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COORDIRATE-SENSITIVE DETECTORS BASED ON MULTICHANNEL
PLATES (REVIEW)

M. A. Gruntman uDnc 539.1.07&

Coordinate-sensitive detectors based on microchannel plates enable one to determine
the coordinates of each recorded particle in digital form and are used in various
types of physics experiment., The diameter of the sensitive surface may attain 10
cm, while the spatial resolution can be 10 ym. The survey presents a classifica-
tion of these detectors in terms of the methods of determining the coordinates,
and various types of these detectors are described along with their design features
and electronic circuits, while the advantages and disadvantages of the different
eystems are discussed, along with the main areas of application.

1. TINTRODUCTION

Many physics experiments are based on recording particle fluxes: ions, electrons, neu-
tral atoms and molecules, or photons., One can use detectors based on secondary electron
emission (secondary electron multipliers SEM) in order to convert from measuring integral
characteristics to counting the individual particles, which greatly improves the sensitivity
and accuracy. However, in some experiments this is insufficient and one needs position-
sensitive detectors PSD to determine the coordinates of the arrival at the detector for each
particle. There are various types of PSD [1, 2], and among these a special place is taken
by detectors employing one of the forms of SEM: microchannel plates MCP, The threshold en-
ergies of particles recorded by such detectors are low. This means that the limit to the
use of PSD based on MCP can be displaced to low energies (these are subsequently called CSD:
coordinate-sensitive detectors), whereas PSD of other types are restricted almost entirely
to nuclear physics.

CSD provide fairly high recording efficiency and coordinate digitization, so they can be
used with computers to accumulate, process, and output the data, and it is also possible to
record extremely weak spatially distributed fluxes. This is important for example in astron-
omy when strong probe fluxes may influence the object. Image digitization means that CSD
can be used efficiently in space research and alsc in lsboratories where the experiment
strategy is dependent on the character of the results. Another line of CSD use is in exam~
ining particle flux characteristics, For this purpose, the CSD is used in combination with
a dispersing element, which transforms the particle distribution with respect to some rele-
vant parameter (mass, charge, energy, or momentum, or wavelength for photons) to give a spa-
tial distribution. Up until recently, spatial distributions have been recorded by scanning
or by the simultaneous use of several independent detectors. CSD not only substantially im-
prove the speed and accuracy in such measurements but also enable one to perform experiments
where traditional methods such as scanning would require unacceptably long times or would be
quite impossible. CSD also enable cne to perform multiparameter analysis, i.e., to deter-
mine not only the spatial distribution but alsc the time one. The CSD discussed below en-
able one to determine the time of arrival with an accuracy better than 1 nsec.

CSD based on MCP were devised about 15 years ago and since then have developed consid-
erably, Certain CSD characteristics have been considered with various degrees of complete-
ness in papers of survey type [1-6]. Here we give a classification of CSD in terms of the
coordinate determination method, and we describe various types of CSD with features of their
design and of the electronic circuits, and we discuss the advantages and disadvantages of
these, together with the major CSD applications.
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2. CSD DESIGN PRINCIPLE

Figure 1 shows the essential scheme for a CSD. The image to be recorded is produced by
a particle flux at the surface of the converter 1. The image-forming method is determined
by the form of the particles and by the particular application. Examples are provided by
systems of optical or electrostatic lemses, The flux may vary from a few particles a second
(in that case the image accumulation may require many hours) up to about 10 sec” ). 1In the
converter, the particles are converted to electrons; correspondingly, the particle flux 1is
converted to an electron flux, which forms an image at the input surface of the first MCP.
An example of a converter is a photocathode, which converts photons to electrons. The ques-
tion of image transfer by electrons has been considered in detail in the literature [7] and
is not one of the topics considered here. Often one can operate without a converter if the
image is formed by & particle flux directly at the input surface of the first MCP. 1In that
case, the particles should be recorded well by the MCP. This requires that the collision of
a particle with the MCP should have a high probability of producing one or more electrons or
else that the particle itself should be an electron of appropriate energy. For example, SEM
record ultraviolet photons [8, 9] and x-ray onmes [10, 11], as well as ions and neutral parti-
cles with energies exceeding a few hundred electron volts [12] as well as electrons [13],
The MCP block 2 (Fig. 1) consists of two MCP in series (one can also use three MCP (14]) with
straight channels or else one MCP with curved ones (15], and this converts an input particle
with a certain probability called the recording efficiency to give an electron avalanche of
10*-~10* electrons. (The use of dynode-type SEM for this purpose in CSD is only of historical
interest (16, 17].) The electron avalanche emerging from the second MCP falls on the col-
lector 3 (system of anodes), which enables one to determine the avalanche coordinates. This
operation can be performed in two ways. In the first, one tends to reduce the transverse
dimension of the avalanche at the collector, which is attained by applying appropriate poten-
tials to the MCP and reducing the distance between the MCP even to the point of contact, as
well as by reducing the distance between the second MCP and the collector to a few tens of
microns. The position of the avalanche in that case can be determined with an accuracy no
higher than that controlled by the size of the avalanche at the collector; the spatial reso-
lution may be 50 ym. In the other method, one determines the position of the center of
gravity of the avalanche; this usually requires that the characteristic transverse dimension
of the avalanche at the collector is about 1 cm. This is attained by increasing the distance
between the MCP and that between the second MCP and the collector. The center of gravity
can be determined with an error of 20 um.

To perform particle timing with an accuracy better than 1 nsec, one can use the signal
recorded from the output of the second MCP. This signal is a positive-going pulse related
to the escape of the electron avalanche from the MCP and can be derived without reference to
the collector signals. To derive a timing signal independent of the coordinates, it is
pecessary to improve the conductivity of the MCP output surface, e.g., by gold cocating {18].
Some actual and possible applications of the signal from the last MCP have been considered
previously [ 19-23].

The electronic unit EU performing the recording and processing for the collector signals
determines the center of gravity, which hasa one~to-~one relationship to the coordinates of
the particle arriving at the input surface of the MCP unit. Then EU stores the coordinates
and performs preliminary processing of the accumulated information, which may attain a very
large volume in the construction of two—dimensional images, and it can modify the processing
in accordance with the character of the collected information and can output various control
commands and also output the information in a form convenient to the user. For this purpose,
the EU includes a computer with control devices as well as accumulation and I/0 ones. Also,
the converter, MCP, and collector system operate under high vacuum (<10™ torr), whilethe EU
should have a high noise immunity, since CSD are frequently used under conditions where there
are high levels of noise and interference (for example, on space vehicles),

3. MICROCHANNEL PLATES

There is an extensive literature {5, 7, 12, 15, 24-31] on the design, manufacturing
technology, and characteristics of MCP for recording particles. Here we consider the most
important aspects,

Two MCP placed in series and having straight channels may have diameters up to 10 cm
and provide a gain K of about 10” (i.e., the electron avalanche at the output from the secend
MCP in recording a particle consists of about 10’ electrons), If the two MCP are placed in
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Fig. 1. Essential scheme for a
CSD: 1) converter; 2) MCP unit;
3) collector; EU electronic unit.
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Fig. 2. Pulse-height
distribution P(A) charac-
teristic of an MCP unit.
The solid line is for
particle recording, while
the broken line is the
inherent noise in the MCP
unit; Aym i8 the most prob=
able pulse height, while
AA is the total width st
half height.

such a way that the angle between the channels is 10° or more (the chevron configuration),
one can substantially suppresa ionic feedback, which is responsible for deterioration in

the characteristics of the MCP unit. Similar characteristics can be attained by using a
single MCP with curved channels, which simplifies the CSD and enebles one to reduce the sup-
Ply voltage; however, these are more complicated to make, When an MCP unit is used to de-
tect single particles, it is desirable that the unit works in saturation, which is character=-
ized by a bell-shaped (quasi-Gaussian) distribution of the output pulses (Fig. 2). The op~
eration of the MCP unit can be characterized by an amplitude resolution R, which is defined
8s the ratio of the total width at half height AA to the most probable pulse height Ag.
Typical values of R are 0.6-1.4. The noise~pulse distribution is usually exponential.
Therefore, if the saturation state is used there are usually no problems associated with
distinguishing the signal from noise by the use of discrimination thresholds in the counting
equipment. The MCP unit is brought to saturation by selecting the potential differences ap-
Plied to the plates Up, and Upa as well as the potential difference AU between them. The
typical potential difgerence on a single MCP is 1000 V. The value of AU is usually positive,
i.e., 1t accelerates the electrons, and it may be tens or even hundreds of volts. However,
AU can also be negative (as in [29, 32]), which produces a substantial reduction in K for

the unit and a certain reduction in R, i.e., an improvement in the amplitude resolution.

The mode of operation is also dependent on the load characteristics: on the total intensity
of the flux and on the local flux density at the input surface, because the characteristics
deteriorate substantially when the current drawn by the electron avalanches exceeds 10X of
the current flowing in the MCP. On the other hand, if avalanches pass too frequently through
2 given channel in the MCP, they remove charge from the walls, and there will be inadequate
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time for the charge in the conducting wall to recover on account of the low conductivity,
The characteristic recovery time is substantially dependent on the design features and mode
of operation and may be <10 msec [27, 33, 34].

There is a one-~to-one relationship between the coordinates of the electron-avalanche
centroid at the output from the second MCP and the coordinates of the channel centers in the
input MCP., If the channels are not parallel with respect to the normal to the surface of
the MCP, there is a shift identical for all channels (some hundreds of microns) in the cen-
troid with respect to the centers of the corresponding channels. As in most cases one is
interested in the relative coordinates rather than the absolute ones, one can identify the
coordinates of the centroid at the collector with those of the particle arriving at the de-
tector without introducing an error.

The channel diameters in current MCP are 8-20 um. It is clearly impossible in principle
to determine the coordinates of particle arrival with an accuracy better than the channel
size at the input MCP. No matter what the point of arrival within a single channel, the co=-
ordinates of the centroid in the electron avalanche will correspond to the center of this
channel. The error introduced by the structural discreteness in some cases can be reduced
substantially if one has additional information om the flux. This topic has been considered
in detail in [35] with reference to the recording of axially symmetrical fluxes,

Another essential constraint on the coordinate measurement accuracy occurs because the
electron avalanche whose centroid is used in identifying the coordinates is a statistical
object. The mean value of the coordinates for the constituent electrons defines the centroid,
while the standard deviation o, is derermined by the transverse dimension of the avalanche.
The resulting centroid position 1is characterized by a certain distribution around the true
position with a standard deviation o, = 0a//Ng, where Ne i8 the number of electrons in the
avalanche, 1If K is inadequate, for example 10, and the transverse dimension of the ava-
lanche at the collector 18 1 cm, then the error in determining the centroid coordinates due
to the statistical character of the avalanche will be Oc = 10 um, which is comparable with
the error introduced by the discrete MCP structure.

4, MAIN TYPES OF CSD

CSD are classified in terms of the collector design and the method of deriving the co-
ordinate information. CSD can also be divided into two large groups in terms of spatial reso-
lution., The first group includes CSD whose spatial resolution £ is approximately equal to
the characteriatic size of the elements A constituting the collector; the second group con-
sists of CSD in which the spatial resclution is substantially less than the characteristic
size of these elements. CSD can also be divided into three types by method of determining
the coordinates: analog, digital, and mixed (Fig. 3). CSD of digital type constitute the
first group; 1t is in principle impossible to determine the coordinates with an accuracy
better than the size of a collector element. CSD of analog and mixed types constitute the
second and third groups. In such CSD, one uses avalanche charge division, and the attain-



Fig. 4. Mosaic col-
lector with annular
‘sector anodes (only
the edge elements

in the collector are
shown).

eble spatial resolution is better by 1-3 orders of magnitude than the characteristic dimen-
sions of the collector elements.

In CSD of digital type, the collector consists of electrically insulated conducting
elements (anodes), esch of which 1s connected to its own amplifier, discriminator, andso on.
The collector is placed close to the MCP, which prevents the electron avalanche from spread-
ing cut. The spread is due in the main to the electrons emerging from the second MCP includ-
ing ones whose velocities have a substantial component perpendicular to the channel axis
[36]. The spread can be reduced by accelerating the electrons by applying a potential dif-
ference Uz between the collector and the output from the second MCP (Fig. 1). However, the
hazard of electrical breakdown increases with Uz, and the consequences of this may be cata-
strophic for the electronic components. There are two types of digital CSD: mosaic ones
and ones employing coincidence (Fig. 3). In the mosaic type, the electron avalanche falls
on one of the anodes, whose signal is directed to the EU, which identifies that collector
element, The number of that element in digital form indicates the particle coordinate. If
a particle strikes the first MCP in a region lying above the boundary between two adjacent
collector elements, there can be pulses in the lines from both such elements. The EU re-
ceives the signals from all the anodes and processes the pulses due to a single particle
{for example, it rejects such events). The spatial resolution of a CSD of discrete type is
equal to the characteristic dimension of 2 collector element, The shape, size, and number
of the anodes in such multianode systems vary considerably and are determined by the purpose.
This is 1llustrated on several examples.

The simplest collector in a mosaic CSD consists of two equal half-circles [23, 37]. A
CSD of mosaic type may use collector elements of various shapes, which provides simple solu-
tions to various special problems. For example, in a CSD used tc record particles in an ex-—
periment with an axially symmetrical distribution [38] one can employ & multianode collector
(64 elements) in which the elements are successive ring sectors with an angle of 36° (Fig.
4). The gaps between the anodes are 100 um, while the widths vary in such a way that the
count rates from the different elements are approximately identical. Such a CSD has a time
resolution of 3 nsec,

The designs for two~dimensional CSD include the photomultiplier-CSD (PCSD) [39], which
contains a multisnode collector composed of 256 (16 x 16) elements (squares). The proposed
size of a collector element is 2,5 x 2.5 mm, while the insulating gap between elements is
50 ym. A multiancde matrix consisting of 25 (5 x 5) square anodes has been realized ([34].

An analogous CSD with 16 elements has alsoc been described [40]. A substantially more compli-
cated collector comsists of 450 needle anodes of diameter 0.3 mm built into & matrix of di-
mensions 12 x 16 mm {41), The distances between the anodes were 0.7 mm. The anodes were
connected to coaxial cables of dismeter 0.7 mm. With Uc = 500 V, a spatial resclution of
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0.6 mm was attained. It has been suggested to increase the number of needle ancdes to 1205
with a needle diameter of (.25 om and a distance between needles of (.45 mm.

Current microelectronic techniques enable one to manufacture a detector with over 107
collector elements per cm®, It is also simple to connect an amplifier—discriminator-counter
chain to each single anode. However, a system consisting of thousands of such chains would
clearly be cumbersome and complicated. It would be a difficult matter to make any changes
in this, which conflicts with specifications for laboratory devices.

An alternative approach that substantially reduces the number of electronic units em—
ploys coincidence [42]. Very many systems of this type are in use or under development:
from simple one-dimensional ones (1 x 160 or 10 x 10 elements) to systems consisting of 1 x
1024 and 1024 x 1024 elements {43], The sizes of the collector elements can be reduced to
25 x 25 ym, and the elements themselves are mounted on a strong multilayer ceramic substrate.
The number of chains is reduced by connecting the anodes in groups in such a way that adja-
cent elements belong to different groups., If the total number of amplifier-discriminator
chains is represented as the sum of two numbers A and B, then such a system enables one to
obtain A x B elements. For example, a system of 1 x 1024 elements requires only 64 (32 +
32) chains. Figure 5 shows an example of such a collector. The elements are divided into
64 groups of two sorts: A and B, The elements in each group are connected together, and
each group is connected to an amplifier-discriminator chain. The occurrence of a signal in
one of the type B groups enables one to determine the position of the electron avalanche ap-
proximately, while the signal from one of the type A groups is used to determine the co~
ordinates exactly. The electron avalanche must necessarily fall on two adjacent elements,
Therefore, recording requires the simultaneous occurrence of signals (coincidence) for two
groups of elements belonging to different types. Coordinate determination for two-dimen-
sional images is organized similarly. In that case, the collector is a set of insulated
strips (rows and columns), and the simultaneocus occurrence of signals in one of the columns
and one of the rows indicates the avalanche point. The collector groups are of two types:
rows and columns in a two-dimensional system. The avalanche may fall on more than two col-
lectors, and this represents interference with binary coincidences, but it can be used in
recording and position determination in coincidence for three or even four signals. The MCP
gain 1s high enough for this. If a four-signal coincidence is used in a system with A x B x
C x D elements one requires for example A + B + C + D amplifier discriminator chains, Sys-
tems of this type are used as a rule in two-dimensional CSD. For example, a detector with
1024 x 1024 elements requires only 128 (32 + 32 + 32 + 32) such chains.

A uuveld appicacu o sizplifying thz slzztronis svecs= in a multianode unit has been de-
scribed in [44]). This CSD is used in determining the radial coordinate (distance from the
center), with a collector consisting of 50 concentric rings deposited on a glass plate (Fig.
6). The ring width is 100 ym and the distance between them is also 100 ym., The collector
elements can be numbered in binary code. The number of amplifiers is equal to the number of
bits; each amplifier is put into correspondence with a certain bit, Each of the elements is
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Fig. 6. Collector com—
posed of 50 concentric
rings with output leads.
Only the edge elements
are shown.

connected through a capacitor to the set of amplifiers corresponding to the number of the
collector in binary code. For example, collector 7 was connected to amplifiers 1, 2, and 3,
while collector 16 was connected only to 5; therefore, an avalanche appearing on a given ele-
ment produces signale in a certain set of amplifiers. The result is read into the computer
(each bit corresponds to a certain amplifier) and indicates the collector element number.

An analogous device is a one-dimensional CSD consisting of 1024 elements, which uses only 10
elementary electronic chains and a binary encoding system [45].

A further simplification 4in the electronics is provided by charge-coupled devices CCD
to record the signals: CCD lines and diode lines [46]. An important advantage of collector
. elements with their own amplifiers, discriminators, and counting devices is that one can re-
. cord events at different anodes independently. This substantially reduces the dead time and
extends the dynamic range up to a count rate of about 10* sec™*, which is comparable with
the limiting rate for an MCP. Another interesting feature of a digital-type CSD is that omne
can organize coordinate measurement for several particles arriving simultaneously (a very
important problem [4, 47, 4B]), which is usually unavailable for charge-division CSD.

Thie type of CSD also has certain disadvantages. For example, it is impossible to pre-
vent spread in the avalanche completely, which leads to charge appearing on adjacent elements.
If the plate has straight channels, it 1s also not possible to produce an avalanche of width
less than 100 um with K of about 107 (and correspondingly this spatial resolution). Differ-
ences in the thresholds in the amplifier-discriminator chains lead to the recording efficiency
being dependent on the coordinate. The capacitative coupling also increases as the size of
the collector elements decreases. The elimination of spurious coincidences substantially
complicates the coordinate-determination circuit, particularly when one uses three or four
signals in coincidence. Also, in spite of the use of coincidence, the volume of electronic
equipment remains considerable: hundreds of elementary chains.

Analog type CSD can provide a spatial resolution substantially less than the dimensions
of & collector element. They can be divided into three groups (Fig. 3). In CSD with non-
electrical charge division by insulated collector elements, the avalanche falls on several
metal collector elements, each of which i{s connected to its own charge-sensitive amplifier.
The charge will be distributed between the elements in a way dependent on the position of
the avalanche center. One measures the charges on all the elements and uses an appropriate
algorithm to determine the centroid coordinates and correspondingly those of the input parti-
cle. A major feature of this type of CSD is that the charge division is determined by the
collector gecmetry., In a CSD with electrical charge division, the avalanche falls on & sin~
gle large collector made of semiconducting material (resistive anode) with several outputs,
in which the signals (charge or time) are dependent on the coordinates. In a CSD with pon-
electrical division of the charge by elements with electrical connection, the avalanche falls
on a system of metal collector elements connected together by resistors or capacitors. The
number of leads from such a system is less by an order of magnitude than the number of ele-
ments. Here also the signals on the collector leads are dependent on the avalanche position.

The first CSD with nonelectrical charge division were ones with quadrant anodes [44,
49], where the collector consists of four circular sectors or quadrants (Fig. 7), each of
vhich is connected to a charge-sensitive amplifier and then to a system for centroid coordi-
nate determination. If qi, Qa, Qs, 9« &re the charges falling on the corresponding elements,
the coordinates of the centroid are defined by



Fig. 7. Anode of
quadrant type.

Fig. 8. Collector com
posed of 19 anodes
forming a hexagonal
structure.

X =K (X, )¢+ 9% — 93 — 0:)/¢0,
Y =K, X)g+ ¢ — 95y — 9)/40,

where qe¢ = q1 + q3 + qs + q, (note that X and Y are independent of the absolute value of
qo). The coefficient K is a scale factor and is dependent on the density distribution in
the avalanche and incorporates the nonlinearity in the device. For the case of a Gaussian
distribution, an exact analytical relationship has been derived between X and Y on the ome
hand and the charges on the quadrants on the other [50]., If K = const (i.e., the charges

qi are linearly dependent on the coordinates), the algorithm for deriving X and Y can be
realized in a simple analog fashion. If one specifies some density distribution in the ava-
lanche, such as a Gaussian one, it can be shown simply that K is only slightly dependent on
X and Y at the center of the collector in a region whose size is not a very large fraction
of the standard deviation ¢ of the avalanche width. This is confirmed by experiment. For
example, if D = 16 mm is the distance between the MCP and the collector and Ue = 0 (Fig. 1),
there was no distortion in the image on the assumption that K = const for a field of view

of diameter 3 mm [49]. A resolution of 50 ym was obtained with Uc = 50 V. A resolution
better than 25 um was attained by reducing D to 0.5 mm. In another detector, the linearity
region was 1 mm with a size of the avalanche at the collector of ¢ = 10 mm, D = 2.2 mm, while
the resolution near the center was 50 um [44].

The resolution of a CSD with nonelectrical charge division by insulated elements is de-
termined by the size of the channels in the first MCP and by the inherent noise in the charge-
sensitive amplifiers, which can be made extremely small, as well as by the spread in the
charges falling on the elements (this 1s unimportant for a CSD with a quadrant anode [50]),
with a further effect from the noise in the electronic circuits that determine X and Y from
qi. A study of these factors has shown that such a CSD in principle provides a resolution
of about 1000 x 1000 image elements [51].

Tue collector system is easy to manufacture and the electronic circuit 1s simple, which
are major advantages of CSD with a quadrant anode [50]. The main difficulties with such CSD
are due to the nonlinearity, which increases from the center to the edge. The linearity zone
is restricted to a few millimeters, which means that the facilities of the MCP cannot be
fully used. One can correct for the CSD nonlinearity, i.e., the coefficient K, either by
analog means in real time, which clearly is very complicated, or else during subsequent
image processing. The processing is not complicated if the correction coefficient can be



Fig. 9. CSD with collector con-
sisting of 21 square anodes: 1)
input particle; 2) MCP unit; 3)
electron avalanche; 4) collector
elements,

represented as the product of two cofactors, each of which is dependent on only one of the
coordinates. If this is not so, recovery of the true image is greatly complicated.

The above arguments show that it i1s necessary to devise other ways of extending the
linearity zome for such CSD. We now consider one methoed. In a one-dimensional detector,
the exact position of the center of gravity if defined by

Xo={2(X) XdX [{q(x)ax, (6}

where q(X) is the charge density distribution along the X coordinate. For a collector in
the form of a set of anodes, one can determine the quantity

Xy= PAIN (2)

where f£4 is the coordinate of the center in element 1 and qif is the charge it receives; the
summation is taken over all elements. Here X: is analogous to Xg and becomes the ratio of
the integrals of (1) in the limit of indefinite reduction in element size and increase in
the number. If the number of collectors is limited, the determination of the coordinate
from (2) 1is not accurate and is a reason for nonlinearity. The collector systems in CSD of
this type may consist for example of circular-or hexagonal elements forming a hexagonal
structure (Fig. 8) (52, 53], similar to those used in scintillation PSD [54, 55}. A CSD has
been described having a collector consisting of a matrix of square elements in which the
corner ones are wissing (Fig. 9) [56, 57]. The use of 19 or 21 amplifiers somewhat compli-
cates the electronic circuit, but it provides good characteristics over the entire input
surface, For example, for the collector shown in Fig. 8 with an avalanche of size ¢ 3= 1.5d
(diameter of collector element d = 9 mm) & resolution of <C 80 imwas attained, and the image
distortion was slight.

The most interesting and promising method requires three or four amplifiers together
with & simple circuit for adding and dividing the charges and a collector system in the form
of wedges and bands [54]. Figure 10 shows part of the collector system in such a CSD. The
collector elements are connected in four groups (A, B, C, and D) and each of these is con-
nected to a charge-sensitive amplifier, The width of the bands A and B (C and D) decreases
(increases) linearly as the Y (X) coordinate changes. The coordinates are determined as

X=Qc/(Qc+ Qo) Y =Q4/(Qs+ Qs).

One such collector system made by photolithography had dimensions 2.5 x 2.5 cm and consisted
of 17 quartets A, B, C, and D with a period of 1.5 mm [51]. The conducting elements were
Separated by insulating gaps of width 30 pym. The avalanche falls on two or three such quar-
tets. A resolution better than 50 um was attained, while the distortion was slight. The
Cartesian or polar coordinates of the input particles can be determined by means of collector
elements connected in only three groups [51]. For such a collector (Fig. 11), the Cartesian
Coordinates are defined as X = 2Q4/Qo, Y = 2QB/Qo, where Qo = Qa4 + Qg + Qc. The widths of
the strips A and of the central zigzag C varied linearly with the X coordinate. 1In this
System, the collector elements of one type are connected together and it is not necessary to
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Fig. 10. Collector
in the form of wed-
ges and strips com-
bined into four
groups.

[ A A5

Fig. 1l. Collector
in the form of wedges
and strips combined
into three groups.

have leads for all the A and B wedges through the substrate, in contrast to the case shown
in Fig. 10. To record an image in the visible wavelength range by means of this collector
system, & LCSD was built providing a high resolution (dowm to 30 um) and good linearity [58,
59]. Such devices in fact are electron~optical converters with digital image readout.

Electron-beam lithography can be used to make collectors in the form of wedges and bands
to provide accuracy in the elements better than 1 um [60]. It is possible to make collectors
with any variation in the widths of the strips and wedges, e.g., logarithmic or stepped.
This produces an output signal functionally dependent on the coordinates. For example, a
collector has been described {60] providing directly a signal proportional to the square of
the distance from the center of the CSD, which was intended for use in a Fabry-Pérot inter-
ferometer. Also, in this way one can correct some distortions (aberrations) introduced by
the system for forming the image at the CSD input. A CSD with collector elements in the
form of wedges and stripe has good linearity and resolution up to 1000 x 1000 elements, while
the manufacture is relatively simple, and the operation requires uncomplicated circuitas.

In a CSD with electrical charge division, the collector (resistive anode) is a plate
with distributed resistance, capacitance, and inductance, whose shape and eize are determined
by the use. The production technology has been briefly discussed in [61]. The charge reach-
ing the plate is divided between two or four leads at the edges in the one-dimensional and
two~dimensionsl cases. The characteristics of a system with a resistive anode have been
considered [61, 62].
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Fig. 12, Collector as
a resistive anode with
four leads; b = 29 mwm,
p'Sﬂm.

sJ qu

Fig. 13. One-dimen-
sional collector com~
posed of 20 parallel
wires 1 linked by
capacitors; all the
capacitors are 100
pF, while all the re-
sistors are 2.7 M.

Detailed consideration of the charge division in the one-dimensional case indicates that
this occurs in accordance with the ratio of the resistances between the point of injection
and the leads, and it is independent of the resistance of the line between the leads, the
signal propagation mechanism, and the capacitance and inductance distribution along the line
(63]. The finite size of the electron cloud does not restrict the resolution, since this is
determined by the position of the centroid. A resistive anode has a distributed capacitance,
80 the signal rise times at the leads will be dependent on the injection position. There
are two ways of determining the coordinates: by measuring the total charges at the leads
and from the pulse shape. Both are applicable to the one-dimensional and two-dimensional
cases, There 418 a discussion [61] of possible ways of realizing these two methods (in all
_ there are 11 circuits) and the characteristics of these, Some general specifications can

also be drawn up for the electronic circuit [62]. For example, when the charges at the
leads are used, the snode time constant should be small by comparison with the time constants
of the charge-sensitive amplifiers in order to minimize the nonlinearity arising from varia-
tions in pulse shape. If the rise time is used, the anode time constant should be comparable
with thoee in the amplifiers.

The simplicity of this type of CSD is one of its main advantages. However, the epatial
resolution is restricted by the noise current at the amplifier inputs, whose source is ther-
mal fluctuations, which in units equivalent to the charge constitute Qy = (4kTt/c) ¥ ?, vhere
T is anode resistance, T is amplifier time constant, k is Boltzmann's constant, and T 1is
temperature [61]. The charge fluctuations increase as r decreases, while when it is in-
creased the pulses are heavily attenuated and rise slowly. The optimum anode resistance is
approximately equal to 1/C, where C is anode capacitance; then the noise will be equal to
the equivalent charge Qg = 2(kTC'/?). The CSD resolution ie determined by Qy and usually
to raise the resolution one has to increase K, sometimes by the use of complicated struc-
tures such as & block of five MCP [32].
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Fig. l4. Collector consisting
of 39 elements forming parts of
a ring.

One-dimensional detectors [64~67] and two-dimensional ones [32, 62, 68~71] are widely
used; as an example we may note a one-dimensional CSD in which a strip of length 18 mm pro-
vided a resolution of 18 ym with good linearity ([19], another example being a two-dimensional
CSD in which the resistive anode was a square plate of size 6.5 x 6,5 cm with four leads at
the corners [61].

All the two-dimensional systems that have been described have nonlinearity increasing
away from the center, which produces appreciable distortion. A method has been described
[72) for producing a resistive anode without distortion. The basis of the correction is
provided by [73], which implies that a current flowing uniformly over an infinite plane with
resistance rg is not perturbed by a circular hole of radius a if this hole has a linear re-
sistance R; = rg/aalong its boundary. This effect applies also for an anode of finite dimen-
sions whose boundaries are represented by concave parts of circles. Such an anode (Fig. 12)
has been used in a CSD [62], The anode was at 1 mm from an MCP with Uc = 200 V., The system
was linear throughout the input detector area- of diameter 25 mm and the resolution was not
worse than 200 ym. Such a collector is very interesting and not very complicated to make;
it has been used in many CSD, for example in the PCSD of [69~71] and has even been manufac-
tured commercially [32, 74]. However, to obtain a resolution of 30-50 um requires K =107~
10, which requires high MCP voltages and thus reduces their working life. At count rates
>210%10% sec™!, a €SD with a resistive anode is substantially inferior in characteristics
to a CSD with nonelectrical charge division {58].

In the analog CSD of the third group, the collector consists of insulated metal elements
connected together electrically by means of resistors or capacitors. The first charge-di-
vision CSD appear to have been of this type [75]. The working principle is closely illus-
trated by a one-dimensional collector [76]. This consisted of 20 parallel stretched wires
of diameter 100 um (Fig., 13) linked by capacitors C = 100 pF each. 7Two charge-sensitive
amplifiers were connected to the ends of this chain. When an avalanche with charge qo fell
on the collector, the amplifiers received charges qA and qB, and there are no losses if C
is substantially larger than the parasitic capacitance and qo = qA + qp; if the charge falls
on wire n out of N wires, then qa/qe = n/N, Note that this expression is independent of qo.
1f on the other hand C is comparable with the parasitic capacitance, the sum of the charges
collected at the ends of the chain will be less than qo and nonlinearity occurs. However,
the noise increases with C, so a compromise must be found in each particular case. It has
been shown also in [76] that if the avalanche falls simultaneously on several elements, the
system determines the center of gravity. Also, this spread {a desirable, because it reduces
the nonlinearity. This collector system provided a resolution of 75 um with satisfactory
linearity on a strip of length 4 mm, The errors introduced by the noise into the coordinate
determination in such systems have been considered {77). In [76], there is a discussion of
the scope for constructing a two-dimensional system, and a prototype with a collector com-
posed of 7 x 7 elements was described. Such a collector system is complicated to manufac-
ture, but the elements are all of the same type, so it might be possible to use thin-film
technology.
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Fig. 15. Two-dimensional CSD of
mixed type: 1) output from second
MCP; 2) electron avalanche; 3)

two orthogonal sets of parallel
wires as anodes; 4) reflecting
electrode; Omgx = 2 mm, Omin ™

0.5 zm.

E 8 Fig. 16. Scheme

a1l for linking ampli-

E fiers in CSD with

8 wmultiwire collector.
| G

A one-dimensional detector is described in [78] for determining angular coordinates,
vhich uses this principle. The collector consists of 39 strips on a ceramic substrate,
which are equal parts of a ring (Fig. 14). The collector elements are connected together
by 800 pF capacitors. Two amplifiers measure the charges arriving at the ends. The angular
coordinate is determined as ¢ = 2ah (X), where X = qA/(qa + qB), and h 18 a function of X, and
in the ideal (linear) case h(X) = X. The parasitic capacitances however result insome non-
linearity, which can be eliminated on processing by fitting a polynomial of third degree to
h(X). The processing time for one event with a microprocessor is 100 psec. The determina-
tion of the radial coordinate is similar for the collector shown in Fig. 6 [44], where there
are 31 concentric rings. The rings are connected by 1500-pF capacitors; the signal from
each tenth ring was taken to an amplifier and then to the coordinate-determination system.
The use of four output points instead of two slightly complicates the algorithm but improves
the linearity and resolution, The collector elements may be linked by resistors instead of
capacitors, as for example in [21].

In CSD of mixed type, the region where the particle enters is determined by the discrete
method, while the exact coordinates within this region are determined by the analog method
from the charge division. A CSD of this type has been used in the x-ray telescope in the
HEAO-B space high-energy astrophysical observatory (USA) and has record characteristics [11,
78]. The electron-avalanche detector in the CSD is provided by two orthogonal gride consist—
ing of parallel wires of diameter 100 pm (Fig. 15). The distance between wire centers is
200 um; the distance between the grids is also 200 ym. The wires are joined to adjacent
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ones by 10-kil resistors. The voltages on the grids and on the reflecting electrode at a
distance of 250 um are chosen such that the avalanche charge is divided approximately equally
between the grids, The avalanche diameter ranges from 0.5 to 2 mm, and the position of the
centroid is determined independently from the signals from the two grids. (We note that a
similar one-dimensional system [76] has been considered above.) An amplifier is conmnected
to each eighth wire. There were 34 amplifiers, with 17 on each grid (coordinate), These
amplifiers were joined into three groups: A, B, and C, as shown in Fig, 16. The exact po-
sition of the centroid was determined from the charge division between these three groups,
for example as (Qa — Qc)/(Qa + QB + Q¢). Each amplifier had an additional output to a sys-
tem for determining the coordinates approximately, which indicates the reglon where the ava-
lanche occurred. The characteristics of the circuit elements have been described in detail
[80]. The CSD provides high linearity and resolution down to 10 um over an area of 26 x 26
mm, which corresponds to 6+10° image elements. It has been pointed out [11] that the reso-
lution is determined by the unit that derives the coordinates exactly and does not deterior-
ate on increasing the area, and correspondingly the numbers of wires and amplifiers. The
detector alsc enables one to select events by amplitude and to exclude events corresponding
to the simultaneous arrival of two particles. The electronic circuit in this CSD was de-
signed to record very weak fluxes (100 particles/sec).

This CSD was used in a detector with a photocathode placed ahead of the MCP together
with an electrostatic lens system [8l]. This PCSD enables one to record and determine the
coordinates of photons in the wavelength range 1200-7300 £ in accordance with the type of
photocathode, In a fast PCSD similar to that described above, there were nine amplifiers
connected to each grid in the multiwire collector [82]. The PCSD provided a resolution of
30 ym over a field of diameter 25 mm and could handle count rates up to 6:10* sec™® with a
background count rate of 50 sec”™®, It may be noted that it ia not essential to arrange the
amplifiers connected to the wires in three groups. A comparison has been made [83] of vari-
ous ampliliier grouping bysicws aud ineiv €£522%s oo the mciss iz oystame contsining wira
collectors, together with the effects of parasitic capacitances.

Mixed-type CSD combine unique resolution and linearity, but they are relatively com~
plicated. It is difficult to provide a uniform distribution for a large number of wirea in
the collector. Resistors for charge division increase the noise. The electronic circuit is

also fairly complicated.
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5. CSD ELECTRONIC SYSTEMS

Standard laboratory units are employed to derive the coordinate information from the
CSD signals: charge-sensitive amplifiers, shapers, discriminators, scalers, division cir-
cuits, time-to—amplitude converters, anslog-digital and digital-analog converters (ADC and
DAC), and so on. There is therefore no need to consider the characteristics of the indi-
vidual units, and we merely note that the specifications for these arising from the specific
features of CSD have been discussed in detail in [2]. We consider only some general specifi-
cations for the systems for receiving the CSD signals.

Preprocessing usually amounts to two operations: displaying the image on a storage os-
cilloscope or TV display and performing various transformations on the coordinates. If
further image processing is required, the image may be stored in the computer memory, in
special random-access memory units, or on magnetic media. A computer should be & component
part of EU (often a microcomputer is sufficient), If one uses a specialized CSD to handle a
strictly defined problem with well-known ranges and modes of operation and signal-selection
conditions, then it is preferable to employ a specialized processes with a preset program and
to realize some of the operations by hardware. This provides an improvement in processing
speed. If on the other hand one is commissioning and testing CSD or using them under condi-
tions where the modes of operation and signal-selection requirements and processing vary con-
siderably, &8s is common in physics laboratories, then it 1s desirable to use an unspecialized
computer with high-level programming languages and to give preference to software processing,
although this involves some loss of processing speed.

In digital CSD, the coordinates are determined directly in digital form, and therefore
it is necessary to use a DAC to produce the control signals for display for example on a
storage oscilloscope. In an analog CSD, one determines the signal time differences or the
charge division as a rule by analog means, and the coordinate signals are presented as pulses
with amplitudes proportional to the corresponding coordinates. In that case one does not
need a DAC to display the image, but ADC are required for digitization. The design of fast
ADC is developing rapidly; in charge-division CSD, it is possible to measure signals from
each collector element with the required accuracy and determine the coordinates in digital
form. This improves the noise immunity and the image recovery accuracy.

Figure 17 shows an example of the processing unit for use with a CSD to provide co-
ordinate information by means of a microcomputer and a CAMAC system [52, 53, 56, 57]. The
two ADC in the analog part of the EU receive pulses with amplitudes proportional to X and Y,
while a special interface recorde logic signals indicating particle recording and selection.
When the interface receives a signal that a particle has been recorded, the ADC inputs are
gated and the microprocessor handles the event: It takes the ADC readings and clears the
latter, reads the logic signals in the interface, performs the necessary transformations on
the coordinates, writes them to disk, and brightens up the corresponding point on the VDU,
etc. Then the inputs to the interface and the ADC are activated again and the system can
process the next event.

6. EXAMINATION OF CSD CHARACTERISTICS

It is fairly complicated to test CSD, i.e., to determine the resolution, distortionm,
dynamic range, and so on. Many different criteria can be used to evaluate performance such
as have been developed for evaluating optical systems [84].

Two ways of testing CSD can be distinguished, In one of them, the CSD records a point
particle or photon beam, i.e., &8 beam whose transverse dimension is much less than the CSD
epatial resolution. It should be possible to scan the beam with high spatial accuracy over
the input surface, The resolution is determined from the image of the beam. One can com~
pare given beam displacements with image displacements as for example in [44] to identify
the distortions, i.e., the nonlinearity, The second test method is analogous to one widely
used in optics and consists in imaging masks [11, 32, 49, 51, 58, 61, 62, 71, 82]. The mask
may be for example & narrow slit illuminated by ultraviolet light placed in front of the
CSD (52, 53]). The resolution (75 um) is determined from the slit width, The standard devi-
ation of the slit image from a straight line (120 ym) characterizes the nonlinearity. The
occurrence of additional distortion as the count rate increases enables one to determine the
limiting count rate.
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7. CSD APPLICATIONS

Promising uses have been noted above. At present, CSD are widely used in space experi-
ments to record ultraviolet radiation [3, 43, 45, 46, 65, 57] and x rays [3, 11, 85]. CSD
are also used in ultraviolet spectrometers carried on research rockets, which has provided
for measuring the spectra of weak astronomical sources, while CSD may also be used to record
images in the focal plane of an x~ray telescope, which has been so successful [86] that al-
most all launches of x-ray telescopes planned for the 1980s [85, 87-91] will use CSD, as
will a telescope for hard ultraviolet radiation [92, 93]. PCSD have also been produced for

_ recording photons in the visible range [32, 58, 68-71, 94}, PCSD have also been used in
Cherenkov counters, as well as in ground optical astronomy [94], where they have larger dy-
namic ranges than CCD matrices in recording weak fluxes [81]. For example, PCSD have been
used as image recorders (electronic plates) in various telescopes [43, 68], including the
2-m telescope in Mexico. PCSD also enable one to record time variations in luminosity and
to recover images with high resolution by interference methods [95]. Only avalanche-diode
matrices [96, 97] are likely to compete with PCSD in the future [6, 94].

CSD are also widely used in laboratory experiments. For example, they are employed in
mass spectrometry to improve the resolution and sensitivity as well as the measurement rate,
particularly in isotope analysis [64]. They enable one to record a wide energy range for
electrons in energy analyzers aimultaneously (98, 99] and reduce by two orders of magnitude
the measurement time in thin-foll spectroscopy [66]. Their use in surface research [78,
100] has provided increased speed and accuracy, with considerable reductions in the intenaity
of the probe fluxes. CSD are also widely used in experiments in electron and atomic colli-
sion physics [4]. A large time advantage occurs in the measurement of differential electrom
scattering [44]., CSD are also used in research on high~energy differential ion and neutral-
particle scattering to improve the angular resolution, sensitivity, aund accuracy, which has
enabled the observation of diffraction effects and has reduced the measurement time by more
than an order of magnitude [101]. CSD have also improved the performance in measuring dif-
ferential scattering accompanied by photon emission [38, 40] and have reduced the time re-
quired by 3-4 orders of magnitude in experiments on molecular disintegration in collisions
(18]. In nuclear physics, CSD are used as start-pulse generators to determine the point of
entry of a high-energy particle into a foil, which has eliminated errors in measuring times
of flight associated with uncertainty over particle paths [21, 102].

8. CONCLUSIONS

Although CSD open up new possibilities, the examples of their use at present are not
numercus, which is due to various factors, particularly the need to make various components
cneself, including the electronic parts, as well as the need to use computers operating in
real time to accumulate and process the large data volumes that inevitably arise in image
processing. However, sutomation in physics experiments is a characteristic current trend.
More and more labgratories are being equipped with their own minicomputers and microcompu=-
ters such as the Elektronika-60 [103], and they are accumulating experience in automating
experiments.

Of the various types of CSD, the most promising for users and also the least compli-
cated are the discrete and the type with the collector in the form of wedges and strips.
The discrete type is preferable when one requires a moderate resolution and it is necessary
to record high fluxes (10°-10* sec™!) or to record several particles arriving simultaneocusly.
It 18 true that the latter task can be handled by especial-design analog CSD [18]. When
high resolution is required (about 20-30 ym) and the limiting count rates are <i{0#-10* gec-?,
it is preferable to use a CSD with the collector in the form of wedges and strips. Such a
collector can resdily be made by photolithography; also, the electronic circuits are rela-
tively eimple: 3-4 charge-sensitive amplifiers and ADC, which are commercially available,
for example in the form of modules in the CAMAC standard. Also, an MCP unit is commercially
available: the VEU-7 [104], which has characteristics corresponding to those required for
CSD. This enables one to build CSD under laboratory conditions from standard units with the
minimum number of especially made devices. Such CSD have adequate characteristics, although
not unique ones. Therefore, the basis exists for the general use of CSD in laboratory phys=-
ics research in various areas, particularly where the particle is an electron or can produce
a secondary electron, This applies particularly to nuclear physics, the physics of electron
and atomic collisions, optics, mass spectrometry, electron microscopy, x-ray analysis, and
surface examination,
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