PHYSICS OF PARTICLES AND NUCLEI

Gas vertex detectors
N. M. Nikityuk

Joint Institute for Nuclear Research, Dubna

VOLUME 29, NUMBER 6

NOVEMBER-DECEMBER 1998

Fiz. Elem. Chastits At. Yadra 29, 14991544 (November—December 1998)

The evolution and current status of the technique of three-coordinate vertex detectors are
reviewed. Data acquisition methods and the recording of the topology of complicated events by
means of vertex detectors are discussed, along with the features of such detectors as time-
projection chambers, pictorial (jet) chambers, vector drift chambers, and vertex detectors based on
straw tubes. Tables of the parameters of the best known gas vertex detectors used in fixed-

target and colliding-beam experiments are given.
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INTRODUCTION

After the discovery of the J/i particle in November,
1974, a new stage in the development of elementary-particle
physics began: the use of electronic methods and the accel-
erator technique, required to study the properties of short-
lived particles with lifetime less than 1078 sec In the ac-
cepted classification according to lifetime,! elementary
particles and resonances are divided into three groups (1
long-lived particles with lifetime longer than 1078 sec. Cre-
ated in high-energy collisions, they have a decay length of
order 1 m and larger (K*, 7%, 1%, ...). The detection and
observation of such particles using ordinary track detectors
presents no particular difficulty, and they can be identified
using Cerenkov counters; (2) neutral particles (y,K9 ,n,...)
observed using calorimeters; (3) particles with hfetrme of
order 10710 sec (KO 3.*.A,...), whose study does not re-
quire the use of vertex detectors. Beginning in the mid-
1970s, a wide range of problems in elementary-particle phys-
ics arose in connection with the study of the properties of
short-lived particles with lifetime < 107! sec

For example, the family of elementary particles includ-
ing the 7 lepton, hadrons, and charmed and bottom particles
with lifetime 10712-107!3 sec is of particular interest. The
decay lengths of these particles are hundreds of microns.
They are detected and identified using installations contain-
ing vertex detectors. The primary decay vertex is usually
accompanied by two or more secondary vertices located a
distance L from each other. The typical value of L is hun-
dreds of microns' (see Fig. 1). It would appear that the life-
time 7 could be found accurately by directly measuring L
and the characteristics of the decay products. However, this
method is hardly used at present for several reasons: the high
level of background in the experiments and the extracted
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high-energy beams used at colliders; the impossibility of di-
rectly measuring the coordinates of the primary decay vertex,
which lies inside the beam pipe where the colliding beams
intersect; and the impossibility of determining the particle
momentum in the case of neutral-particle decay. Therefore,
the coordinates of the decay vertex are determined by an
indirect method based on measuring the impact parameter of
each track (Fig. 2). The impact parameter is the distance & by
which a track from the secondary decay vertex, when ex-
trapolated backward, deviates from the primary vertex. It is
important that the value of this parameter is independent of
the particle momentum, and so it can be used both to deter-
mine the coordinates of the decay vertex, and to measure the
lifetimes of short-lived particles.? The possibility of using the
impact parameter to find the coordinates of particle decay
vertices was first demonstrated in Ref. 3. Owing to the small
lifetime 7, the accuracy of measuring the impact parameter,
especially near the target, must be tens of microns or even a
few microns. Various types of detectors are used to achieve
this accuracy: photoemulsion plates, bubble chambers, high-
precision gas detectors, semiconductor vertex detectors, and
also vertex detectors based on scintillating fiber-optics light
guides (SCIFIs).

The high accuracy attainable in bubble chambers allows
the direct observation and measurement of the parameters
and topology of events involving short-lived particles. For a
bubble diameter of 20 wm the two-track resolution is 20 um,
and the accuracy of measuring the coordinate of a point
along the track is 5 wm. A similar accuracy is obtained using
the photoemulsion technique, but there the rate at which sta-
tistics are accumulated is rather low and, moreover, it does
not permit the use of electronic methods for selecting and
reconstructing useful events by means of multilevel trigger

FIG. 1. Topology of a typical event containing several de-
cay vertices (for m° mesons of energy 350 GeV/c), u
stands for micron. The event was recorded using emulsion.
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systems which record and filter the physical information.
Therefore, electronic and electronic—optical methods are
used in current and planned experiments at high and super-
high energies. Multicell three-coordinate drift detectors, vari-
ous modifications of semiconductor detectors, and SCIFI de-
tectors are used as the vertex detectors.

In Table I we compare the parameters of various types of
vertex detector.

The response of time-projection chambers (TPCs) is
mainly determined by the drift time, and, owing to the large
drift gap, the electron drift time is tens of microseconds.
Therefore, the information recorded by a TPC cannot be
used to organize a fast first-level trigger. Chambers of the jet
type with time expansion using multidrift and straw tubes
have an order-of-magnitude higher response rate compared
to TPCs, and so they do not impose constraints on the re-
cording electronics. The other types of detector have a high
response rate, but it is difficult to realize in practice owing to
the large number of data channels. Therefore, data readout
from microstrip detectors is usually done using multiplexers.
The data readout from CCD matrices and SCIFIs is sequen-
tial, and so it takes tens of milliseconds.

The goal of this review is to systematize, in a compact
form, the numerous publications devoted to precision gas
vertex detectors, the electronic readout systems associated
with them, and the specialized processors for detecting decay
vertices and calculating the impact parameter. In addition to
this introduction, there are six sections and a conclusion. In
the first section we discuss the techniques used in fixed-
target and colliding-beam experiments. In the second we
briefly consider the evolution and properties of three-
dimensional gas detectors. In the third we describe the con-
struction and characteristics of the best known time-
projection chambers. The fourth section is devoted to jet
chambers, which are faster and more accurate than TPCs. In
the fifth section we describe vector vertex detectors and
time-expansion chambers. The sixth section deals with the
possibilities offered by gas vertex detectors in which multi-
drift and straw tubes are used.

FEATURES OF THE TECHNIQUES USED IN FIXED-
TARGET AND COLLIDING-BEAM EXPERIMENTS

There are two types of high-energy physics experiment
performed at accelerators. In the first, an accelerated beam of
particles interacts with a stationary target (fixed-target ex-
periments). Under these conditions the energy in the center
of mass grows as the square root of the beam energy. Most

TABLE 1. Comparison of the parameters of vertex detectors.
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FIG. 2. Determination of the impact parameter /# in the case where the
coordinate of the primary decay vertex (PV) is unknown; 1, 2, 3 are the
coordinate axes. SV is the secondary decay vertex.

of the interaction products leave the target at a small angle
relative to the beam axis. The second type of experiment
uses colliders, where accelerated particles circulate in oppo-
site directions and collide inside the small beam-intersection
region. The energy in the c.m. frame grows linearly with the
beam energy. Experiments of this type will be important in
future research. The beam energy attained at present at the
proton—proton collider in the United States (Fermilab) is 1
TeV.

Fixed-target experiments at energies in the TeV range
have the following features: all tracks concentrated in a small
angle of order 100 mrad; high multiplicity of recorded tracks
in an event; a high rate of recording events (several hundred
kHz); and large particle momentum. Owing to the latter fea-
tures, in some cases it is possible to neglect multiple scatter-
ing, and then a vertex detector can consist of several hodo-
scopic planes with high spatial resolution arranged
perpendicularly to the beam with known distance from the
first plane to the target. This distance must be of order ycT,
where v is the relativistic factor, ¢ is the speed of light, and
7~10713 sec is the characteristic lifetime of a charmed par-
ticle.

From the viewpoint of experimental technique, collider
experiments differ from fixed-target experiments in several
respects. (1) Since the particles collide in the c.m. frame,
they can be emitted isotropically, and so the detector must
cover all or most of the interaction space. (2) The multiplic-
ity of particles created in a collision grows significantly with
energy and can reach 100 and more. The jet phenomenon is
observed, where near the target there are sets of particle
tracks diverging from each other by small angles. (3) Since
the interaction point is located inside the beam pipe, its co-
ordinate can be determined only by extrapolating the re-
corded tracks. The typical length of the interaction region

DETECTOR
Parameter TPC* Jet! Multidrift tubes Microstrip CCD SCIFI
Spatial resolution, um 200 20-100 10-50 2-20 3-5 25
Two-track resolution, um 2500 35-500 - 50-60 40-50 52
Accuracy of impact-parameter determination, um - 35-100 35-100 40 30 10

*TPC stands for time-projection chamber.
TJet chambers are gas microvertex detectors (see below).
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along the beam direction (z coordinate) is 50 cm, and its
cross section dimension is 1 mm. (4) The track curvature,
which is smaller than in fixed-target experiments, does not
allow particle multiple scattering to be neglected. (5) The
problem arises of radiation stability of the electronics located
near the beam pipe. These and other factors affect the com-
plexity of the physical setup as a whole—its configuration,
and the methods of processing the track information and
identifying particles. Therefore, a vertex detector is essen-
tially composed of individual detectors operating on different
principles and having different resolutions and sizes. As an
example, in Fig. 3 we schematically show the ALEPH instal-
lation, designed for experiments at CERN.* The installation
contains several individual and rather complex detectors
which perform specific functions. The beam pipe in which
e* and e~ beans collide passes through the center of the
setup. The typical diameter of the beam pipe is 2.5 cm. The
tracking system includes three detectors: a vertex detector
consisting of two layers of microscrip detectors with two-
sided readout, a drift chamber of outer radius 35 cm, which
also forms a part of the trigger system, and a time projection
chamber of outer radius 125 cm. A gas chamber of the jet
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FIG. 3. Schematic depiction of the ALEPH setup: (1) muon
chambers; (2) hadron calorimeter; (3) superconducting
magnet; (4) electromagnetic calorimeter; (5) time-
projection chamber; (6) beam indication system; (7) inner
tracking chamber; (8) precision vertex detector.

type was initially used instead of a semiconductor vertex
detector. It should be noted that two types of detector are
used here; they will be described in more detail in the fol-
lowing sections. The first is located directly at the beam pipe,
where the track density is highest. This is the so-called jet
chamber, which performs the functions of a precision mi-
crovertex detector. CCD matrices have also recently been
used as microvertex detectors. A TPC (of outer diameter 2
m) is used to record tracks located far from the primary
decay vertex. The TPC is located in a magnetic field, which
is necessary for measuring track curvatures. The installation
also contains several detectors used to obtain auxiliary infor-
mation. For example, calorimeters are used to measure the
particle energy, and hodoscopic calorimeters to measure the
coordinates and sizes of clusters.

Precision detectors will also play an important role in
future experiments at the Large Hadron Collider (LHC). As
pointed out in Ref. 5, there are two reasons for detecting
decay vertices: to separate the primary decay vertex in events
with high multiplicity, and to separate the primary and sec-
ondary decay vertices containing short-lived particles.

Vertex detectors receive a great deal of attention in the
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FIG. 4. MWPC with readout of positive-parity signals from
the cathode plane. The method of determining the center of
gravity of the avalanche is shown on the right.
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Western literature. The author of Ref. 2 discusses various
aspects of the technique for measuring the lifetimes of short-
lived particles and studying the physics of processes leading
to event topologies containing primary and secondary decay
vertices, and gives examples of the use of various types of
vertex detector. The author of Ref. 1 gives a detailed treat-
ment of the physics of semiconductor detectors and their use
as vertex detectors, and discusses the problems of radiation
stability and the fundamental limitations on the accuracy of
measuring particle tracks. He also gives examples of the con-
struction of various types of semiconductor vertex detector
and methods of data acquisition. Finally, the various require-
ments imposed on vertex detectors designed for both fixed-
target and collider experiments are studied in Ref. 6.

THREE-COORDINATE GAS DETECTORS

Of the coordinate detectors used in the 1970s, the most
popular were multiwire proportional chambers (MWPCs).
These became the classical type of detector. They are de-
scribed in detail in Ref. 7. The idea of cathode readout
proved especially fruitful. This method merits detailed dis-
cussion, because it is widely used in modern three-coordinate
gas detectors. A signal of positive polarity is fed to the cath-
ode plane of the MWPC; this cathode plane can consist of
wires, strips, or groups of wires (Fig. 4). These electrodes are
used to measure the induced charge, the center of which
coincides with the center of the electron cloud arising as a
result of the ionization of the gas filling the chamber by a
charged particle. It is important that the amplitude and time
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FIG. 5. A complicated event recorded using a time-
projection chamber (display image after computer pro-
cessing).

evolution of the pulses induced at the strips depend on the
position of the electron avalanche relative to the cathodes.
This phenomenon is used to measure the spatial location and,
accordingly, the second coordinate of the particle interaction
with a high accuracy of up to 30 um, because the analog
signals are digitized using precision ACDs (more than 10
bits).® Further improvement of MWPCs made it necessary to
identify complex events with high multiplicity and high track
density. The drift chamber was thus born. By measuring the
time for electrons to drift between signal wires, one of the
track coordinates can be measured with high accuracy.’
Therefore, in a three-dimensional gas detector, one coordi-
nate of the particle trajectory is the position of the signal
wire, and another is the location of the center of the ava-
lanche induced at the cathode strips. The third is calculated
from the drift time of the electron avalanche. One of the
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FIG. 6. Schematic depiction of a rectangular time-projection chamber.
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TABLE II. TPC parameters.
Setup

HISS PEP-4 ALEPH TOPAZ DELPHI CDF
Characteristic [20] [10.11] [26-29] [17-18] [23-25] [32]
Diameters, cm:
outer - 180 360 260 280
(active) 116 21
inner - 31 70 - 120
(active) 325 7
Length, cm - 200 220 300 2X 150
(active) 2X134 353
Size of cathode plane, m? 1.5%1 = - - -
Number of readout elements (pads) 120X 128 13824 44000 4096 2x10*
Pad size, mm? 12Xx8 75X 75 6.2X30 12X 10 4.12x 4
Spatial resolution, um - 1003 1505 - -
Pressure, atm 1 10 1 3 4 1
Drift distance, cm 2X75 2x1 2X20 2X20 368 15.25
Frequency of sampling dE/dx, MHz 100 10 11.4 1.4 14 10.6
Gas multiplication factor 3000 - - -
Magnetic field, kG 13 13 1T 1T 12 L.5T
Working voltage, kV = —50
Electric field, V/cm 120 - 260 - 150 320
Number of data channels 15360 16020 5%10° - - 3072
Two-track resolution 25 - - - 15
Drift velocity, um/nsec 50 70 - - 64 46
Drift time, usec 75 - - 24 20 3.5
Number of MWPC wires - 2196 6336 2300
Gas mixture 90% Ar 80% Ar 91% Ar 90% Ar 80% Ar 50% Ar

+10%CH, +20%CH, +9%CH, +10%CH, +20%CH, +50%CH,

Note: minus (—) means that there is no data.

coordinates is often determined by dividing the charge in-
duced on a resistive sense wire or by means of a delay line.
An important feature of drift chambers is that they can have
various shapes. Cylindrical drift chambers are the most.
widely used. The difficulty associated with the left—right am-
biguity arising when drift chambers are used to identify par-
ticle tracks is resolved by introducing an additional plane or
by other constructional methods (see below). Therefore, drift
chambers, primarily, those with large drift gap, have served
as prototypes of three-coordinate gas detectors, which at
present include time-projection chambers, jet chambers, vec-
tor drift chambers, and multidrift chambers and straw tubes.
These detectors are widely used, in particular, as vertex de-
tectors.

/ Track
7

FIG. 7. Profile of the charge induced at the pads of a time-projection
chamber.

TIME-PROJECTION CHAMBERS

One of the earliest TPCs is described in Refs. 10 and 11.
At first glance, the TPC has a simple construction. It is usu-
ally shaped as a cylinder, which is filled with a mixture of
argon and methane. The beam pipe of the accelerator passes
through the center of it. A central conducting membrane at a
potential of 150 kV divides the cylinder into two halves. At
the chamber end caps are MWPCs with cathode readout,
which are divided into six segments. In turn, each segment
contains 192 proportional wires arranged at an angle relative
to the radial direction of the chamber. The wire spacing is 4
mm.
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FIG. 8. Dependence of the energy loss on the particle momentum.
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FIG. 9. General view of the TOPAZ time-projection
chamber.
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t FIG. 10. An event consisting of 102 tracks: (a) projection on the
x—z plane; (b) projection on the y—z plane; (c) projection on the
x—y plane; (d) view rotated by 180°.
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Each wire corresponds to a cathode strip divided into 12
pads of area 0.8X 0.8 mm?. The cylinder is located in a mag-
netic field. As a result of ionization of the gas mixture by a
charged particle, groups of electrons are formed along the
particle trajectory which drift in the electric field with a ve-
locity of order 50 um/nsec in the direction of the MWPC,
where they are detected. The two coordinates r and ¢ are
determined from the location of the strips and wires, and the
third coordinate z is determined by the time for electrons to
drift along the beam axis. Therefore, three coordinates are
measured for each track. The dipole magnet performs two
functions: it deflects charged particles in the plane of the
MWPC so that the particle momentum can be measured and
it reduces the diffusion of ionization electrons. The track
detector detects these electrons as they approach the elec-
trodes of the MWPC. The use of modern electronics allows
hundreds of tracks to be recorded with high resolution (hun-
dreds of um). As an example, in Fig. 5 we show a compli-
cated event recorded using the PEP-4 multiwire chamber at
Berkeley.'? The characteristics of this chamber are given in
Table II. The number of recording channels in the chamber is
16 020, of which 2196 serve as proportional wires and
13 824 are assigned to the cathode strips. The design of a
typical data channel consisting of an amplifier, an analog

delay based on a CCD matrix, and a digitizing circuit is
described in Ref. 13. Multichannel encoders based on
memory modules are used for fast multistop time
measurements.'*

As will be shown below, rectilinear wire chambers are
also used (see Fig. 6). Such a chamber consists of a large
drift volume filled with gas, the passage of charged particles
through which produces ionization. MWPCs with cathode
readout are located at one or two faces. To record tracks in
three dimensions, along with the two projected coordinates
measured using the MWPCs (Fig. 7), the electron drift time
is also determined. To record more than one track, the cath-
ode plane consists of a set of pads.”> A suitable electronic
readout system amplifies and digitizes these signals (which
have duration 50 nsec), and transfers them for further analy-
sis. Owing to the chamber size and the electron drift time (50
pm/nsec), the maximum drift time can be hundreds of mi-
croseconds. In practice, this means that the data collected by
TPCs cannot be used in a first-level trigger system.

A valuable feature of the TPC is the possibility of using
information such as the particle energy loss (dE/dx) for
particle identification (Fig. 8). This requires, especially in the
relativistic region, a resolution of better than 3%. The key to
solving this problem is the possibility of obtaining up to
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FIG. 11. Display showing the passage of a particle through the
microvertex detector, the inner detector, and the closest section
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of the DELPHI time-projection chamber.
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hundreds of independent measurements of dE/dx for each
track by measuring the charge collected at the sense wires.
Moreover, by using fast ADCs with a digitizing frequency of
up to 100 MHz (Ref. 16), it is possible to accurately measure
also the signal shape, which allows improvement of an im-
portant parameter: the two-track resolution. Below we shall
discuss the features of several TPCs used in large-scale de-
tector systems.

The TOPAZ TPC. The PEP-4 TPC became the prototype
for the development of several other detectors of this class
which took advantage of advances in the technology used for
physics experiments. The TOPAZ TPC is described in Ref.
17. In it the cathode pads used to record azimuthal ¢ coor-
dinates are larger than in the PEP-4 chamber and, impor-
tantly, have a zig-zag arrangement, allowing higher accuracy
of coordinate determination for a smaller number of signal
channels. The construction of the electrodes of this chamber
is described in more detail in Ref. 18. A general view of the
TOPAZ TPC is given in Fig. 9. The chamber was designed
to perform e*e™ experiments at the TRISTAN accelerator
and ensures good momentum resolution (Ap/p=1% of p
for p>2 GeV/c) and high dE/dx of order 4%. After ampli-
fication and shaping, analog signals are read out at a

TABLE III. Some characteristics of the ALEPH TPC.

frequency of 10 MHz using CCD matrices, and after buffer-
ing are digitized by means of ADCs. A FASTBUS system is
used to process the digital data and transfer them to a com-
puter. In addition, an original trigger system and specialized
processor for determining the coordinates of decay vertices
were developed for the TPC and the jet chamber located
inside (see below).

The HISS TPC. A rectilinear TPC was built at
Brookhaven (BNL). It consists of three modules, and is de-
signed to be used in a beam of heavy relativistic ions at high
particle multiplicity (of order 100). In Fig. 10 we show the
reconstruction of an event containing 102 tracks. Good two-
track resolution is obtained owing to the large number of
independent readout channels using specialized integrated
circuits. In particular, a system of short (1 cm) anode wires
arranged parallel to the beam and a gas mixture with low
diffusion coefficient are used.!® The use of short anode wires
allows more accurate measurement of the parameter dE/dx
used for particle identification at high multiplicity.

The HISS TPC represents an improved version of the
rectilinear TPC. It is also designed to study multiple events
occurring in relativistic ion collisions,20 but with much
higher multiplicity (multiplicity #~200). The parameters of

Resolution in the r— ¢ plane

Resolution of the z coordinate in the polar angle:
for pads, mm

for wires, mm

Momentum resolution Ap/p?

Resolution dE/dx

160 um for pad intersection angle 0°
400 pm for pad intersection angle 10°

90° 45° 20°
0.7 1.7 23
3 2 2

1.5X1073(GeV/c) !
4.5% for 280 wires
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this chamber are given in Table II. The HISS chamber,
which has an active region of 150X 96X 75 cm’, is designed
to operate at atmospheric pressure. It is located between the
poles of a magnet. The electrons drift from one side of the
MWPC with cathode readout, and on the other side there is a
planar electrode at high potential. Between them is a recti-
linear grid chamber 15 cm high, ensuring stability of the
detector and uniformity of the field in the cathode plane. The
chamber is held at a voltage of kV. The cathode plane con-
tains 15360 pads of area 1.2X0.8 cm?, which occupy an
area of 150X 95 cm?. The anode wires are held at a voltage
of 1170 V and ensure a gas multiplication factor of order
3000.

A special feature of the recording electronics of the
HISS TPC is that not only the amplifiers, but also such cir-
cuits as the shapers, analog memory, and multiplexers are
located right on the cathode plane. The analog signals are
stored in a multichannel specialized microcircuit consisting
of a matrix of switched microcapacitors fabricated by CMOS
technology. Data readout using CCD matrices is also pos-
sible.

The TPC operating at the JINR. A detector based on
proportional chambers (PCs) with a drift gap is described in
Refs. 21 and 22. It, together with the multichannel readout
and recording electronics, essentially amounts to a TPC. The
device consists of two modules: an input PC and a PC with a
drift gap. The input PC is designed to determine the y and z
coordinates of a particle as it enters the detector. The second
module is used to measure such quantities as the ionization
along the particle path, the particle mean free path (if the
particle stopped inside the module), the electron drift time,
which allows the determination of the particle trajectory in
the xz plane perpendicular to the wires, and the division of
the avalanche charge on the Ohmic resistance of several sig-
nal wires, which gives the y coordinate of the points on the
track. This device is a good tool for the identification and
spectrometry of slow particles. Filled with helium, it can
serve as a proton and deuteron polarimeter.

The DELPHI TPC. The TPC of the DELPHI setup is the
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FIG. 12. General view of the ALEPH time-
projection chamber in the particle beam channel.
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principal track detector and performs the functions of the
central detector. The chamber has the following dimensions:
radius R=120 cm, length L=2X150 cm, and useful vol-
ume 14 m®. The face where the MWPC is located is divided
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FIG. 13. (a) Geometry of the cathode plane of the ALEPH time-projection
chamber. (b) A more detailed view of the M, W, and K sectors.
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into six sectors, each containing 192 sense wires and 16
pads. Preamplifiers are located directly on the MWPC. After
two-cascade amplification, the signals are fed to the inputs of
8-bit parallel ADCs, which digitize the signals with a fre-
quency of 14 MHz. Six miniature lasers are also located on
the chamber face to mimic tracks during detector diagnos-
tics.

Tests of the TPC used in the DELPHI setup®™? gave the
following parameter values: drift velocity 64 pwm/nsec, reso-
lution o(dE/dx)=(5.5%£0.5%), resolution in the r—¢
plane 180-280 um, and two-track resolution 1.5 cm. The
information read out from the TPC is also used to organize a
trigger signal and to reconstruct tracks by means of a spe-
cialized track processor based on the well known contiguity-
mask algorithm.?* The central detector performs the follow-
ing functions: (1) measurement of the coordinates of particle
tracks; (2) effective e/ separation; (3) measurement of par-
ticle momenta (in conjunction with inner and outer semicon-
ductor vertex detectors). In FIg. 11 we show an event re-
corded using the DELPHI tracking system, consisting of a
semiconductor vertex detector, an internal jet chamber, and
the TPC.

The ALEPH TPC (‘‘ALEPH: A detector for LEP Phys-
ics’’). The TPC of the ALEPH collaboration is the largest
chamber designed for experiments at LEP. In general, the
apparatus was designed for solving a wide range of prob-
lems, in particular, for the detailed study of the parameters of
the Standard Model of weak interactions such as the decay
modes and products of the Z° and W* bosons, to test QCD
at large Q2, to search for the top quark, and so on.*? The
TPC is used directly as a track detector to measure charged-
particle momenta and emission angles with high resolution
and to determine the ionization density dE/dx used to sepa-
rate pion and electron tracks. The z coordinate is obtained by
measuring the drift time for known drift velocity equal to 5.2
cm/usec, and the r — ¢ coordinate is found by interpolating
the signals read out from the pads. The pad location in the
radial direction gives the r coordinate. The TPC and fast
ADCs are used to measure 21 points for each track. The
trajectory of a charged particle inside the chamber volume is

WA 71 Experiment Vertex detector
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FIG. 14. An event recorded on-line using the ALEPH time-projection
chamber,

a helix, and arcs or circles are obtained upon projection on
the chamber faces. The spatial resolution of the ALEPH TPC
has been measured®® as 150+ 5 um. In Table III we give
some important characteristics of this TPC (see also Table
D).

The ALEPH TPC forms a part of the large central de-
tector containing the inner tracking chamber and the TPC.
The TPC is cylindrical (Fig. 12) with axially parallel magnet
and electric fields. In the center of the chamber there is a
membrane dividing the chamber into halves. Electrons pro-
duced by a charged particle passing through the chamber
drift toward one of the chamber faces, where the sensitive
electrodes of MWPCs are located. The MWPCs located at
the chamber faces are divided into 18 sectors. As an ex-
ample, in Fig. 13a we show the geometry of the face detector
(MWPCs with cathode readout). In Fig, 13b we give a more
detailed view of the M, W, and K sectors. The cathode pads
are located 4 mm from the sense wires. Each sector contains
a different number of pads, the total number of which is
41 004 (there are 6000 anode wires). Since the drift time is
of order 45 usec, the information read out from the TPC is
used for level-2 event selection. The analog signals are digi-
tized using parallel ADCs and stored in a buffer. Each event
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TABLE IV. Parameters of the TPC used in the WA71 experiment.

Characteristic Value
Anode wire diameter 20 pm
Cathode wire diameter 100 pm
Field wire diameter 100 pum
Spacing of anode wires 12 mm
Proportional gap 6 mm
Drift gap 160 mm
Pad area 6X 8 mm?
Number of anode wires 16
Number of pad columns 3
Number of pads per column 32
Gas mixture 70% argon+29% isobutane
+ 1% isopropy! alcohol

corresponds to 25 Mbytes of data.”® An important feature is
that the track information obtained using this chamber is
processed by a neutral network.?’ Qualitative images of par-
ticle tracks are obtained in the off-line mode; one is shown in
Fig. 14.

The TPC used in the WA71 experiment. TPCs are often
used in a part of a detector where the particle tracks are less
dense and the tracks correspond to large emission angles.
These TPCs operate in conjunction with smaller detectors of
higher resolution. In the experiment described in Refs. 30
and 31, two rectilinear TPCs operate in conjunction with a
microstrip silicon telescope. The chambers are located in the
magnetic field of an Omega spectrometer and form a part of
the vertex detector shown schematically in Fig. 15. It is de-
signed to search for bottom particles produced in emulsion
bombarded by a 350 GeV/c ™ -meson beam. The micro-
strip telescope is used to record the particle coordinates with
high accuracy at small angles <90 mrad. The two-track
resolution is 150 um. The TPC is designed to record particle
tracks in the range 65< <600 mrad. An important feature
of this TPC is the thinness of the material (in units of the
radiation length) used in the chamber construction. The main
parameters of the TPC are given in Table IV.

The particle momenta and values of dE/dx were
measured using 7-bit parallel ADCs. The accuracy of
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determining the decay vertex is 800 um on the z axis and 1
mm on the x axis (the beam direction).

The TPC for the CDF experiment. The vertex TPC used
in the CDF (Collider Detector at Fermilab) experiment32 is
one of the main track detectors used for collider experiments
at Fermilab. The TPC consists of eight double TPCs (mod-
ules) which surround the beam pipe (Fig. 16) and are shifted
relative to each other by 11.3°. Each module has a central
grid at high voltage which divides the module into two drift
regions, each of length 15.25 cm. For a drift velocity of 46
um/nsec the maximum drift time is 3.5 usec, which corre-
sponds to the time between beam crossings of 3.5 usec.
Electrons drift from the center of the grid, pass through the
cathode electrodes, and reach the MWPC wires. The sensi-
tive area of the endcaps is divided into octants, each contain-
ing 24 sense wires and 24 cathode pads. The main param-
eters of the TPC are given in Table II. The basic functions
performed by the vertex TPC are the following: (1) finding
the z coordinate of the decay vertex; (2) reconstructing the
topologies of all events within the polar angle 3.5°<y
<176.5°; (3) reconstructing the tracks in high-multiplicity
events; (4) detecting charged particles near the interaction
vertex, where the amount of matter is small; (5) recording
tracks in the angular range 10°< #=<30°. In this range the
data obtained from the TPC and the central detector are used
both to record tracks, and to measure momenta; (6) the in-
formation obtained from the MWPC wires is used in the
r—z plane for the preceding calorimeter, and so on.

USE OF CHAMBERS OF THE JET TYPE

TPCs have a number of important drawbacks: a rela-
tively low response rate, which is determined by the drift
time, and difficulty in identifying events in regions of high
track density. The more complicated detectors of the jet type
are free of these problems. Jet chambers (microvertex detec-
tors) are usually located right at the beam pipe. They are
often referred to as inner drift chambers, because they are
located inside TPCs. The review by Saxon is devoted to the
history of the development of the jet chamber and improved
three-dimensional gas detectors—vertex detectors. The pro-
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FIG. 16. General view of the CDF time-projection
chamber.
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totype is the MARK I detector, which consists of four cylin-
drical spark chambers. This detector has been used to record
the decay ¢’ — ™ 7~ (Fig. 17a). The ever-increasing par-
ticle energy, momentum, and event multiplicity has stimu-
lated the improvement of three-coordinate gas detectors.
There are two basic trends in this development. In the
MARK 1I setup, the detector consists of four concentric lay-
ers, each filled with a set of independent drift cells. Accurate
measurement of three coordinates in z, r, and ¢ space is
possible (Fig. 17b). This technique has also been widely used
in other spectrometers. For example, the detector in the
TASSO setup®* contains 15 layers (2340 cells) with a drift
gap of 16 mm. The improved JADE detector, referred to as a
pictorial chamber,* has length 2.4 m, outer diameter 1.6 m,
and inner diameter 0.4 m. The detector volume is divided
into 24 independent segments forming a bicycle-wheel ge-
ometry. In turn, each segment viewed in the radial direction
consists of four drift cells with 16 anode wires in each cell.
The left—right ambiguity is resolved by shifting the sense
wires by a few hundred microns relative to each other. The
high density of sensitive points in the chamber volume en-
sures the reconstruction of events with even higher multiplic-
ity (Fig. 17¢).

The concept of pictorial chamber has become wide-
spread and has stimulated the development of efficient data-
acquisition electronics and specialized processors. The re-
sponse rate of this class of three-coordinate gas detectors is
an order of magnitude higher than that of TPCs. We shall
illustrate this by some particular examples. We shall also
give a brief description of the construction of the best known
microvertex detectors of the jet type.

The TOPAZ microvertex detector (Ref. 36). This setup
has 41 geometry and is designed to detect charged and neu-
tral particles at the TRISTAN accelerator in Japan. It consists
of TPCs, time-of-flight counters, and an inner jet chamber.
The microvertex chamber used in the TOPAZ setup per-
forms the following functions: (1) the organization of fast
trigger signals; (2) precision measurement of the track posi-
tions in the r— ¢ and r— z planes. Special construction tech-
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FIG. 17. (a) The decay ' — ymr* ™ recorded by four concen-
tric spark chambers (the MARK 1 detector). (b) An event
e e~ — hadrons, recorded by the TASSO detector containing
2340 drift cells. (c) A typical event recorded using the JADE

jet chamber.

niques arc used to achieve these goals. In particular, the
chamber contains 10 layers of drift cells. In the azimuthal
direction, the four inner layers have 64 and the six outer
layers have 128 drift cells. Eight layers of zigzag-type delay
lines are used as cylindrical cathodes to accurately measure
the z coordinate. To efficiently select tracks using specialized
processors, the search is performed independently in the
r— ¢ and r—z planes. In Fig. 18 we show the block diagram
of the electronics. Preamplifiers fabricated using hybrid tech-
nology with a gain of 200 for the anode lines and 7500 for
the delay lines are located right at the detector. Signals are
sent via twisted pairs of leads 25 m long to the inputs of
discriminators, which split the logic signals with the TTL-
level signal for the track-finder modules and the ECL differ-
ential signal for the TDCs. The signals obtained from the jet
chamber are primarily used to organize the pretrigger for the
spectrometer. Since the beam-crossing interval at the accel-
erator where this detector is used is 2.5 usec, the decision-
making device must have a maximum dead time of 2 usec.
This response rate is achieved both owing to the chamber
geometry and construction, and by use of tabulated solutions.

512
20\ T8 e
256
256 ]
DD I DD
r rz
TDC Track?nder [ Track-finder! TDC
Fast l Fast
cleal clear
‘Trigger
decision
logic
{ Trigger
L CAMAG-FASTBUS

FIG. 18. Block diagram of the electronics for the TOPAZ jet chamber. DD
are discriminator—dividers and TDC are time-to-amplitude converters.
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FIG. 19. Structure of the cells used to seek tracks in the r — ¢ plane. Si are
the detector sectors, DL is the delay line, and PM is programmable memory
(look-up table).

In Fig. 19 we show the structure of the anode cells used to
seek tracks in the r— ¢ plane. The coincidence signals from
two adjacent layers are used to obtain the pulses T1-T15.
The cells located in the corresponding layers are grouped
together in azimuthal angle, forming 64 sectors. A sector,
shown in Fig. 19, consists of 4-3-2-3-2 cells. First, the im-
ages of the most probable tracks are written in memory (a
look-up table), and then, if they coincide with the recorded
tracks, after 150 nsec a coincidence signal is generated. The
tabulated trajectory images can be changed if necessary. The
method of seeking tracks in the r—z plane is explained in
Figs. 20a and 20b. The delay lines are located on eight radial
layers and separated into 32 segments in the azimuthal direc-
tion. Each segment has its own track finder. The logic
scheme of the track finder is based on TDC modules, major-
ity logic, and shift registers. Let us briefly discuss the opera-
tion of the track finder. The first signal sent from one end of
the delay line triggers a pulse-pack generator. By measuring
the signal arrival time, the side, right or left of the interaction

Track a
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point, on which the track is located is found. The signals
from the other end of the delay line are read into a shift
register; the shift frequency is variable, depending on the
location of the delay line. After all the signals are read using
majority logic, the number of units recorded in the radial
direction is analyzed and, if it is equal to the preset value, a
signal is generated. The time for seeking a track in the
r—z plane is made up of the following: the maximum elec-
tron drift time (250 nsec), the time for the signal to propagate
in a half-length of the delay line (260 nsec), the delay in the
cables (130 nsec), the delay in the discriminator-divider
modules (50 nsec), the decision time of the track processor
(750 nsec), and the processing time of the majority logic (60
nsec). Coincidence of the signals generated in the two track
finders is used to send the information obtained from the
TDC modules to the second-level trigger decision logic,
where the search for the event vertices is carried out. The
information received from the TPC and the system of time-
of-flight counters is also used here in the following way.”’
The proportional chamber located at the TPC face is divided
into eight sectors with 176 sense wires in each sector. Each
sector has its own track finder. The 88, out of the 176, wires
located closest to the beam are used for track reconstruction.
To improve the noise stability, they are connected using OR
elements to form 11 groups, at the outputs of which signals
W1-W11 are generated upon passage of a track (Fig. 21).
These signals are sent to the logic chain (Fig. 22). Since the
signals are sent at different times, to obtain coincidence they
must be delayed appropriately. It is easy to see that a signal
appears at the output of RW1 when signals appear simulta-
neously at the inputs of RW1 and RW2. In other words, the
scheme shown in Fig. 22 reconstructs particle tracks. For this
it is sufficient to note the two time points RW1 and RW6.
Here it is assumed that the tracks have small curvature. After
the tracks are found in a different processor, the coordinates
of the decay vertices are located (Fig. 23). The vertex pro-
cessor is based on shift registers in which time marks corre-
sponding to the found track are stored, and the data obtained
in this manner including correction factors are compared to
masks whose images are stored in a memory module of vol-
ume 256 Kbytes. The accuracy of recording the coordinates
of a decay vertex is 10 cm, and the calculation time is 30
Jsec.

The jet chamber in the OPAL setup (Refs. 38 and 39).
This microvertex chamber is used in conjunction with a track
processor in the OPAL spectrometer to find the primary

FIG. 20. Explanation of the method of seeking tracks in
the r—z plane: (a) clock pulses used for shifting data
from delay lines to shift registers; (b) the track finder:
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FIG. 21. Signals used from the MWPC wires of the time-projection cham-
ber. BP is the beam pipe, and W1-W6 are data channels.

decay vertex and for particle identification. The trigger is
organized using information on such physical processes as
(1) ee™, (2) 93, 3) v, W 7477, (5) utu™, (6)
e"e"q*q™, and (7) various exotic events. Events (1)—(3)
are detected by a calorimeter and therefore are used directly
to organize the trigger. Since events (4)—(7) release a small
amount of energy, their detection and reconstruction requires
a specialized processor with a decision time of at least 22
psec (the bunch-crossing period).

The vertex detector consists of a small, high-precision
drift chamber right next to the beam pipe and a second jet
chamber which surrounds the small chamber (Fig. 24). The
small chamber has diameter 47 cm and length 100 cm, and is
located in a magnetic field of 0.4 T. Each chamber has 36
cells in the r — ¢ direction; the cell structure is shown in Fig.
25. We see that a drift cell of the inner chamber covers 10°
in the direction of the ¢ coordinate and contains 12 anode
sense wires with radius between 103 and 162 mm. The outer
rings of stereo cells oriented at an angle of 5° relative to the
z axis each have six such wires with radius between 188 and
213 mm. Altogether there are 648 sense wires. The mi-
crovertex chamber operates at a pressure of 4 bar and con-
tains a gaseous mixture of argon, methane, and isobutane in
the ratio 89:8:3. The drift velocity is 45 wm/nsec, the gas
gain is 10°, and the maximum drift gap is 20 mm. This
ensures an accuracy of 50 um of finding particle coordinates
in the r— ¢ plane by means of time-amplitude transformers,
while the accuracy on the z axis is 3 cm. The z coordinate is
determined by calculating the difference in the arrival times
of signals from the wire ends. The large jet chamber is 4 m
long and is divided into 24 sectors in the azimuthal direction
(¢). Each sector contains 159 axial sense wires. Let us de-
scribe how the jet chamber is used in the design of an effec-
tive track processor.*! It was found that the simplest tracks
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FIG. 22. Logic chain used for ‘‘extending’’ a track.
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FIG. 23. Scheme for determining the primary interaction coordinates. BP is
the beam pipe.

leaving the interaction vertex lie in the r —z plane. The op-
erating principle of the processor can be explained using Fig.
26. If a track leaves the interaction vertex, the ratio z/r is a
constant for all the layers of the chamber. Tracks are found
from the peak in the histogram, which is calculated using a
fast processor. A detailed description of the trigger system of
the entire setup and the readout and recording electronics can
be found in Refs. 39-41. An improved track processor is
described in Ref. 41. Along with histogram construction, it
uses a systolic processor and transformation of variables
based on the Hoff transform. The calibration procedure used
to measure the particle energy loss is described in Ref. 42. A
resolution of 3—4% is obtained, allowing the identification of
particles accompanying Z° decay with momentum up to
20 GeV/c. In Fig. 27 we give the energy-loss curves in mul-
tihadron and dimuon events as a function of the particle mo-
mentum.

The microvertex detector for the UAI experiment. A pre-
cision jet chamber has been built for the well known UA1
experiment. The pressure of the working gas is 3 atm and the
resolution per wire is 50 pum. The small distance (1.58 mm)
between the sense and potential wires ensures the sampling
of up to 16 coordinates over a radial distance of 5 cm (Ref.
43). The main parameters of the jet chamber are given in
Table VI. The chamber is divided into 16 cells in the azi-
muthal direction. Each cell contains 16 sense wires, between
which are located wires producing an electric field. The
sense wires are shifted relative to the field-producing wires

Z-CHAMBERS

FIG. 24. Schematic depiction of the OPAL jet chamber in the r — ¢ plane.
(1) Small jet chamber (microvertex detector); (2) second jet chamber; (3)
external drift chambers.
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FIG. 25. Geometry of one axial and one stereo cell of the OPAL jet
chamber.

by 100 um, which allows resolution of the left—right ambi-

guity. The maximum drift gap is 16 mm, which ensures good
track resolution. Stable operation of the detector in a collider
beam for three weeks was demonstrated in 1985.

The jet chamber for the UA2 experiment. This detector is

a cylindrical drift chamber located close to the beam pipe,
where an inner semiconductor vertex detector is placed. It is
designed for the UA2 experiment** and allows very accurate

measurement of particle tracks near the beam pipe, where

short-lived particles decay. The chamber has been operating
successfully at CERN since 1987. In Fig. 28 we show the
geometry of one of the 16 sectors of this chamber. In Table
V we give the main parameters of this detector.

|r

FIG. 26. Method of reconstructing the coordinate of a decay vertex in the

OPAL vertex detector in the r —z plane. DC is the drift chamber, VC is the
vertex chamber, and Z is the interaction point.

10!
p. GeV/s

FIG. 27. Dependence of dE/dx on the particle momentum.

In order to resolve the left-right ambiguity, adjacent
sense wires, the distance between which is 6.44 mm, are
shifted relative to each other by =200 pm. In Fig. 29 we
show a two-track event reconstructed using the time-of-flight
electronics on the basis of measurement of the electron drift
time. The signals were digitized using 6-bit parallel ADCs.
We see that even when the momenta overlap, the radial co-
ordinate of a particle is determined quite accurately. The
distance between the centers of mass is 4 mm, and the maxi-
mum drift time is 500 nsec.

The MARK II microvertex detector (Refs. 45 and 46).
This detector is designed to record and study Z° decays by
identifying heavy colored quarks and to measure the lifetime
of heavy quarks and leptons at the Stanford Linear Accelera-
tor (SLAC). The main problem in designing the detector was
to obtain a high spatial resolution of order 30 um and good
two-track resolution of at least 1000 um. These problems
were solved by specially controlling the pressure and tem-
perature inside the chamber, and also by careful construction
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FIG. 28. Geometry of a sector of the UA2 jet chamber.
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TABLE V. Parameters of the UA2 jet chamber.

Parameter Value
Sensitive length 1000 mm
Inner radius 34 mm
Outer radius 128.5 mm
Inner sensitive radius 40 mm
Outer sensitive radius 123.8 mm
Number of sectors 16
Number of wires per sector 13

Wire spacing 6.44 mm
Wire displacement 0.2 mm

Gas mixture 60% argon+40% ethane
Pressure 1 atm

Drift velocity 51.8% 0.3 um/nsec
Electric field —1.05kV/cm

of the chamber and drift cells. The active region of the de-
tector has length 55 cm in the azimuthal direction and from 5
to 17 cm in the radial direction. The chamber volume is
divided into 10 jet cells arranged in the radial direction. This
feature of the cell geometry simplifies the resolution of the
left—right ambiguity, ensures measurement of the drift veloc-
ity in the calibration process, and provides better quality of
track recording. ,

Each cell contains an anode plane consisting of sense
wires of diameter 20 wm, with potential wires of diameter
225 pm located between them. At the cell boundaries there
are grid planes of wires of diameter 150 xm which decrease
the crosstalk and increase the stability of the electric field of
the sense wires, which are separated from each other by 2.9
mm. The grid (guard) plane is located 1.8 mm from the
anode plane. The chamber operates at a pressure of 3 atm for
a gas mixture of 92% CO,+8% C,Hg. The cathode planes
consisting of wires of diameter 225 um are located between
the guard planes. The high voltage ensures an electric field of
2.3 kV. Signals are read out and digitized using parallel
ADCs operating at a frequency of 100 MHz.

In Table VI we give the main parameters of jet-type
chambers and vector drift chambers.

TABLE VI. Parameters of chambers of the jet type.
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FIG. 29. Example of the use of a jet chamber for track reconstruction. The
distance between the centers of gravity of the momentum distribution is 4
mm.

The large cylindrical chamber for the VENUS detector.
The VENUS detector is a general-purpose detector for ex-
periments at the TRISTAN accelerator, whose energy is 70
GeV (Refs. 47 and 48). The main track detector in the setup
is a cylindrical drift chamber. In order to record events with
high multiplicity (>20) and narrow jets with a spatial reso-
lution of 150-200 wm, special attention was paid to the
structure of the drift cells. The prototype was the PEP-4 jet
chamber. The chamber has inner radius 25 cm, outer radius

MARK II MARK J SLD CDF ZEUS H1 ALEPH OPAL TOPAZ UAl
Experiment [45.46] [55-56] [53] [53] [50] [52] [27] [38-41] [36,37] [43]
Radius, mm:
inner 192 100 200 277 162 200 160 89 106 25
outer 1440 242 961 1320 785 769 260 233 293 89
active 250 - 238 309 190 215 - - - -
Active length, mm 2300 576 1800 3214 2050 2400 2000 1000 1500 800
Number of layers 72 - 80 84 72 64 8 2 10 -
Number of superlayers 12X 16 - 10X 8 12+ 6 9X8 2X32 - - - -

+6

Number of sense wires 5832 168 5120 6156 4608 2560 960 648 - 256
Stero angle 3.8° - 1.7° 3° 5° 7° - - - -
Maximum drift gap, mm 33 27.5 26 35 235 51 20 - 16 -
Drift velocity, um/nsec 52 7 9 50 50 35 49 52.7 - 51
Maximum drift time, nsec 600 - 3000 700 500 1500 140 5800 - -
Magnetic field, T 0.435
Sampling frequency, MHz 100
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FIG. 30. One quarter of the chamber and geometry of a drift cell of the
TRISTAN jet chamber.

126 cm, and length 300 cm. The total number of sense wires
is 7104, and there are 21 312 potential wires. In Fig. 30 we
schematically show a quarter of the chamber and the cell
geometry.*” There are 20 axial layers of drift cells for mea-
surements in the r — ¢ projection (the plane perpendicular to
the beam axis). Moreover, every two layers, which are
shifted relative to each other by half a cell, form a double
layer. Since in such a pair of layers each particle triggers two
times, it is possible to measure the particle coordinates in the
r— ¢ plane and along the track. This allows clearer recogni-
tion of tracks with large curvature and resolution of the left—
right ambiguity, and it increases the chamber efficiency as a
whole. The method of reconstructing tracks in the off-line
mode is described in Ref. 49.

Other types of jet chamber. A prototype of the microver-
tex detector for the ZEUS setup has been developed and
tested at the HERA accelerator.® Collisions between 1 TeV
protons and 30 GeV electrons are expected to give a large
flux of heavy colored particles generated by the electroweak
interaction. Charm and bottom particles have a mean free
path of the order of several microns in the r— ¢ plane trans-
verse to the beam. The microvertex chamber has been de-
signed taking this into account. The outer radius of the cham-
ber is 159 mm and the inner radius is 99 mm. A drift cell has
three radial planes: the central plane contains 13 field wires
with 12 sense electrodes between them, and the two side
planes each contain 25 drift wires. The angle of 1.5° between
the planes gives a drift gap ranging from 2.6 to 3.6 mm. An
efficiency of 96% and a spatial resolution of 35 um in the
central region of the chamber are obtained.

N. M. Nikityuk 641

30
| S S
® ® * 1 s
® L ] ®
° . o | Potential Wires
) ° ® !
° . ° '
[} L [ ]
) ° [ ]
° ° °
° o, o
L) o o
[ ]
: ,} LS BT
[ [ ] o
° I -

FIG. 31. Geometry of a drift cell of an inner layer of the MARK III vector
drift chamber.

The ARGUS drift chamber is designed for experiments
in the e*e™ storage ring of the DORIS-II accelerator.>! A
solenoidal magnet ensures a magnetic field of 0.8 T. A drift
chamber and time-of-flight and shower counters are located
inside the solenoid. The experiment is designed also to study
bottom mesons, including exclusive reactions with high mul-
tiplicity. The problem was how to ensure a high momentum
resolution in the range from 50 MeV/c to 5 GeV/c.

PROSPECTS FOR FUTURE DEVELOPMENT

Vector vertex detectors. Further improvement of three-
coordinate gas detectors has focused on raising the quality of
reconstructing tracks with large curvature, and also determin-
ing the track direction. These chambers are called vector drift
chambers.> They have a multilayered structure. As ex-
amples, let us consider the CDF and MARK III vector cham-
bers.

The CDF vector chamber is a large drift chamber de-
signed to perform experiments in high magnetic fields with a
high density of curved tracks at the hadron collider at
Fermilab.>® The detector has a complicated geometry. It con-
tains 84 layers arranged into 9 superlayers. The five super-
layers whose wires are parallel to the beam axis each contain
12 sense-wire layers. These five axial layers are interleaved
with four superlayers of stereo wires, in which the angle
between the sense wires and the beam axis alternates be-
tween *3°. Each stereo superlayer contains six sense-wire
layers. Both the axial and the stereo superlayers are divided
into drift cells, so that the maximum drift distance is less
than 40 mm, which corresponds to a drift time of 800 nsec.
In Table VI we give the main parameters of the CDF vertex
detector.

The vector drift chamber in the MARK III
spectrometerm'55 has eight layers. The first layer forms a
small drift chamber with four layers. The second layer is
essentially a jet chamber consisting of 32 drift cells (Fig. 30).
It has a dense grid of sense cells, allowing the reconstruction
of curved tracks and highly accurate measurement of dE/dx.
A characteristic feature of superlayers 3—8 is the presence of
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TABLE VII. Basic parameters of the MARK J time-projection chamber.

Parameter Value

Inner diameter, mm 100
Outer diameter, mm 242
Sensitive length, mm 576
Number of segments 12
Number of sense wires per segment 14
Total number of sense wires 168
Distance between anodes, mm 2.4
Distance between potential wires, mm 2.54
Distance between grid electrodes, mm 0.6
Drift velocity, um/nsec 7.0
Gas mixture 80%C0,+20%CH,
Spatial accuracy, um 35

FIG. 32. Geometry of a drift cell of one of the outer layers of the MARK III
vector drift chamber.

three sense wires shifted by 300 um in each drift cell (Fig.
31). The method of seeking tracks in vector drift chambers is
described in Ref. 54. Both software and hardware methods
are used for fast and efficient track searching, and they en-
sure the complete reconstruction of events containing tracks
of large curvature in 37 msec. The manner of resolving the
left—right ambiguity is illustrated in Figs. 31 and 32. For the
triplet of wires shifted by * 6, the value of A determining
the distance a charged particle travels from the sense wire is
given by**

A=v[(t,+13)12—1,],

where ¢, t,, and t; are the measured times for particles
passing through the cell. We see from Fig. 33 that A has two
peaks, and its sign tells which side of the cell the particle
passed.

Microvertex detectors with time expansion (Refs. 57—
59). Drift chambers with time expansion (time-expansion
chambers) are also used for highly accurate measurement of
the impact parameter (up to 100 wm). Their features are the
following:>> (1) the presence of a region of low field strength
(the drift velocity is 5 um/nsec compared to the 50 xm/nsec
in ordinary jet chambers) separated from a region of high
field strength; (2) the use of parallel ADCs with a digitizing
frequency of 100 MHz for more accurate determination of
the drift time by determining the center of mass; and (3) the
use of a gas mixture with as small a diffusion coefficient and
small Lorentz angle as possible. An example of a detector of

- o.c o »
- ® e ®
8 .. .. ® .'
! ) .‘.!!.... L .J._j.' s
3 2 1 o 1 2 3
A, mm

FIG. 33. Distribution of A as a function of where the particle passes relative
to the drift cell. The two peaks correspond to tracks passing to the left and
right of the cell.

this type is the jet chamber MARK J, designed for experi-
ments at DESY. In Table VII we give the main parameters of
this detector.

A time-expansion chamber has also been used in the L3
experiment,” where a resolution per wire of 51 um and a
two-track resolution of 650 um were obtained. The operating
principle of the chamber is explained in Fig. 34, where we
show the cell geometry. The electron drift region is divided
into a region with small uniform field and a region with large
electric field (the multiplication region), where the sensitive
plane is located. These regions are separated by a plane held
at zero potential. Between the anode wires there are focusing
wires, which increase the two-track resolution. The main pa-
rameters of the chamber are the following: outer and inner
diameters equal to 937 and 170 mm, respectively, length
equal to 1260 mm, and maximum drift time of less than 10
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FIG. 34. Sketch of a cell of a time-expansion chamber.
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TABLE VIII. Parameters of detectors with straw tubes (Ref. 62).

N. M. Nikityuk 643

Experiment HRS MAC MARK 11 MARK III CLEO TPC AMY
Tube diameter, mm 8.0 8.0 5.9-7 8 5.3-59
Length, cm 41-46 43 75 84 51 40-60 56

Wire diameter, um 20 30 20 50 15 30 15

Wire thickness, um 85 100 75 75 32 100 38
Number of tubes 352 324 552 640 192 984 144
Resolution, um 100 45 90 49 90 50 85
Pressure atm 1 4 1 3 1 4 1.5
Gas AUEt ArCo, CH,Ar/Et Ar/Et Ar/Et ArCo,CH, Ar/Et
Voltage, kY 1.65 3.9 1.9 39 1.6 4 1.75

usec. The chamber volume is divided into two concentric
cylinders: an inner cylinder containing 12 sectors and an
outer cylinder containing 24 sectors. The maximum drift gap
is 35.4 mm for the inner chamber and 53.2 mm for the outer
one.

Detectors with precision cells. Another direction in the
evolution of fast, precision three-dimensional gas detectors is
the development of drift cells with high resolution. There are
two original designs in this area. The authors of Ref. 60
describe two chambers, one based on a set of square drift
cells of dimensions 21X21 mm? with a drift gap of 10.5
mm, and and the other using hexagonal drift cells with a drift
gap of 25 mm. A spatial resolution of 25-30 um was ob-
tained. It has been shown that this trend in the development
of precision three-coordinate gas detectors, with cells which
form a cylindrical drift field, used in conjunction with a gas
mixture with low diffusion, is more promising than that of
time-expansion chambers owing to the simpler construction
of the detector.

MULTIDRIFT AND STRAW TUBES

An original line of development is the use of multidrift
tubes.5! The problem is to design a precision three-
dimensional gas detector operating in high beam luminosity
(10*) with a short memory of order 30—50 nsec. The drift
cells are hexagonal and are combined into modules. A mod-
ule consists of a set of drift tubes of radius 1.45 mm. Seventy
such cells are located in a tube of diameter 30 mm and length
80 cm. Each anode wire corresponds to six cathode wires. A
detector containing 8000 resistive anode wires has been built
from such modules. The accuracy of positioning the wires is
better than 30 wm. The problems arising in the use of mul-
tidrift tubes as vertex detectors at high charge loads are dis-
cussed in Ref. 62. In particular, it is essential to develop a
new approach to designing the recording electronics. Since
the dead time is of order 50 nsec and sampling of up to 50
times per track can be done, such a detector can be used as a
trigger system.

Straw tubes. Another promising development in the de-
sign of fast, precision vertex detectors is detectors incorpo-
rating thin Mylar tubes of diameter 3—5 cm and thickness
25-300 pm. At the center of a tube of length 45—-100 mm is
an anode wire, and the aluminumized wall of the tube serves
as the ground bus. These detectors possess the following
attractive features: (1) relatively low cost; (2) in contrast to
classical drift chambers, straw tubes are isolated from each

other, and so damage to one tube does not affect the opera-
tion of the others; (3) reduced effect of crosstalk; (4) a small
drift time of 30—100 nsec; (5) high accuracy (several um) of
recording coordinates. An important drawback of these de-
tectors is the presence of an additional material, Mylar,
which tends to decrease the momentum resolution of the
detector. Studies are being carried out in order to reduce the
effect of multiple scattering.5> The parameters of several de-
tectors based on straw tubes are given in Ref. 64 (see Table
VIII).

As an example, let us consider in more detail the con-
struction of the MARK III microvertex chamber.%® In Fig. 34
we show the cross section of part of the chamber. It consists
of 12 concentric layers of tubes located between radii of 5.4
cm and 13.0 cm from the interaction point. There are 640
tubes altogether, and the tube diameter is 8 mm.

The method of reconstructing tracks and their intercepts
for the straw-tube drift chamber in the E735 experiment is
described in Ref. 66. The principle of the track reconstruc-
tion is shown in Fig. 35. Here we see two layers of tubes
with radii r; and r,. Tracks 1-4 satisfy the following system
of equations:

sin(#)(X,—X ) —cos(t)(Z,—Z )+ (ry—r)=0
sin(#)(X,— X ) —cos(t)(Z,—Z,)— (ry—r)=0
sin(#)(X,—X ) —cos(t)(Zy—Z,)—(ry+r)=0
sin(#)(X,—X,) —cos(t)(Zy,—2Z,) +(ry+r;)=0.

After calculating ¢, the slope tan(f) and intercept are calcu-
lated for each line. After the equation of a line is found, it is
projected to the next chamber, and compared with the mea-
sured coordinate. If the difference is less than a given value,
the hit is tagged as belonging to the line. The x? criterion is

used.
.
S

FIG. 35. Explanation of the algorithm for reconstructing straight tracks
recorded using straw tubes.




644 Phys. Part. Nucl. 29 (6), November—December 1998

CONCLUSION

The technique of three-coordinate gas vertex detectors in
conjunction with the readout electronics and computational
methods of selecting and reconstructing the topologies of
complicated events has become highly refined. Detectors of
this class are distinguished by their radiation stability, their
good two-track resolution, and their relatively fast response.
Moreover, the possibility of recording events with large par-
ticle emission angle allows the successful use of three-
dimensional gas vertex detectors in combination with other
types of detector in the high-luminosity experiments per-
formed at modern and future colliders. Gas microstrip
microvertex detectors based on semiconductor technology
are also very promising and have been discussed in our ear-
lier review.®’
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