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The current status and future perspectives of the development of high-precision microvertex
detectors are reviewed. A description is given of the characteristics, operating principles, and
methods of signal readout from microvertex detectors designed on the basis of semiconductor
technology and fiber-optics light-guide techniques. The parameters of the best known microvertex
detectors used in fixed-target and collider experiments are given in tables. The specialized
processors used for fast calculation of the impact parameter and selection of events containing
decay vertices are discussed. © 1997 American Institute of Physics. [S1063-7796(97)00501-9]

INTRODUCTION

Semiconductor detectors have existed for more than 40
years. In a pioneering study in 1951 (Ref. 1), it was shown
that « particles passing through a reverse-biased p—n junc-
tion in germanium generate a noticeable signal. This in fact
is the basic principle upon which all modern semiconductor
detectors are based. However, as noted in Ref. 2, until the
end of the 1970s semiconductor detectors were used to mea-
sure the energy of particles passing through them. With few
exceptions, high-energy physics experiments have used sili-
con detectors, owing to the fact that they can operate at room
temperature. Such detectors are fabricated using modern
technology on the basis of high-resistivity silicon (resistivity
of the order of several K{)/cm). Subsequent research di-
rected to improving the resolution of track detectors led to
the development of microstrip semiconductor detectors. Here
we shall briefly review the studies devoted to semiconductor
detectors and their use.

The literature on semiconductor detectors from 1951 up
to the end of the 1970s is reviewed in Ref. 3. According to
the classification of Ref. 4, semiconductor detectors can be
divided into two groups. (1) Classical detectors like photo-
diodes, x-ray detectors, semiconductor counters, microstrip
detectors, and also certain types of pixel detectors. (2)
Memory detectors like CCD matrices, silicon drift chambers,
and pixel detectors with storage elements.

In this review we shall discuss the use of semiconductor
counters, microstrip detectors, and CCD matrices as vertex
detectors. All of these are widely used in experiments. Com-
pared to gas-based detectors, silicon semiconductor micros-
trip detectors are an order of magnitude more accurate and
are very fast. Their preparation is based on well developed
planar technology (accuracy better than 1 wm), so that hun-
dreds of recording channels can exist on a single crystal. The
physics and technology of silicon semiconductor detectors
are reviewed in detail in Ref. 5, which also describes the
various types of these detectors. The typical structure, geo-
metrical dimensions, and electrode geometry of one of the
first microstrip detectors are shown in Fig. | (Ref. 6). It is
made from a fully depleted silicon crystal with a diode struc-
ture and a high resistivity > 10 k{}/cm. One side of the crys-
tal surface is divided into conducting strips of pitch 20-50
pm, which are used for charge collection. The typical elec-
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tron collection time is 4 nsec. The signals are read out from
each microstrip, or from groups of strips connected together
in some manner. The charge-division method is widely used
to improve the accuracy of recording event coordinates and
to decrease the number of amplifiers needed. The use of this
technique allows the interpolation method to be used for cal-
culating the coordinates of a charged particle. In more elabo-
rate microstrip detectors it is possible to read out the signals
from opposite sides of the detector.” It should be noted that
silicon detectors do not have internal signal amplification, so
that there are strong requirements on the recording electron-
ics, particularly regarding noise stability.

Semiconductor counters. Semiconductor counters are
used as active targets. In the NA14 experiment at CERN 3
the first version of the target consisted of 43 thin
(300X 100X 100 m) wafers with 200 pm spacing between
them. The small target dimensions allow events to be re-
corded with high accuracy. The track reconstruction is done
by analyzing the ionization loss in different counters of the
target. The measured lifetime of the charmed meson was
9.5X 10713 sec. To increase the sensitivity to particles with
shorter lifetime, a combination target was built. This consists
of a miniature germanium target and a telescope made of
thin silicon counters.” To decrease the input capacitance, the
silicon counters are divided into sectors. The use of the ger-
manium target allowed the sensitivity in the region of the
primary decay vertex to be increased by a factor of 2.5. Ac-
tive targets are used especially effectively in combination
with microstrip detectors. The main drawback of active sili-
con detectors is the difficulty of identifying multiparticle
processes. In addition to semiconductor detectors and CCD
matrices, precision microvertex detectors are also con-
structed using microstrip gas detectors and detectors based
on scintillating fiber-optics light guides (SCIFI detectors).

Our goal in this review is to describe briefly the current
status of the techniques and perspectives for future develop-
ment in use of precision vertex detectors. After the Introduc-
tion, the first three sections are devoted to semiconductor
microvertex detectors. In Sec. 1 we discuss the parameters
and methods of constructing precision vertex detectors for
fixed-target experiments. Section 2 contains a description of
the specialized processors used to reconstruct decay vertices.
In Sec. 3 we discuss the construction and parameters of pre-
cision vertex detectors designed for collider experiments.
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The electronics of microvertex detectors is discussed in Sec.
4. Section 5 is devoted to the use of microstrip gas detectors
in the construction of microvertex detectors and, in particu-
lar, for the future CMS detector. Pixel detectors are dis-
cussed in Secs. 6 and 7. In Sec. 8 we discuss the use of
fiber-optics light guides in the construction of microvertex
detectors.

1. SEMICONDUCTOR MICROSTRIP MICROVERTEX
DETECTORS FOR FIXED-TARGET EXPERIMENTS

As noted in Ref. 10, in the study of the physics of beau-
tiful particles, fixed-target experiments have certain advan-
tages over collider experiments. These are: (1) Beautiful par-
ticles scatter from the target in the forward direction, where
the detector is located; (2) it is simpler to reconstruct the
primary decay vertex. Microstrip detectors were first used
experimentally in the 1980s in fixed-target experiments.
Here we shall discuss the characteristics of the best-known
precision detectors used in fixed-target experiments.

The microvertex detector for the ACCMOR spectrom-
eter. A microvertex detector used to obtain a resolution of 5
pm and a two-track resolution of 60 xm is described in Ref.
10. The detector consists of a beam telescope and an active
target. The beam telescope contains six microstrip planes.
The strips in the first four planes have a pitch of 50 um and
are arranged horizontally and connected in pairs. The mi-
crostrips with pitch 20 wm in the other planes are inclined
relative to the horizontal at angles of * 14°. The telescope is
used to determine the location of a 200-GeV 7~ beam. The
active target consists of ten detectors of thickness 280 um
located at a distance of 500 wm from each other. Behind the
target are several detectors with spacing of 400 wm, which
are used to generate the trigger pulse. The vertex telescope
(active target) consists of six detectors of thickness 280
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FIG. 1. (a) Structure of the microstrip semiconductor detector; (b) micro-
strip geometry.

pum and active area 24X 30 mm?. The signals recorded from
the vertex telescope are read out by the economical charge-
division method and are used to measure the impact param-
eter with record-setting resolution. This detector has been
used to record 4X 10 events which may contain charmed
particles.

The microstrip vertex detector for the E687 experiment.
This detector was designed to measure the lifetime of heavy
beautiful particles in a photoproduction experiment at the
Fermilab accelerator.!! It allows the topology of such events
to be reconstructed and the decay vertices to be identified. In
Fig. 2 we show a diagram of the microvertex detector, which
consists of a germanium target containing 40 microstrips and
12 microstrip silicon planes with signal readout possible
from each microstrip. The microstrip backing is 300 um
thick and has area 5X5 cm?. The parameters of individual
groups of microstrip detectors are given in Table 1. The first
three detectors in each group give the X, Y, and U coordi-
nates. The X, Y, and U planes are rotated relative to the
horizontal plane by —45°, —135°, and —90°, respectively.
In addition to events involving beautiful particles, this tele-
scope has been used to record over a million events involv-
ing charmed particles.

The accuracy of the positioning of the detector planes is
3 um. Of particular interest is the design of the trigger sys-
tem (Fig. 3). With the goal of simplification, a simple algo-
rithm is used which allows the presence of at least one decay
vertex to be found in a recorded event. After storage of the
signals in the trigger registers, the data from the leading
plane are written into the register associated with the second
plane. Then majority coincidence schemes are used to deter-
mine the presence of a decay vertex.

The microstrip detector for the Beatrice experiment
(WA92). This detector was designed for experiments involv-
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ing beautiful particles at CERN.!? It allows the accurate re-
construction of events involving B decays. The detector con-
sists of 16 microstrip planes with 10 wm pitch. The total
thickness of the planes along the axis is 3.2 cm. The first 13
are Z planes located near the target. Of these, six detectors
have a thickness of 150 wm, and the other planes have a
thickness of 300 wm each. The 14th (Y) plane is rotated by
90° relative to the preceding planes. Planes 15 and 16 (U
and V) are rotated by 10° and 14°. A record-setting spatial
resolution of 3 um has been obtained using this telescope. In
Fig. 4 we give a general view of the detector, mounted on a
ceramic backing. An efficient processor has been designed
for this experiment. It will be described in the next section.

2. TRIGGER SYSTEMS FOR VERTEX DETECTORS

The authors of Ref. 12 describe an original algorithm for
the selection of events with charmed particles. It uses both
hardware and software methods of filtering complex events.
The algorithm amounts to the following. Microstrip detectors
are arranged in space in such a way that the ratio of the strip
width and the distance from the target to a point between
adjacent microstrips is a constant. Then all tracks originating
at the point O, where the primary interaction vertex is lo-
cated, satisfy the condition

n(a)=n(b)=n(c),

where n is the number of the triggered microstrip (Fig. 5). If
the track does not “‘look’’ at the point O, within the error we
have

n(a')#n(b')#n(c’).

TABLE 1. Parameters of the E687 microstrip detector.

Group number 1 2,3 and 4
Total active arca 2.5%3.5 cm? 5X5 cm?
Total number of microstrips (1+2+3+4) 8400
Central region:

area 1X3.5 cm? 2X5 cm?
pitch 25 pm 50 um
Outer regions:

area 0.75%305 cm?  1.5X5 cm?
pitch 50 pum 100 wm
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FIG. 2. Schematic diagram of the E687 telescope.

12 cm

In practice, this means that after the event is recorded in
memory, it is sufficient to erase all coordinates having the
same address pertaining to the first three detectors. The re-
maining data can then be used to calculate the value of the
impact parameter and to reconstruct the particle tracks. Since
part of the information in this trigger system is processed by
software, a better event-selection rate can be hoped for. The
authors of Ref. 13 describe a high-speed trigger system
which selects events containing secondary decay vertices in
10 usec. This system uses a two-dimensional track processor
developed for the DELPHI setup and described in detail in
Ref. 14. The algorithm for the operation of the trigger system
is essentially an improved version of the algorithm described
above. It amounts to the following (Fig. 6). We use
(X,,Y,) to denote the vertex coordinates and (X; ,Z,(-j)) to
denote the coordinates of tracks recorded by microstrip de-
tectors: X; (i=1,2,...,6 is the number of detectors) is the
position of the ith microstrip detector and Zgj) is the jth
coordinate of the detector. Then in the XZ plane (Fig. 6a) the
equation of a straight track will have the form

Z=bX+Z,+h, (1)

where Z, is the Z coordinate of the vertex and % is the
impact parameter, which is zero for all tracks originating at
the primary decay vertex. The track reconstruction is carried
out in four stages.

P1 P2

e —

|

7T

0 4

FIG. 3. Algorithm for the operation of a simple trigger. P1 and P2 are the
detector planes, CP is the projection center, and DV is the decay vertex.
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Step 1. Transformation of the coordinates. All points
(X;,Z) undergo a transformation of the type

. Xe
z'=+ (z-z,). )

Then Eq. (1) can be written as

Z=Z(j)_Z +h ﬂzzu)+h{ﬂ (3)
6 v X 6 X .

It should be noted that the transformation (2) transforms
straight tracks, for which the impact parameter is #=0, into
parallel lines (see Fig. 6b), while tracks pertaining to second-
ary interaction vertices become hyperbolas.

Step 2. As follows from (3), primary tracks each have six
points with equal abscissas, so that these coordinates, which
are written in memory, are erased, thereby simplifying the
calculation of the impact parameter.
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FIG. 4. General view of the microvertex detector. A is the
active region, B are printed leads, C are leads connecting the
microstrips to the ceramic backing, D are leads located on the
ceramic, E are connections between the ceramic backing and
the flexible cable, and F is the connection between the ceramic
backing and the electronic readout system.

Step 3. A shift is performed, and the impact parameter is

determined. To all Z{” we add the quantity
X;—X¢
n(hyw=h ——, (4)
X

where w is the pitch of the microstrip detector and n; is the
h-dependent number which best approximates Eq. (4). After
this transformation, tracks having nonzero impact parameter
reduce to a constant function of X. After these tracks are
found, it is possible to calculate the value of the impact pa-
rameter by counting the number of shifts in the first detector:

hy=ny(25 al

=n m) ——.
1 1( M ) X,—X,

Step 4. The coordinates of the corresponding decay ver-
tices are found. As noted above, the event topology is recon-
structed using a fast hardware programmable processor,

FIG. 5. Telescope used for generating the trigger in the
WABS2 experiment. T is the target, and n(a), n(b), and
n(c) are the detector planes.
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FIG. 6. (a) An example of an event with two primary decay vertices. (b) The
same event after transformation.

whose operation is based on the contiguity-mask algorithm.'®
The algorithm is explained in Fig. 7. The data from the de-
tectors are stored in trigger registers. The programmable
memory in the first approximation is a matrix consisting of
horizontal and vertical switches which are closed by the trig-
gers of the registers in which ones are written. A modernized
version of the specialized processor used in the WA92 ex-
periment is described in more detail in Ref. 16.

The use of associative memory and analog neural net-
works. A trigger system designed for fast selection of events
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FIG. 7. The contiguity-mask algorithm.
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FIG. 8. Block diagram of the vertex detector. AMM is an associative
memory module, B is the beam, SV is a secondary decay vertex, and T is
the target.

involving heavy colored quarks incorporates associative
memory modules containing 4096 cells in each module.!” A
more modern version of the trigger system uses an analog
neural network.!® It is necessary to use such complicated
processors because finding a secondary decay vertex even
off-line is a very complicated task. In Fig. 8 we show a block
diagram of the microvertex detector. It consists of the target
M, eight microstrip detectors rotated by 90° relative to each
other, an electronic readout system, associative memory
modules (AMM), and an analog neural network. Secondary
decay vertices are sought in two steps. In the first, data on the
most probable useful events are stored preliminarily in the
AMM modules. These data might be, for example, the num-
ber of tracks in an event, the track slopes, and so on. In
addition, it is known from general considerations that tracks
(in an ideal situation) originating at a primary decay vertex
appear as a set of points on a horizontal line, while secondary
decay vertices appear as a set of points on a sloping line
which intersects this horizontal line. After the data are re-
corded, a parallel search for tracks is conducted using the
AMMs in the course of a few microseconds. If the search is
successful, the data are sent to the inputs of the analog neural
network.

The analog neural network is a VLSI chip designed by
Intel. It has 64 inputs, 64 neural elements in a hidden layer,
and 64 outputs. To enable the direct use of the neural net-
work in an experiment, a hybrid processor was designed in
the VME standard. It is shown schematically in Fig. 9. A
68070 CPU, an 80170 analog neural network, memory mod-
ules, and the corresponding interfaces are located on a board.
The board also contains ADC and DAC modules for data
exchange between processors. The entire hybrid processor is
controlled by means of a personal computer. One of the awk-
ward procedures associated with the use of a neural network
is the need to train it by a special program. The use of the
analog neural network has allowed a significant improve-
ment in the selection of useful events.

3. VERTEX DETECTORS DESIGNED FOR COLLIDER
EXPERIMENTS

Vertex detectors designed for collider experiments have
a unique configuration in the form of a cylinder, with the
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beam pipe passing through the center (Fig. 10). They also
have a more complicated mechanical construction and a
larger number of detection channels (of the order of 10°). To
improve the accuracy of recording decay-vertex coordinates,
a typical detector has several layers covered with microstrip
detectors or other types of semiconductor detector. For a
simplified detector design consisting of two layers located at
distances L, and L, from the decay point with individual
resolutions o and o, the resolution of the impact param-
eter o; can be calculated from the expression!’
01-2= a'f+R2amS+R2a"ack ,

where o, is the spatial resolution of the nearest detector
plane, R is the distance from the first detector plane to the
center of the beam, a,, reflects the effect of multiple scat-
tering, and @, is the angular accuracy of the tracking sys-
tem. For simplification, the material of the beam pipe is
treated as a part of the inner layer of the detector. The main
requirements on vertex detectors designed for LHC experi-
ments are the following: (1) the accuracy of the inner detec-
tor (the one closest to the beam pipe) must be very high (on
the order of several microns); (2) the amount of material in

FIG. 9. Photograph of the VME module with an analog

neural network.

the detector and the beam pipe should be minimal; (3) the
angular resolution of the entire tracking system should be of
order 100 urad.

A brief description of the vertex detector designed for
the ATLAS collaboration together with its parameters is
given in Ref. 19. The question of using two-coordinate
(pixel) detectors for the inner layers of the vertex detector is
discussed. The construction and parameters of the best-
known microstrip detectors and electronic data readout and
recording systems are described in Ref. 20. In Table II we
list the setups designed for collider experiments. Most of
these detectors are already being used in experiments.

More details about the detectors can be found in the
corresponding references. Here we shall describe the best
known microvertex detectors.

The Mark II microvertex detector. The Mark II mi-
crovertex detector was proposed for an experiment in 1985 at
the SLAC linear collider and was first used in 1990 (Ref.
21). Before this, the lifetime of the 7= leptons and the aver-
age lifetime of B hadrons were measured by using vertex
drift chambers. In addition to raising the accuracy of mea-
suring particle coordinates to 5 um, as expected, the use of
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TABLE II. Microstrip vertex detectors (Ref. 20).

Experiment Collider \/; , GeV
MARK 11 SLC (e'e™) 94/7°
DELPHI LEP (ete™) 94/7°
ALEPH LEP (e*e”) 94/7°
OPAL LEP (ete™) 94/2°
CDF TEVATRON (pp) 1800
L3 LEP (e*e™) 94/7°
ARGUS DORIS-II (e e ™) 10/Y (4S5)
CLEO-II CESR (e*e) 10/Y (45)
KEDR VEPP-4 (¢*e™) 10/Y (4S8)

Note: Z°, (4S)-particles.

the microvertex detector also allows an order of magnitude
increase in the accuracy of measuring the impact parameter
and improvement of the important two-track resolution to 5
mrad. The detector is shown schematically in Fig. 10. It con-
sists of three concentric cylindrical surfaces, on which are
mounted 36 modules (ladders) with one-sided readout. Spe-
cial attention was paid to accurate alignment of the vertex
detector and its individual parts. A three-dimensional micro-
scope was used to obtain an accuracy of 40 um. The colli-
mated beam of an x-ray pipe was used to orient the micro-
strip detectors with an accuracy of 2 um. In addition, capaci-
tative sensors were used to detect changes in capacitance
between the sensors and electrically grounded pads in order
to monitor relative displacements of the vertex detector and
the surrounding vertex drift chamber. Each detector (mod-
ule) contains 512 microstrips with variable pitch: 25, 29, and
33 um for the inner, middle, and outer layers, respectively.
The strip length is also variable, so that the range of polar
angle covered by the detectors can be as much as 40°. The
microstrips are oriented parallel to the beam (the z axis),
which allows measurement of the coordinates in the r¢
plane. In Fig. 11 we give an overall view of a single module
of the microstrip detector. Each module consists of a micros-
trip detector and two microcircuits H1 and H2, realized by
hybrid technology. These devices effect the signal transfer
from the microstrips to the inputs of the readout amplifiers.
In turn, two pairs of large 128-channel Microplex VLSI
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chips are associated with each detector (see Table III). These
chips ensure the amplification and readout of signals from
the 18 432 microstrips. In Fig. 12 we show a photograph of
the display of a two-jet Z° decay reconstructed by using the
Mark II microvertex detector. The tracks of charged particles
passing through the detector are shown as straight lines leav-
ing the interaction point.

The DELPHI microvertex detector. The DELPHI detec-
tor is one of four universal setups used at the LEP accelerator
and designed for the study of e*e ™ interactions at energies
near the Z° mass. About 130 000 hadron events were re-
corded in 1990, and twice as many in 1991. Two modifica-
tions of vertex detectors were used in the DELPHI
installation.”” The detector installed in the LEP beam in 1989
consists of two concentric planes of radii 9.0 and 11 cm, on
which microstrip detectors are mounted. Similar detectors
had been used earlier in a fixed-target experiment. Microstrip
detectors with a pitch of 25 um are arranged parallel to the
beam and the magnetic field. Each plane contains 24 mod-
ules, each of which in turn consists of four microstrip detec-
tors. The vertex detector covers an angle of *+45° and con-
tains 165 886 microstrips altogether. Difficulties arise
because one-dimensional detectors with signal readout from
only a single plane are used. In an improved version of the
microstrip detector the microstrip pitch is 16.6 wm, which
allowed a high spatial resolution of order 5 um and a two-
track resolution of 100 wm to be obtained.

The decrease of the beam-pipe radius in 1991 allowed
the installation of an additional inner cylinder of radius 6.3
cm over a distance of 24 cm. Since the radii of the concentric
planes are different, the active length of the modules of the
vertex detector is also variable and ranges from 1.92 to 3.20
cm. The characteristics of the final version of the detector are
described in Ref. 22. In Fig. 13 we show a general view of
one half of the microvertex detector. The use of a third plane
allows measurement of the particle coordinates directly at
the beam pipe. It was possible to decrease the error in deter-
mining the impact parameter from

((80 pm)*+(120 um/p,)?)"?

FIG. 11. General view of a microstrip module. A are mi-
crostrips, B are Microplex readout chips, C are buffer
blocks, and D is a thin cable, and E are steel supports.
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TABLE III. Parameters of semiconductor microstrip detectors.

MARK II DELPHI ALEPH OPAL L3
Reference 21 22 23-26 27-28 29-31
Number of layers 3 3 2 2 2
Radii, cm
r, 29 6.3 6.3 6.2 6.1
ry 3.4 9.0 - - -
ra 3.8 11.0 10.7 7.7 7.8
Angle covered, %
0.65 0.86 0.87 0.82 0.92
0.65 0.80 - - -
0.65 0.73 0.75 0.76 0.88
Surface overlap, % - 14 4 - 12
Number of detectors 36 288 96 75 96
Silicon area, m? 0.05 0.42 0.25 0.15 0.30
Number of VLSI chip readouts 144 576 1152 125 576
Number of readout channels 18432 73728 73728 16000 73728
Signal-to-noise ratio 18 14 17 22 -
Individual resolution, um 7 7-9 12(r o) 5 1(ro)
12(rz) 14(rZ)
Impact parameter, um 25*5 15, r¢ - -
25,rz

Note: — No information.

to
(24 pm)*+(69 pmip))

for tracks with momentum p,, measured in units of GeV/
¢. A rough estimate gives a resolution for the impact param-

FIG. 12. (a) A reconstructed Z° decay from the Mark Il microvertex detec-
tor; (b) a blowup of part of the picture.
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eter o,(* 1 7)=21 um. In Fig. 14 we show a photograph
of the display containing a candidate for the event
Z°—bb.

Let us briefly consider the parameters of the microstrip
detector. The detector width varies from 19.2 mm (384 mi-
crostrips) to 32 mm (640 microstrips) for the outer layer. The
middle layer has 512 microstrips at a width of 25.6 mm. A
semiconductor detector with integrated capacitative coupling
and biasing resistors is used. In Fig. 15a we show the general
form of a module of the microstrip detector. The electronic
amplification and readout system is shown in Fig. 15b. The
board on which the MX3 chips are mounted simultaneously
forms a part of the mechanical construction of the microver-
tex detector. After the arrival of a common trigger signal, the
pulses from the detector outputs are sequentially read out
using a system of FASTBUS modules, then digitized and
processed using a DSP56001 signal processor.

In Table III we give the parameters of four types of the
best known microvertex detector used at the LEP and SLC
accelerators.

The information readout is organized so that the data are
read out every 50 um (three microstrips per amplifier), and
the values of the coordinates are calculated by the charge-
division method. An MX3 readout chip is used; its param-
eters are given in Table IV.

More details about the characteristics of a number of
VLSI chips designed for microstrip detectors can be found in
Ref. 20.

The ALEPH microvertex detector. This is the first mi-
crovertex detector with double-sided readout, and it has been
used in collider experiments since 1991. The general form of
the detector is shown in Fig. 16. For this detector,? a special
technology was used to construct a microstrip detector with
double-sided readout, which allows two coordinates x and
z to be recorded using a single detector surface.’* The
ALEPH detector consists of two concentric surfaces with
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FIG. 13. General view of half of the DELPHI microvertex
detector.

radii of 6.3 and 10.7 cm, covered with silicon microstrip
detectors of area 0.25 m? ceramic holders, and an electronic
readout system containing 74 000 recording channels. The
microstrip detector with double-sided readout ideally solves
the problem of recording the second (z) coordinate. This
solution allows the signal magnitude to be optimized for

FIG. 14. Photograph of the display of a candidatc for a Z%—bb event
recorded using the DELPHI microvertex detector.
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minimum thickness of the material, and makes it possible to
find the correlation of the amplitudes of pulses obtained from
the charge collected on the two sides of the microstrip detec-
tor. The use of double-sided readout naturally leads to a sig-
nificant improvement of the vertex detector and decreases
the effect of particle multiple scattering. Therefore, the ver-
tex detector for this setup contains only two concentric sur-
faces covered by microstrip detector modules. In Fig. 17 we
give a schematic diagram of the structure of the backing of a

FIG. 15. (a) General view of an outer-layer detector module; (b) a data
readout module.
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TABLE 1V. Parameters of VLSI chips used in semiconductor vertex detectors (Ref. 20).

Experiment Mark II DELPHI ALEPH OPAL L3
VLSI chip Microplex MX3 CAMEX64A MX5 SVX-H3
Type 5 pm NMOS 3 um CMOS 3.5 um CMOS 1.5 um CMOS 3 um CMOS
Number of channels 128 128 64 128 128

Surface area, mm? 6.3%54 6.5X6.8 6.4X5.0 6.5X6.8 6.3X6.8
Strip, um 47.5 (4 rows) 50 (2 rows) 100 550 (2 rows) 48 (2 rows)
Power dissipation, mW 14 0.75 1 2 1.3
Equivalent noise charge, ¢~ 280+97C;, 350(Ci,+3.5)'2 335+35C;, 325423C,, 350+58C;,
Radiation tolerance, krad 20 15 12 5 20

microstrip detector. It has dimensions 5.12X5.12 cm? and
thickness 300 wm. The backing is made of high-resistance
silicon, with p* microstrips implanted on the ¢ side with a
pitch of 25 xm. Perpendicularly oriented n* microstrips are
implanted on the opposite z side with a pitch of 50 um. The
signal on the ¢ side is read out from every fourth microstrip,
and that on the z side is read out from every second one, so
that the readout spacing on each side is 100 um. The mi-
crovertex detector consists of 28 modules arranged in two
layers. In turn, each module consists of two microstrip de-
tectors with double-sided signal readout. On the p™* side the
strips of the two detectors are connected in series. The length
of the strips on this side is 46.1 mm, and each detector has

FIG. 16. General view of the ALEPH microvertex detector mounted on a
graphite holding frame. Flexible printed leads are visible near the ends.
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483 channels. The total number of readout channels from a
single base module is 1442, and the total number of record-
ing channels is 81 000. The VLSI CAMEX64 chip used for
data reading and recording has 64 independent channels,
each of which contains a charge-sensitive preamplifier with
controllable feedback. The second amplifier together with
switched capacitors ensures double correlation sampling and
additional gain. In 1991 the ALEPH vertex detector was
used to record about 300 000 hadronic Z° decays. In Fig. 18
we show typical hadronic events from Z° decay in the
r—¢ and r—z projections. The particle coordinates are de-
termined by the charge-division method.

The OPAL microvertex detector. There are two modifi-
cations of the OPAL microvertex detector. The first uses
microstrip detectors with one-coordinate readout. In the sec-
ond, it was possible, owing to special technology, to design a

¢ surface

P

z surface

FIG. 17. Structure of the backing of the ALEPH microstrip detector with
double-sided readout.
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FIG. 18. Decay of a Z° boson into a pair of 7 leptons containing one-prong
and three-prong modes. On the left is a distorted view of the microvertex
chamber, the inner tracking chamber, and the time-projection chamber. On
the upper right is a more detailed picture of the tracks passing through the
microvertex detector in the xy plane. On the lower right is the same event in
the rz plane.

two-coordinate detector. The first version of the high-
precision microvertex detector’’ was developed while the
beam pipe at the LEP accelerator was being reconstructed,
which led to the radius of the latter being decreased from 8.5
to 5.5 cm in 1991. The basic parameters of the microvertex
detector are given in Table III. The detector consists of two
concentric surfaces with radii 6.2 and 7.7 cm. The micros-
trips are oriented in the azimuthal (¢) direction with a pitch
of 50 um. For this reason it is possible to record only a
single coordinate of a triggering particle. A special feature of
the microstrip detector is the use of a field-effect transistor as
the bias source for the individual implanted microstrips (the
FOXFET stmcture),28 which allows the dynamic resistance
to be varied from 10 to 40 M(2 and improves the signal-to-
noise ratio to 22:1. A microstrip module of the detector con-
sists of three semiconductor detectors of length 6 cm con-
nected as a sequential chain. Each such detector consists of
629 microstrips. The microstrip outputs are connected to am-
plifier inputs via a variable current. The total number of
analog-signal readout channels is 16 000. The signals are
recorded using a 128-channel MX5 VLSI chip (see Table
1V), constructed using 1.5 um CMOS technology. Each
channel of the microcircuit has a charge-sensitive amplifier
at the input. The output of the amplifier is connected to a
storage capacitor. The signals from the capacitors of all the
channels are read out using a 128-bit shift register. In 1991
the vertex detector was used to record about 250 000 had-
ronic Z° decays. A high resolution of order 15 wm was ob-
tained for the impact parameter.

The modified version of the OPAL microvertex detector
with two-coordinate readout is described in Ref. 28. The
readout scheme that is used is fundamentally different from
that of the ALEPH detector. This is in part due to technical
difficulties. Readout of the second z coordinate is accom-
plished by simply gluing together the two surfaces of micro-
strip detectors oriented in the ¢ and z directions. Gold con-
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TABLE V. Parameters of a microstrip module of the modified OPAL de-
tector.

Parameter ¢ side z side
Silicon thickness, um 250 250
Microstrip pitch, um 25 25
Readout microstrip pitch, um 50 100
Individual resolution, xm 5.0 13
Number of readout channels 629 584
Signal-to-noise ratio (at peak) 24 20

tacts laid down on a glass substrate are used to transfer sig-
nals corresponding to the z coordinate to amplifiers located
in the same region as the readout amplifiers for the ¢ coor-
dinates. In Table V we give the parameters of a micro-
strip module.

Instead of an MX5 VLSI chip, the modified version of
the detector uses an MX7 chip. This leads to a significant
increase of the radiation tolerance and raises the noise stabil-
ity by 20%. Individual coordinate resolutions of 5 um and
13 pm in the ¢ and z coordinates, respectively, are obtained.
The general parameters of the OPAL microvertex detector
are given in Table VI.

A photograph of the OPAL microvertex detector built
around the beam pipe at the LEP accelerator is shown in Fig.
19.

The L3 microvertex detector. The L3 microvertex
detector® ! was introduced into experimental work fairly
recently (at the beginning of 1993). Altogether, the detector
consists of two concentric layers of cylindrical shape with
radii 6.1 and 7.8 cm. Each layer contains 12 microstrip mod-
ules of thickness 300 wm and area 7X 4 cm?. Each in turn
consists of two microstrip detectors with double-sided read-
out, so that the two particle coordinates z and r— ¢ can be
measured. The expected single-track resolution is 7 wm and
14 um in the r¢ and rz planes, respectively. A special fea-
ture of the L3 microvertex detector is the fact that the outer
layer of modules is shifted relative to the z axis by a stere-
oangle of 3°, which allows the identification of multitrack
events. The construction and characteristics of the modules
are described in more detail in Ref. 29. The microvertex
detector ensures the reconstruction of particle tracks in polar
angles of 22° and 158° and in an azimuthal angle of 360°.

TABLE VI. Parameters of the OPAL microvertex detector.

Parameter Value
Number of layers 2
Number of microstrip detectors:
inner layer 11
outer layer 14
Effective radius of a layer (mm):
inner 61
outer 75
¢ acceptance:
inner layer 88%
outer layer 91%
Number of channels 30325
Cooling system Water
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The 128-channel SVX VLSI chip used for data readout con-
tains all the circuitry required for data amplification, storage,
and multiplexing for a single output channel, which is con-
nected to the input of an optical transmitter. A functional
board with optical decoupling also contains an 8-bit parallel
ADC, which is used to digitize signals arriving from the
detector, and 8-bit DACs used to set the ADC threshold and
calibrate the SVX module. The outputs of the functional
boards with optical decoupling are connected to the inputs of
the data collection and processing system in the VME stan-
dard based on a TSM 99105 microprocessor.

The CDF microvertex detector. The CDF microvertex
detector’>** is designed to perform experiments at the Fer-
milab pp collider and began operation in 1992. The problem
was to ensure a track recording accuracy of order 10 um. A
general view of this detector is given in Fig. 20. It has four
concentric layers. The inner and outer layers have radii 3.005
and 7.866 cm, respectively. The detector is located inside a
vertex time-projection chamber. In Table VII we give the
parameters of this microvertex detector.

The CDF detector consists of four layers of microstrip
detectors with one-sided readout (on the order of 40 000
channels). The microstrip size is 25 pm, the spacing between
the microstrips is 60 um in the inner layer and 110 wm in
the outer layer, the length is 8.5 cm, and the thickness is 300
pm. The microstrip detector modules have a maximum
length of 510 mm, and each consists of three microstrip de-
tectors. The characteristics of the 128-channel chip used for
signal amplification and detection are given in Ref. 32. Each
event produces 60—100 kilobytes of data.

The microvertex semiconductor detectors for the ATLAS
experiment. A complex system of track detectors including
several types of semiconductor microvertex detector is being
planned for the future ATLAS experiment.®> The tracking
system is shown in Fig. 21. Two designs are being consid-
ered at present. In this section we shall briefly describe the
microvertex semiconductor detectors. The main require-
ments on the inner microvertex detector are the following:
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FIG. 19. General view of the OPAL detector. (/) Supporting
ring; (2) beryllium shell; (3) supporting and cooling ring; (<)
supporting ring; (5) inner detector plates; (6) beryllium beam
pipe; (7) outer detector plates; (8) microcircuits; (9) cooling
system; (/0) pressure pipe; (/1) plates for recording electron-
ics; (12) supporting ring; (13) guides for cables.

(1) high spatial resolution of order 5-10 wm; (2) fast opera-
tion: the total charge collection time should be 20-30 nsec
for detectors of thickness 300 wm; (3) high two-track reso-
lution, a typical value being 150 pm; (4) high radiation sta-
bility. The inner microvertex detector consists of three con-
centric planes, located between 10 and 30 cm from the beam
pipe. It is assumed that microstrip detectors with double-
sided readout or two-coordinate (pixel) detectors will be
used. These will allow the impact parameter to be measured
with an accuracy of 25 pum.

A microstrip detector based on GaAs will allow the mo-
mentum resolution to be improved in a region with a high
level of radiation. The third outer semiconductor detector in
combination with the inner detector will ensure the accurate

FIG. 20. General view of the CDF detector.
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TABLE VII. Parameters of the CDF microvertex detector.

Parameter Value
Number of layers 4

Inner/outer radius 3.005 cm/7.866 cm
Microstrips: 60 pum for layers 0-2, S5 um for layer 3
Active length 51 cm (2X?25.5)
Resolution 10 wm (impact parameter)
Technology one-sided readout
Signal-to-noise ratio 9-10

Number of channels 46080

Number of chips 360

Power dissipation 175 mW/chip

Total power dissipation 100 W

Readout time 1-2 msec

Cooling water, 14°

Beam intersection period 3.5 usec

measurement of charged-particle pulses in the central region
of the tracking system and data output for a second-level
trigger.

The microvertex semiconductor detector for the CMS ex-
periment. The structure of the cylindrical part of the CMS
detector,36 which consists mainly of microstrip gas detectors,
will be discussed below. The main requirements on the mi-
crovertex detector are that it ensure a spatial resolution of 25
pm in the r— ¢ coordinates and a high momentum resolu-
tion. Detailed studies have shown that microstrips of length
125 mm and pitch 50 um ensure the qualitative track recon-
struction and satisfactory momentum resolution. The detec-
tor capacitance, which is important as it affects the noise
level, must be less than 10-20 pF.

Requirements on the electronics of microvertex detec-
tors. A silicon detector does not possess internal amplifica-
tion, so that the charge arriving at the amplifier input is equal
to the number of electron—hole pairs created in the passage
of a charged particle. A signal equivalent to 25X 10° elec-
trons can be obtained from a standard crystal of thickness
300 wm. Therefore, silicon detectors require high-quality,
low-noise amplifiers. It has been shown in Ref. 37 that of the
three types of preamplifier (charge-sensitive, current, and
voltage), the voltage type is best suited for experiments in
high-energy physics. Owing to the stability of the output

I

FIG. 21. Cross section of the system of track detectors of the ATLAS setup.
(1) Microstrip gas counters; (2) ion duct; (3) GaAs semiconductor detectors;
(4,5) semiconductor detectors.
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capacitance of the detector, it is possible to integrate the
output signal directly at the amplifier input. In addition, a
voltage amplifier has better noise stability than a charge-
sensitive one. The amplifiers for microstrip detectors are usu-
ally realized in hybrid technology. The authors of the study
cited above also considered methods of signal shaping and
gating needed for noise filtering and digitization using
ADCs.

The large number of recording channels in vertex detec-
tors makes it necessary to devise an economical scheme for
data readout from the detector planes. The problem is that it
is difficult to make the small size of the detector crystal
compatible with the actual size of the recording electronics.
Therefore, the latter are realized as separate chips. An effi-
cient monolithic chip is described in Ref. 38. It was realized
by CMOS technology and contains 128 recording channels.
The noise stability in the preamplifier circuit is increased by
double-correlated sampling. A module has one output from
the shift register. It is important that the required power per
channel not exceed 1.6 mW. A two-module 64-channel sys-
tem with buffer memory of the FIFO type is described in
Ref. 39. It allows the data-readout rate to be increased sig-
nificantly. The first module contains amplifiers and compara-
tors, and the second is designated for data storage. The
memory operates in the first-in—first-out mode, which allows
only useful events to be recorded as trigger signals arrive.

A very promising direction in electronic readout systems
for microstrip detectors is the use of capacitors which can be
switched by means of transistor switches operating in con-
veyer mode. A signal is transferred (shifted) from one ca-
pacitor to another very quickly in such a memory. The prob-
lem is that for future collider experiments, where the number
of readout channels in microvertex detectors can reach 10°
and more, it is necessary to design noise-stable chips with
low power requirements. In addition, an important defect of
the chips which are used at present (their parameters are
given in Table IV) is that they are not suitable for operation
in the conveyer mode typical of collider experiments with
small particle-bunch intersection period. It is well known
that this time (16—96 nsec) is very small compared to that for
the operation of a first-level trigger system (of the order of
1-2 usec). The authors of Ref. 40 describe an analog delay
and buffer realized using 1.2 um CMOS technology and
designed to record data from semiconductor detectors. After
amplification by a charge-sensitive amplifier, the signals are
sent to the input of a CR-RC shaper with a peaking time of
45 nsec. Then the shaped signals are moved to the analog
buffer, which produces a delay of 1.2 usec. After the arrival
of the first-level trigger signal the analog samples are sent to
the next level of the conveyer, where signals are processed
with a frequency of 100 kHz.

Since analog memory devices are also used in pixel de-
tectors (see below), let us briefly consider their operating
principles.*' In Fig. 22 we show a block diagram of a single
channel of analog memory on switched capacitors. The ana-
log signal is sent to the memory input via a low-ohm switch
S1. A memory cell consists of a complementary switch (of
n- and p-channel transistors, the drains of which are con-
nected in parallel) and a double polysilicon capacitor of ca-
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FIG. 22. Switched-capacitor analog memory channel. S1-S256 are
switches, and Cl and C2 are clock pulses.

pacitance 1.5 pF with dielectric thickness equal to 700 A.
The input signals are shifted at the instant the clock pulse
arrives at the two transistors (the depiction of the switches in
Fig. 22 is simplified). An external reference voltage is ap-
plied to the bottom plates of the capacitors by means of the
switch S2. As a result, the voltage stored in each capacitor at
the time of the shift corresponds to the difference between
the voltage of the input signal and the reference voltage. The
switches S1 and S2 are closed before reading. The input
signal bus and the bottom plates of the capacitors are thereby
disconnected from the memory input and connected to the
amplifier output by the switch S4. The signal recording fre-
quency can reach 100 MHz. The concept of switched capaci-
tors is also used effectively in the design of a 32-channel
analog memory.*

4. MICROSTRIP GAS DETECTORS

Microstrip gas detectors were first described in Refs. 43
and 44. The prototypes of such detectors are multiwire pro-
portional chambers and microstrip semiconductor detectors.
In Fig. 23 we show the design of the detector described in
Ref. 45. It consists of an insulating backing, on which are
formed thin metallic anode and cathode strips several mi-
crons thick. The typical dimensions of the anode and cathode
microstrips are 10 and 80 wm, and their pitch is 100 gm.
The potential difference between the anode and cathode elec-
trodes produces an electric field near the anode microstrips
which is strong enough to ensure gas amplification of the
electrons. The cathode electrodes are located at a distance of
several millimeters above the surface in order to guarantee
electron drift in the direction of the anode microstrips and to
ensure the formation of a detectable signal. Just as in an
ordinary multiwire proportional chamber, there is, in addi-
tion to the negative signal formed near the electron cloud, an
induced pulse of positive sign at the neighboring cathodes,
which allows improvement of the spatial resolution of the
detector and makes it possible to record a second particle
coordinate.

The technique of microstrip gas detectors is considered
promising for future collider experiments. The new detectors
have the following positive features: relative simplicity of
construction, low cost, and high radiation tolerance. Another
very important feature is that the gas amplification allows
simplification of the readout electronics. Finally, the speed at
which these detectors operate is higher than that of multiwire
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FIG. 23. Diagram of a microstrip gas detector. (/) Charged-particle track;
(2) cathode surface; (3) backing; (4) electrode; (5) high voltage; (6) digital
output; (7) analog output; (8) anode surfaces; (9) field strips. The thickness
of the backing is 150-500 wm.

proportional chambers. In Fig. 24 we show a curve charac-
terizing the relative gain as a function of the readout rate. For
comparison, in Fig. 25 we give the values of this parameter
for the microstrip gas detector.*® We see that the microstrip
gas detector can operate at fluxes exceeding 10°
particles/mm? - sec.

Recently, a large number of studies have been carried
out to see how microstrip gas detectors can be improved. For
example, Ref. 45 is devoted to studying the effect of various
mixtures of gases on the detector characteristics. It has been
shown that two gas mixtures, Xe/DME/CO, in proportions
30/30/40 and DME/CO, in proportions 60/40 (DME is dim-
ethyl ether), are very promising for obtaining high resolu-
tion. Good efficiency and a resolution of 30 wm have been
obtained in a gas volume of thickness 2.8 mm. The authors
of Rev. 47 describe the design and construction of a micro-
strip gas detector distinguished by large surface area
(10X 10 cm?) and allowing signal readout from both the an-
ode microstrips and the cathode pads. The advances in this
detector technique are generalized in Ref. 48. The accuracy
of determining the coordinate for a minimally ionizing par-
ticle is 30 wm, which is better than the accuracy of drift
chambers and approaches that of semiconductor microstrip
detectors. The readout rate is high (above 10° mm™?2
sec™!), and the energy resolution is good. The authors of
Ref. 49 present the results of using microstrip gas detectors
in the Nal2 experiment. Eight surfaces with a total of 1100
readout channels were used. The project for using microstrip
gas surfaces inside a compact muon solenoid (CMS) as the
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central detector is described in Ref. 50. The tracking system
has two components: a forward section and a multilayer de-
tector of cylindrical shape. The cross section of this detector
in the rz plane is shown in Fig. 26. The central layer of the
setup is a semiconductor microstrip detector, with the detec-
tor elements arranged parallel to the beam axis. The second
and third layers consist of microstrip gas detectors having
linear dimensions of 100 100 mm? and thickness 2—3 mm.
In turn, each layer is divided into individual superlayers, as
shown in Fig. 27. The accuracy of recording coordinates for
discrete readout should be 40 um, and for readout from the
cathode pads it should be at least 30 wm. In the forward part
of the CMS microstrip gas detector the detector elements are
arranged radially relative to the beam axis. The use of a
detector with a high degree of discreteness over the entire
volume improves the accuracy with which charged-particle

momenta and coordinates are measured, and simplifies the
construction of the detector as a whole.

Two-coordinate microvertex detectors.. A pixel (two-
coordinate) detector is a semiconductor device with a large
number of detector elements arranged on a plane. Pixel mi-
crovertex detectors have several advantages over one-
coordinate detectors. For example, the determination of the
coordinates of n particles using a one-coordinate detector
plane generates n uncertainties (‘‘ghosts’’). If a microstrip
detector has two surfaces, then n? ghosts are obtained in the
track reconstruction. The unique reconstruction of multitrack
events requires a detector consisting of six planes.’! This
approach is not feasible, owing to such factors as the thick-
ness of the material, the power dissipation, the readout time,
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FIG. 26. View of the solenoidal detector CMS in the r¢ plane. (1) Micro-
strip gas counters; (2) silicon detectors.

and so on. Therefore, pixel detectors are more promising.
CCD matrices and silicon detectors are the most widely used
types.

Pixel detectors based on CCD matrices. Pioneering stud-
ies of charge-coupled devices (CCDs; Ref. 52) have shown
that CCD matrices can be used successfully in the design of
precision elementary-particle detectors, including vertex de-
tectors. The typical CCD matrices used as detectors have the
following characteristics: a spatial accuracy of 3 um, a two-
track resolution of 60 um, a time resolution of 500 nsec, a
readout time of 4-5 msec, and a radiation tolerance of
3 10° rad, which is equivalent to one year of operation in a
beam with 10° particles per bunch. Like microstrip detectors,
CCD matrices are used in both fixed-target and collider ex-
periments. The principles of operation of CCD matrices are
described in detail in Ref. 53. The active area of the matrix is
usually 1 cm® and the dimensions of a single cell are
22X22 pm. In the NA32 experiment, the vertex detector
contains eight microstrip detectors in addition to the CCD
matrices. Since the CCD matrices can operate when the track
density is high, they are placed closer to the target. The ac-
curacy of recording the primary interaction vertex in this
detector is 2 uwm (Ref. 54).

In fixed-target experiments a telescope of CCD matrices
is used in combination with an active target. A minimally
ionizing particle generates a charge in the detector equal to
1000 electrons, and to decrease the noise level the detector is
placed in a cryostat at liquid-nitrogen temperature. Two

FIG. 27. View of the solenoidal detector CMS in the r¢ plane. (/) Outer
microstrip gas counters (chambers), with 68 counters per layer; (2) inner
microstrip gas counters, with 40 counters per layer; (3) semiconductor mi-
crostrip detectors.
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FIG. 28. Method of combined data collection and storage used in CCD-
based microvertex detectors. SR1 and SR2 are shift registers. MZ is the
memory zone, DZ is the detector zone, and 1-4 are used cells.

methods have been developed for data readout from CCD
matrices used as detectors. In the first,>® two CCD matrices
are arranged so that they only partially overlap (Fig. 28).
Two zones are obtained as a result. The common zone is
used as the detector, and the rest is used as memory. The
readout is done at a rate of 1 MHz and in opposite directions,
which simplifies the track identification. When a particle
bunch arrives, the data are moved to memory, and after the
arrival of a trigger signal the input of clock pulses ceases.
Then the data is read into the external memory. In the other
method, tracks unrelated to the trigger signal are
distinguished.”® The data from even and odd matrices are
read out in opposite directions. In the track reconstruction
process it is assumed that the signals arriving from the par-
ticle of interest have equal readout time (in units of the clock
frequency). The authors of that study describe a CCD matrix
with a clock frequency of 6.75 MHz which functions at room
temperature and contains 2.3X 10° cells (576 columns with
385 cells in each).

The SLD microvertex detector. This detector is designed
for use in experiments performed at a linear collider.’' At
present there are two versions of the detector, referred to as
SLDI1 (Ref. 51) and SLD2 (Ref. 57). An overall view of the
two halves of the SLD1 detector is given in Fig. 29. It con-
sists of four concentric layers, covered on both sides with
CCD matrices. The radii of the outer and inner layers are
41.5 and 29.5 mm. Altogether, there are 480 CCD matrices
containing 120X 10° pixels. The CCD matrices are mounted
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FIG. 29. General view of the two halves of the SLD microver-
tex detector.

on 60 modules with eight matrices on each module. The
modules are mounted on two half-cylinders made of beryl-
lium. The CCD matrices themselves are prepared on a sili-
con backing and have a pixel area of 20 um?. Altogether,
there are 16X 10° pixels on the backing. Since it is an order
of magnitude thinner than a microstrip detector, a detector
based on CCD matrices gives a better resolution for inclined
tracks (of order 5 pm). In order to optimize the radiation
losses and decrease noise, the detector is placed in a cryostat
at a temperature of 180 K. Such detectors have the following
advantages.’’ (1) The cells are highly discrete, and there is
no high supply voltage or any means of charge multiplica-
tion. Therefore, the detector possesses high noise stability.
(2) The near absence of clusters simplifies the track fitting.
(3) Two coordinates are obtained at each point on a track. (4)
Use over a period of three years has shown that the detector
is highly stable over time. In Fig. 30 we show the impact-
parameter distribution in the xy and rz planes for tracks
from Z° decay. The following basic parameters were ob-
tained: spatial resolutions of S um and 6 wm in the xy plane
and in the z direction, respectively. The impact parameter
was measured for two tracks with large curvature, using a
muon pair from Z° decay. A Gaussian fit gave the following
for the single-track resolution: 11 um for xy and 38 wm for
rz.

The parameters of the SLD1 and SLD2 microvertex de-
tectors are compared in Table VIII (Ref. 57).

The SLD2 microvertex detector should be introduced
into experiments in 1995. We see from Table VIII that the
detector was constructed using specially designed CCD ma-
trices of large dimension and with increased time parameters,
which allows a decrease of the readout time and improves
the resolution in the impact parameter. Since the bunch col-
lision frequency at the SLAC accelerator is only 120 Hz, the
large time for signal readout from the detector, of order 160
msec, will not affect the efficiency of operation of the CCD
matrices.

5. SILICON TWO-DIMENSIONAL RECORDERS

The question can be posed of how to design a two-
dimensional recorder which simultaneously combines all the
advantages of silicon microstrip detectors and CCD matrices
and contains not only amplifiers, but also information trans-
formers. The technical problems which arise are discussed in
Ref. 58. Using modern technology, it is not difficult to fab-
ricate 10® diodes arranged in the form of a matrix on a single
crystal. The problem is to make a device which is large
enough and contains fast recording electronics with small
power dissipation. The prototype silicon sensor described in

FIG. 30. Distribution of the impact parameter in the
xy and rz planes for tracks belonging to hadronic
Z° decay. (I Impact parameter in the xy plane; (2)
impact parameter in the rz plane.
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TABLE VIII. Comparison of the parameters of the SLDI and SLD2 detec-
tors.

Parameter SLDI SLD2
Number of layers 4 3
Number of modules 60 48
Number of CCD matrices 480 96
Number of pixels 110X 10° 307x 10°
Active dimensions of the 1.3X0.9 8.0X1.6
CCD matrices, cm

Active length (z), cm 9.2 159
Number of pixels per track 23 3.2
Readout frequency, MHz 2 10
Readout time, msec 160 100
Impact parameter (xy), um 11+70/p 9+29/p
Impact parameter (rz), um 39+70/p 14+29/p

Note: The + sign denotes the sum of the squares; p i1s the momentum In
GeVle.

Ref. 59 has a detector containing 1024 diodes (32X32), a
parallel ADC, and a coordinate encoder. The coordinate en-
coder is made from comparators, so that uncertainties arise in
the encoding of multiple events. A more sophisticated device
for sampling triggered columns and rows with subsequent
encoding of the coordinates of the triggered cells is the pri-
ority encoder described in Ref. 60. In Ref. 61 the problem of
designing a fast and economical signal readout system is
solved by using a matrix of switched capacitors operating in
the conveyer mode. Such a memory essentially is the micro-
electronic analog of an ordinary delay circuit. The memory
operates in two phases: the sensitive phase, during which the
detector is bombarded, and the data readout phase. In Fig. 31
we give the block diagram of a pixel detector with switched
capacitor memory. The data are written into memory after
exposure of the detector part of the module. The recording is
done along columns, while the readout is done along rows at
a rate of 100 MHz using a multiplexer. Then the data are sent
to the common memory via an optical link.

Several semiconductor pixel detector modules with very
good parameters have been developed recently. The authors
of Ref. 62 describe a hybrid pixel detector containing a ma-
trix of 96X 378 (36 288) sensitive elements, located on an
area of 75X 500 wm?. The module was designed for the
WA97 experiment at CERN. In Fig. 32 we show a general
view of six modules together with the processor board and
the corresponding connectors. Each chip contains six matri-
ces. A two-track resolution of at least 10 wm is obtained.
Each sensitive element has its own signal amplification, dis-
crimination, and recording channel. Figure 33 helps to illus-
trate the methodological possibilities offered by semiconduc-
tor pixel detectors in particle track reconstruction. The well
known expression for finding the coordinates by calculating
the center of mass of the signal is used to determine the
particle coordinates accurately when clusters are present.5*%

6. VERTEX DETECTORS BASED ON SCINTILLATING
OPTICAL-FIBER LIGHT GUIDES

The development of the technology of ordinary fiber-
optics light guides, microelectronics, and optoelectronics has
made it possible to design fast precision vertex detectors
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FIG. 31. Use of conveyer memory for signal readout from a two-coordinate
detector. (/) Two-coordinate detector; (2) conveyer memory; (3) multi-
plexer; (4) optical link; (5) memory.

based on scintillating fiber-optics light guides (SCIFI detec-
tors). Elementary-particle detectors using the beams of thin
scintillators were first developed in the late 1950s.%* How-
ever, their use did not become widespread, owing to the de-
velopment of more efficient track detectors such as bubble
and spark chambers. The reviews of Refs. 65 and 66 deal
with the technical problems and various aspects of the use of
scintillating  optical-fiber light guides (SCIFIs) as
elementary-particle detectors, active targets, track detectors,
and also in the construction of calorimeters and so on. A
SCIFI (Fig. 34) consists of a core made of plastic or glass
scintillator covered by a material with small light transmis-
sion coefficient. In addition, there is an outermost thin cov-
ering of black glass. Plastic scintillators have the following
advantages over glass ones: (1) the light yield is higher by a
factor of 4 to 5; (2) the luminescence time is an order of
magnitude smaller (3 nsec and 55 nsec, respectively); (3) the
radiation tolerance is higher; (4) they are easier to manufac-
ture. However, the glass-based SCIFIs used in experiments
have an inner diameter of the order of 10 uwm, compared to
50-500 pem for plastic SCIFIs. Plastic SCIFIs of diameter 30
pm have been made.®” The characteristics of the two types
of SCIFI are described in more detail in Ref. 68. It has been
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shown that if a SCIFI of diameter 30 um is used as the
active target, it is possible to obtain a two-track resolution of
order 20 pm.

The cross section of a SCIFI can be circular, rectangular,
or even hexagonal. The two latter types of SCIFI can be used
to construct detectors with a high density of scintillating
material.*’ For the construction of an active target, individual
SCIFIs are combined into bunches of cylindrical or square

FIG. 33. Display of the passage of a charged particle through four planes of
pixel detectors.
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FIG. 32. Photograph of a matrix of six modules containing 32 288
detector elements together with processor boards.

shape with a cross-sectional area of 15-20 mm? and a length
of several centimeters. Depending on the physics of the
events studied (the particle emission angle), the SCIFI bunch
is oriented either perpendicular or parallel to the beam (Figs.
35b and 35c).”° The light image of an event is essentially
projected on the output light-sensitive surface of the first
cascade of the optoelectronic system, where it is amplified
and sent to the readout system. As an example, let us con-
sider the use of SCIFIs in the construction of the precision
vertex detector for the WA84 experiment at CERN.”' The
problem is to measure the lifetime of charged and neutral
B mesons (Fig. 36). The B-meson decay length is L=400
pum. The complexity of the topology of the studied events
and the short particle lifetime impose the following require-
ments on the vertex detector: (1) it must operate efficiently in
an intense beam of at least 10° particles/sec; (2) it must have
high radiation tolerance; (3) the track-recording accuracy
must be 5 wm; (4) it must operate in the trigger mode; (5) it
must allow measurement of the track curvature.

The vertex detector that we have described satisfies these
conditions, because it is based on SCIFIs with a gatable op-
toelectronic data amplification and readout system incorpo-
rating a CCD matrix. In addition, the vertex detector includes

Secondary
1\ emission 4
/[ ]
L . ry —
Primary \‘ 5 ] 7
emission

FIG. 34. Geometrical and optical parameters of a typical SCIFI. (/) Particle
track; (2) primary emission; (3) secondary emission; (4) critical angle of
reflection; (5) outer shell; (6) inner shell; (7); core.
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FIG. 35. Scintillation targets. (a) Solid scintillator; (b) and (c) SCIFI-based
targets oriented perpendicular and parallel to the beam.

a telescope of microstrip semiconductor detectors, which al-
low more efficient reconstruction of the event topology. Ow-
ing to the weak light yield of an event in the target, an image
intensification system is located between the target and the
CCD matrix. This system is shown schematically in Fig. 37.
Most image intensifiers cannot operate efficiently in a mag-
netic field, and so the active target is located in the forward
part of the magnetic spectrometer. It consists of a parallel
bunch of SCIFIs of diameter 30 xm arranged along the par-
ticle beam. The vertical component of the magnetic field is
1.8 T near the target, so that the five-cascade optoelectronic
system is divided into two parts. The first part, which has a
gain of 20, is located near the target. The light image of the
event is sent to a region with a magnetic field of 0.1 T, using
a light guide of length 2.5 m. The second part of the system,
which is magnetically shielded, amplifies the event image by
a factor of about 10* and sends it to the CCD matrix. As can
be seen in Fig. 37, the target is optically connected directly
to the fiber-optics light guide, which is followed by a pair of
optoelectronic intensifiers with electrostatic focusing. The
second part of the intensification system consists of three
microchannel plates which operate in gated mode. The opto-
electronic system is completed by a CCD matrix of volume
16X 10* cells, which is divided into two zones: an image
zone and a memory zone. The trigger system of the vertex
detector has two levels. In the first, a scintillation telescope is
used to shape a gate pulse for the optoelectronic system. This
signal appears 80 nsec after the interaction. The second-level
trigger signal arriving 400 nsec later is generated by scintil-
lation hodoscopes and used as the start pulse for data readout
from the CCD matrix. The sensitive area of the CCD matrix
is 1 cm? so that it matches well the dimensions of the active

96 Phys. Part. Nucl. 28 (1), January-February 1997

B’ decay
- ——

D™decay

— d i

0 1 2 mm

FIG. 36. General view of B® and B~ decay products in the plane perpen-
dicular to the particle beam. Monte Carlo modeling was used. Four second-
ary vertices can be seen in addition to the primary decay vertex.

target. There is also good matching between the individual
SCIFIs and the cells of the CCD matrix (20X20 gm?).

The SCIFI vertex detector was tested in an accelerator
beam. The following results were obtained: (1) the average
density of recorded points was 0.7 per mm; (2) the two-point
resolution was 33 um; (3) among the useful events there is a
significant background arising from all the components of
the vertex detector.”?

The noise arising in SCIFI vertex detectors is analyzed
in detail in Ref. 73 from both the theoretical point of view
and by taking into account the experimental data. The main
sources of noise are: (1) optical crosstalk in the target; (2)
electron backscattering in the image intensifiers; (3) elec-
tronic noise in the CCD readout. In Fig. 38 we show an event
recorded in a beam of 200-GeV particles, (a) without filter-
ing and (b) processed using a program taking into account
the value of the threshold and the pedestal in the CCD ma-
trix.

The parameters of the optoelectronic system can be im-
proved both by increasing the SCIFI light yield and by im-
proving the quantum efficiency of the electro-optical trans-
formers. The track detector described in Ref. 74 has a two-
track resolution of 52 um and measures the impact
parameter with an accuracy of 9 wm. The event filtering and
reconstruction are performed in the following sequence. 1.
The most probable points of the track are reconstructed. For
example, points associated with fewer than three bins are
discarded. 2. Candidates for event tracks are drawn through
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FIG. 37. Schematic view of the active target of the WA84 vertex detector.
AM is the active target, and 1-5 are optoelectronic intensifiers.

the centers of the reconstructed points. 3. Given criteria are
used to reconstruct useful tracks and event topologies.
If we compare SCIFI vertex detectors with semiconduc-

tor microstrip detectors, we find that, while they have about’

the same resolution, the former have only one readout sur-
face, which considerably simplifies the data recording sys-
tem. Perhaps their only weakness is the data readout time.
However, owing to the rapid development and improvement
of multianode and position-sensitive photomultipliers with
operating rates of up to 100 MHz, 577 optoelectronic vertex
detectors will be used more and more often, especially in
collider experiments. A SCIFI vertex detector designed for
such experiments has the form of a cylinder with four con-
centric detector planes. It is thought that the accuracy of
measuring the impact parameter will be at least 20 microns.”®
The advantages of SCIFIs will stimulate further research
with the goal of improving important parameters like the
attenuation length \, the distance at which the signal ampli-
tude decreases by a factor of e. The authors of Ref. 79 de-
scribe the fabrication of a plastic SCIFI with A =2.8 m. This
achievement significantly extends the range of SCIFI appli-
cability in high-energy physics.

CONCLUSION

Semiconductor detectors accurately record event coordi-
nates on the scale of microns and, owing to their highly

97 Phys. Part. Nucl. 28 (1), January—February 1997

mm

~n

mm

FIG. 38. Event topology (a) before and (b) after noise filtering.

developed technology, they can easily be mass produced and
offer extensive possibilities when used as high-precision ver-
tex detectors. However, silicon microstrip detectors with data
readout from a single side of the crystal have the same de-
fects as multiwire proportional chambers: it is difficult to
reconstruct events with high multiplicity, and the use of such
detectors in experiments requires a great deal of electronics
and complicates the construction of the vertex detector.
Therefore, the development of silicon microstrip detectors
with double-sided readout will ensure the further develop-
ment and use of detectors of this type in future experiments.

CCD matrices of the classical type differ in many re-
spects from two-dimensional recorders with memory. In ad-
dition, the small size of a sensitive cell coincides well with
the SCIFI dimensions. Therefore, CCD matrices are widely
used to monitor light images in precision detectors based on
SCIFIs. Perhaps the only drawback of the CCD matrices
which are used is their low readout rate of tens of msec.

The development of silicon pixel detectors can be
viewed as a new stage in the evolution of two-dimensional
recorders. In pixel detectors, both the recording electronics
and the data digitizing and encoding devices are located on a
common substrate together with the sensitive cells.

Microvertex gas detectors, which have already begun to
be used in experiments, offer broad possibilities for future
experiments.

The development of SCIFI-based precision vertex detec-
tors presents a new feature: the use of optical methods for
detecting complex events. As a result, only one data-readout
surface, a CCD matrix, is used in such a vertex detector. This
leads to a sharp reduction in the number of readout channels.
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In turn, the development of multianode photomultipliers con-
taining up to 1024 discrete light-sensitive cells will make it
possible in the future to increase the rate of operation of
SCIFI-based vertex detectors.®

Microstrip gas detectors may also be used as vertex de-
tectors in future experiments.

The rapid development of precision vertex-detector tech-
niques stimulates the development of specialized integrated
microcircuits and techniques for recording useful events and
track reconstruction in real time. Along with the specialized
processors developed directly for this type of detector, there
is a trend to develop track processors of a universal type on
the basis of fast programmable logic matrices.
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