 6.4 1
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ECAL calibration constants from **Kr sources and electron beam for barrel module 8 and petal 3

Table 12

Barrel 8 Petal 3 Ratio
Barrel/Petal
Working conditions:
HT (V) 1361 1365
p (mbar) 1003 982
T (K) 297 295
55Fe peak (counts) 148.8 150.0
83Kt parameter (fC) 2320 £ 10 2270 £ 10
Equalized gas gain using >>Fe:
Cwm pads (fC/MeV) 6.62 + 0.1 6.31 = Q.1 1.05 + 0.02
Cwm wires (fC/MeV) 19.09 = 0.30 18.40 + 0.25 1.040 + 0.015
8K parameter (MeV equiv.) 121.5 + 0.8 123.4 + 1.5 0.985 + 0.015




Parameters of the electromagnetic calorimeter

Description

A sampling calorimeter with alternate layers of lead and proportional tubes, located inside
the superconducting magnet coil. There are 45 layers, grouped in 3 stacks. The wire chambers
are made of Al-extrusion, covered with graphite-coated Mylar. Signals are derived from the
cathode pads and the wires. Cathode pads are arranged in projective towers, 49152 in the barrel

and 24576 in the end-caps, read out in 3 storeys.

The gas is Xe (80%) + CO2 (20%).

Dimensions and performance

Al proportional tubes, active cross-section

Anode wires (gold-plated tungsten), diameter

Average tower solid angle

Operating gas pressure: mean atmospheric
pressure + 50 mbar:

Operating temperature, required precision

Energy resolution oe/E

Position resolution ox = gy

Granularity at ¢ = 90° {barrel)

Granularity at ¢ = 45° (barrel)

Granularity at 8 = 40° (end-cap)

Granularity at § = 27° (end-cap)

Number of modules

Number of layers, stack 1 (2 mm Pb)

Number of layers, stack 2 (2 mm Pb)

Number of layers, stack 3 (4 mm Pb)

Inner radius (cm)

Outer radius (cm)

Thickness (cm)

Weight per module (tons)

No. of anode wires

Wire length (cm)

Measured uniformity of response over
one module (%)

Angular coverage in @ (deg.)

Average fraction of insensitivity
(% of solid angle)

3.2 X 4.5 mm?
25 pm
1.67 x 10~ %sr

990 mbar

+0.5°C

0.18 GeVV2/VE
6.8 mm GeV2/VE
17 x 17 (mrad)?
12 x 12 (mrad)?

9 X 10 (mrad)®

10 x 14 (mrad)?

Barrel End-caps

12 12 x 2

10 (3.83X0) 10 (3.46X,)

23 (8.80Xo) 23 (8.86X4)

12 (R.85Xo) 12 (8.91Xy)

184.7 54

225.4 234.8

40,7 56.25

10.4 2.6

115404 118800 x 2

463.0 8-174

1.3-1.6 1-1.5

40-140 13-41
139-167

2 6
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Table 14
Parameters of the Hadron Calorimeter and the Muon Detector

Description

The magnet iron is instrumented with 23 layers of plastic (limited-)streamer tubes,
separated by iron sheets 5 cm thick. The tubes layers are equipped with pad readout, summed in
towers for a localized measurement of the total deposited energy. Each tube is also coupled
capacitatively to strips parallel to the wires. It is their hit pattern that is read out. Wire
information is read out plane by plane (end-caps) and two planes by two planes (barrel) and
used for the trigger.

Outside of the magnet, behind the last layer (10 cm) of the HCAL, two double-layers of
streamer tubes form the muon detector. Each single layer reads out two orthogonal coordinates
using strips.

Dimensions and performance

Angular size of towers (larger in ¢ at small 8) 3.7° x 3.7°
Number of towers 4788
Total iron depth of a tower near § = 90°,

¢ =0° 120 ¢cm
Typical accuracy of energy measurement og/E 0.84 GeV-V2/VE
Typical spatial accuracy A for strip coordinate

measurements (perpendicular to the strip direction) 0.35cm
Total number of muon chambers 94
Distance between muon chamber double layers:

barrel and middle-angle chambers 50cm

end-cap chambers 40 cm
Typical accuracy op, of muon exit angle measurement 10 mrad
Typical misidentification probability

totakeawforap 0.7%

totakeaK forap 1.6%

Fraction of solid angle covered by the
sensitive part of the muon chambers above 15°;

inner layer 92,
outer layer 85%
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Table 15
Parameters of SATR

Description

Nine layers of drift tubes made of brass. The detector is subdivided into four modules.

Each module is a half-cylinder containing 504 drift cells.
Gas: 90% Ar + 10% CO; with an admixture of 1% isopropanol.

Dimensions:
Rinner 92 mm (active part = 99.5 mm)
Router 300 mm (active part £ 256.8 mm)
Distance from IP Az = 2455 mm
Length Az = 170 mm
Cross-section of drift cells 9,95 x 9.95 mm?
Length of drift tubes from 76.8 mm to 192.7 mm
Total radiation length 0.68%,
Readout:

Single-hit electronics, measuring drift time to 1 ns
2016 wires in total ORed into 1152 readout channels,

Performance:
Position resolution of one drift tube: o = (320 = 20) um
Angular resolution of the entire chamber: op = 0.08 mrad
Overall track-reconstruction efficiency : 99%.
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Table 16
Parameters of LCAL

Description:

Performance:

Position resolution oy

A sampling calorimeter, comprising lead sheets and wire chambers of 38 layers, grouped in
3 stacks of 9, 20, and 9 layers. It consists of four modules placed pairwise around the beam
pipe. Bach module is a half-cyclinder segmented into 384 towers in projective geometry. The
design follows closely the one of ECAL.

Dimensions
Rinner 10 cm
Router 52cm
Distance from IP Az = 262.5cm
Length Az = 42.5¢cm
Thickness of Pb plates 2.8 mm (stacks 1 + 2), 5.6 mm (stack 3)
Tower size at front face 2.9 x 2.9cm?
‘Radiation length per stack  4.8Xo, 10.6Xy, 9.3X,
Front face aluminium, 40 mm thickness
Readout:

7 Three pulse-height signals for each of the 1536 towers (384 per module) and one
puise-height signal for each of the 152 wire planes (38 per module).

Energy resolution og = 0.014 E + 0.20 VE (E in GeV)

= gy = 1.4 mm.
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Table 17
Parameters of BCAL

Description:

A sampling calorimeter for relative luminosity measurements. Made of 10 tungsten
converter sheets interspaced with 10 layers of plastic scintillator and 1 plane of silicon strips.
Organized in 4 box-shaped modules, one pair upstream, one pair downstream of IP.

Dimensions:
External dimensions of each module (Ax, Ay, Az) = (3,5, 14)cm
Distance from IP 7.8m

Distance between active area and beam 6.5 cm

Readout:
Twenty PM pulse heights, 160 silicon strips readout with Amplex chips.

Performance:
Efficiency approx. 75% for a cut in energy at 60% of total energy.

Table 18
Acceptance parameters of the luminosity monitors

SATR | LCAL | SATR + LCAL | BCAL”®

Polar-angle acceptance limits (mrad) 40-90 | 55-155 55-90 5-10
Azimuthal-angle acceptance interval (deg) 360 330 330 220
Accepted cross-section for Bhabhas near the Z° (ub)| 0.063 | 0.033 0.025 0.67

*) With mini-8 quadrupoles switched on.
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10:

11:

12:

13:

14:

15;

16:

17:

18:

19:;

: The ALEPH detector, perspective view.

: ALEPH detector, longitudinal cross-section.

: ALEPH detector, lateral cross-section.

: Main field component: B, versus z at three radii and fixed azimuth.
: The radial component and the line integral of the ratio B,/B,.

: Azimuthal field component: line integral of B4/B; along the z-axis, from z to the next TPC

end-plate, at different azimuthal angles and for two radii.

: Cross-section through the ITC.
: The ITC drift cell.

: The measured r-¢ resolution of the ITC.

TPC overall view.
TPC electrode structure,

a) Overall geometry of the TPC end-plate.
b) A more detailed view of the M, W, and K sectors (see text).

Mechanical details of the sector design.

Schematic diagram of a sector edge, showing wire attachment, pad plané, wire grids, and
potential strips.

Architecture of the TPC readout system (SI = segment interconnect, EB = event builder,
TPP = time projection processor, TPD = time projection digitizer, CCC = crate coupling

card).

Functional diagram of preamplifier and analog-to-digital conversion circuits (Time
Projection Digitizer, TPD) for signals from TPC wires or anode pads.

Gating grid of the TPC with electric field lines: a) gate open, b) gate closed.
Transparency of the gating grid for electrons in the presence of a magnetic field, plotted as
a function of AV,. The transparency for ions is independent of the magnetic field and

coincides with the one for electrons at B = Q.

The optical path of the laser beam.
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20:

21:

22:

23:

25:

26:

27:

28:

29:

30:

32:

33:

34:

35:

36:

37:

38:

The four double mirrors and the pentaprism mounted on the inner field cage; the aperture
for the incident beam is 15 mm.

TPC event display with ionization tracks from laser beams at six different azimuthal angles.
Definition of angles between track, wire, and pad.

The function f(cos §) that determines the momentum resolution as a function of the polar
angle 8.

: a) dE/dx versus momentum p (GeV) for tracks (electrons, pions, kaons, and protons) from

Z° decays; b) dE/dx for pions with 0.3 < p < 0.6 GeV/c (left) and Bhabha electrons
(right} at 90 GeV c.m. energy; the resolution of the electron peak is ¢/mean = 4.5%.

Invariant two-pion mass in hadronic Z° decay events, showing a K mass peak.

The ratio of beam momentum pream Over (charge Q X particle momentum p) measured in
the TPC, for events of the typee™e™ = »*n~ and e*e™ — e*e™, at a c.m. energy of
90 GeV.

Electromagnetic calorimeter (ECAL), overall view.

Typicai layer in the electromagnetic calorimeter stack.

Barrel medule of ECAL; the length of the module is 4.7 m. ‘

End-cap module of ECAL, called ‘petal’; the radial dimension of the sectoris 1.78 m.

: One channel of the analog electronics chain of the ECAL.

Architecture of the ECAL pulse-height electronics readout (ADC = analog-to-digital
converter, SEQ = sequencer, ROC = readout controller, SI = segment interconnect,
EB = event builder, EVI = event builder-to-VAX interface).

Barycentre reconstruction in 8 and ¢ angles as a function of the hit coordinates 8o and ¢o.
Angular resolution for 10 GeV electrons in the ECAL.

Energy dependence of the angular resolution in ECAL.

Energy resolution of the ECAL barrel.

Energy resolution for electrons in the ECAL end-caps. The horizontal scale is in units of
(GeV) ™ % and the vertical one in per cent.

Energy response of the ECAL to 10 GeV electrons and pions.
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39;

40:

41:

42:

43:

44:

45;

46:

47:

48:

49:

50:

51:

52:

53:

54:

55:

56:

Fractional energy deposit in the four leading towers around a pion or electron track.

Compactness R2 = E4/p plotted versus longitudinal shower parameter R3 for hadronic Z°
decays. Electrons show up as a cluster at R2 = R3 = 0.

Pulse-height spectra from radioactive ¥*Kr gas; a) from the wires, b) from the pads in
ECAL.

Comparison of response as a function of the polar angle 6 for electrons, for radioactive gas
and for cosmic muons (ECAL barrel module 8).

Overall geometry of the hadron calorimeter (HCAL) surrounding the superconducting coil
and the electromagnetic calorimeter.

HCAL barrel module with notches.
Tower geometry, a) in the polar angle, b} in the §-¢ plane.
HCAL end-cap module.

Cross-sectional view of the muon chambers and their (hardware) identification numbers:
a) barrel, b) middle-angle, ¢) end-cap.

Overview of the analog electronics for HCAL.

Overview of the digital readout system for HCAL.

Layout of the HCAL data acquisition system (HCP = hadron calofimeter processor,
SI = segment interconnect, EB = event builder, EVI = event builder-to-VAX interface,

TS = trigger supervisor).

a) Charge distribution for 20 GeV pions and muons;
b) charge response and energy resolution for pions at a polar angle of 60°.

Typical digital pattern of tubes hit by a 10 GeV pion (a), muon (b), and electron (c).

One half of the main luminosity monitor consisting of SATR and LCAL. The outer radius
of LCAL is 52 cm.

One half of the small-angle luminosity monitor BCAL, each half consisting of two small
calorimeters on the sides of the elliptical beam pipe.

Side view of SATR, and details of the mounting of SATR on the front-plate of the
luminosity calorimeter. Dimensions in mm.

The sensitive area of the upper half of a module of the luminosity calorimeter LCAL. The
volume extends from z = 266.8 cm to z = 302.2 cm from the interaction point.
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57:

59:

60:

61:

62:

63:

64

65;

66:

View of the ALEPH detector area showing the approximate position of the BCAL monitor.

: Acceptance in the 0-¢ plane of the three ALEPH luminosity monitors. The shaded areas

are the ones where the Bhabha electron track enters or leaves the monitors on the side face.

An overview of the division of the ALEPH detector into trigger segments of projective
geometry.

The principle of the Level-1 and Level-2 trigger electronics.
Basic readout architecture.

General control and data flow in ALEPH,

Overview of ALEPH readout,

Top level readout and interface to Main VAX.

Block diagram of the ALEPH Event Reconstruction Facility.

A hadronic Z° decay in the ALEPH detector: a) x-y view, b) r-z view.
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