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INTRODUCTION

The work reported in this thesis divides naturally into two parts:
first, a study of the effects of angular localisation of the avalanche in
a multiwire proportional chamber, and of a drift region (such as is fre-
quently employed in such chambers) , carried out with a view to improving
position linearity in the direction perpendicular to the anode wires; and
second, a study of two position encoding techniques not previously employed
in this type of detector. The second of these new techniques is considered
to be of some significance in application to large-area detectors.

In view of this natural separation, the experimental work will be pre-
sented in two sections: Part II of the thesis deals with the drift field and
angular localisation results, while Part III describes the two novel posi-
tion encoding methods (the capacitance-resistance line and the graded-density
cathode) . To provide a background for these two accounts. Part I follows
the development of the imaging multiwire proportional chamber, with parti-
cular reference to the design employed in this work; an account of the
operation of a MWPC is presented, with an outline of the relevant theory;
and the experimental apparatus available for these investigations is des-
cribed. Part I thus provides a common reference point for both the experi-
mental sections, which otherwise are largely independent, and contains infor-
mation required in each. A single concluding chapter attempts to summar-
ise the major findings of the present investigations and to point out
possible areas where further work is required.

Finally, the two appendices, due to E. Mathieson, are theoretical
descriptions of the operation of the CR line (see Chapter 8) and of the
noise performance of a charge-sensitive preamplifier loaded by a shunt capa-

city and shunt resistance, and are of use throughout Part III.
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PART 1:
HISTORICAL AND THEORETICAL ASPECTS
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CHAPTER 1

X-RAY IMAGING AND THE MULTIWIRE PROPORTIONAL CHAMBER

i)  Applications of X-ray Imaging

Technological discoveries made over the last thirty years have
provided many uses and applications for X-ray ané other ionising
radiations, of great diversity and sophistication. Amongst the appli-
cations of x-rays, the most important are in the fields of medicine, bio-
chemistry and astronomy, where the production of X-ray images is of impor-
tance. In particular, the multiwire proportional-chamber (MWPC) is
employed as a position-sensitive detector in each of these fields, illus-
trating its characteristic of great adaptability.

Medicine. The X-rays used in medical diagnostic techniques are
typically of energies greater than ~ 20 keV, so that devices having solid
X-ray absorbers are most efficient; probably the commonest type of detector
is the Anger-type gamma cameral, which uses a sodium iodide scintillator to
convert the X-rays into optical photons, for imaging with photomultiplier
arrays.

Much "in vivo" imaging is at present carried out by administering to
the patient a small dose of y-emmitting radionuclide, which is usually one
which produces radiation of around 140 keV. In recent years, however, the
use of 1251 has increased in popularity, because of its convenient. half-life
of about 60 days, and because many biological molecules may be easily
labelled with it. The radiation produced by this isotope is of energy
27 keV, and it is quite feasible to image organs doped with it by means of -
a gaseous detector, such as the MPWC2. Another application of gaseous"
détectors is in the field of absorptiometry; Bateman and Connolly3 have
.described a MWPC, developed for bone mass measurement, with a spatial reso-

lution (FWHM) of better than 1mm at 42 keV.
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The MWPC, then, is finding limited use in diagnostic medicine, either
for direct imaging of hard X-rays, or for imaging higher-energy radiations
or particles by means of some type of dense converter", In all fields,
of course, an imaging de@ector is required to give good spatial resolution,
but medical applications also call for ruggedness, longevity, simplicity,
and, rather importantly as regards patient dosagé, high efficiency. It is

possible to construct MWPC systems with all of these features.

Biochemistry. In biochemical application, X-ray diffraction techniques
are widely used for determining molecular arrangements and structures.
The optimum X-ray energy for such work is close to 8 keV®, which cofresponds
to the characteristic Ka radiation of copper (frequently used as the
target of X-ray generators), and which is also convenient for use with
MWPCs. Faruqi® has pointed out the advantages of the MWPC over film, and
has more recently® described a system designed for use with a' synchrotron
source. The MWPC of this system must be able to cope with counting rates
of 510 MHz. Hendrix and Ftrst? have designed a detector of different
geometry to cope with the high rates available from such a source, while
Helliwell et al® describe a MWPC system currently being developed for use
in small-angle scattering experiments on biological systems with the
Daresbury Laboratory synchrotron source.

X-ray Aétronomz, In the field of astronomy, the X-ray region of the

electromagnetic spectrum has recently commandéd much interest, because of
the large number of sources discovered, and because of the light thrown on
the subject of cosmology by observations of distant galaxies and.the diffuse
X-ray background. X-ray sources may be roughly sorted into two categories,
from the point of view of imaging réquirements:extended sources, such as
clusters of galaxies and supernova remnants; and point—soufces, whose posi-
tions need to be accurately known, for identification with optical and radio

counterparts. MWPC's (of the class of device called Imaging Proportional
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Counters, or IPC's,in the literature) are very well suited to observations
of the former category because of their large active areas, and are moder-
ately well suited to the latter, because of their good background rejection
efficiency. Generally speaking, the detectors employed need not have
great rate capability, and an energy range of 0.1 to 6 keV is quite ade-
quate; the requirement for positional accuracy is however, quite stringent.
The MWPC as an astronomical instrument will be fﬁrther discussed later in

this chapter.

ii) History and Development of the MWPC

This section will briefly describe the configuration of the multiwire
proportional chamber, and will review some of the stages of its develop-
ment into preseht forms.

Operation of the MWPC. In its basic form, the MWPC consists of a

planar array of thin and pérallel anode wires set between £wo planar cath-
odes, "Which may be solid, of mesh, or of parallel wires. The areas of
these planes are usually equal, and are typically in the range of a few to

a few thousand cm?. Usually the anode plane lies halfway between the
cathode planes, and the anode-cathode separation is not more than 1lcm or
so. The three electrodes are enclosed in a gés envelope cqntaining,
typically, a noble gas, such as argon, and a simple molecular gas, such as
carbon dioxide, the second gas serving to absorb ultraviolet photdns, which
can be detrimental to counter operation. As in a cylindrical (single-wire)
proportional counter, a large potential difference exists between the anode
and cathodes, so that when an ionising event occurs, the liberated electrons-
drift towards the anode; these acquire more energy as they approach the
anode, and as the poteﬁtial gradient increases more and more quickly, they
reach a point where collision with gas atoms deposits enough energy to

ionise them. The resultant process is cumulative, and an avalanche



develops which deposits a.detectable charge (see figure 1). For a fuller
description of the avalanche process and pulse development, see references
9 and 10; some further discussion will also be included in Chapter 2.

Historical Perspective, Although the MWPC had been in existence for

some timell

, it was not until 1968 that its usefulness became recognised

by a group at CERN!2.  Each anode wire, they found, would behave as an |
independent proportional counter; and if a small solid-state amplifier were
connected to each, the wire upon which the avalanche occurred could be iden-
tified. This was poSsible because the charge observed on the avalanche
wire is of opposite polarity to the charge observed on all other anode
wires, contrary to previous assumptions: e&idently, it was imagined that a
pulse of the same polarity would aﬁpear on all the anode wires, due to capa-
citive coupling, and Charpak!3 suggests that this is a reason for the

neglect of MWPC's up to 1968. Properties which recommended the MWPC for

further éfudy also included its good'detection efficiency, its moderate

X-ray photon
wind ow

absorption
cathode » diffusion

avalanche at wire
anode
wires o ° ° e ° o
cathode

Figure 1 Schematic diagram illustrating the operation of a MWPC

" (not to scale).

W
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energy resolution (useful ‘for discrimination and background particle
rejection), its good rate capability, a certain degree of geometrical
adaptability, and the possibility of temporal resolution.

The chief r6le of the MWPC is as a position-sensitive device, and it
was in the area of position eﬁcoding that much research took place. It
was soon realised that the use of onefamplifier per anode wire for position
determination would be, in many cases, inconveniently compliéated and
expensive, and a number of other methods were examined by the CERN grouplk.
Separating the anode wires by inductances converts the electrode into a
delay line having charge-injection points at each wire position, so that

the time difference between the arrival of pulses at each end of the line is
uniquely related to position; if, on the other hand, the wires are separated
by resistances, pulse division occurs, and a ratio of pulse heights may be
used to determine position. Both of these methods had previously been used
with spark chambers and solid-state detectors (see, for example, references
15 and 16). Meanwhile, Borkowski and Kopp!7 had successfully developed
single-wire counters using an anode wire of high resistance to form an RC
line for position detection, and employing timing methods of encoding, for
which the relevant circuitry was simpler than for ratio methods.

Further work at CERN led to a description of field shapes in MWPC's!®
and to a greater understanding of the avaianche process and pulse develop-
ment!3,19; in particular, the usefulness of pulses induced oneiectrodesAclose\
to the avalanche anode was recognised. These pulses can have quite a large
spatial extent (in a typical chamber, the induced charge FWHM is of the
same order as the anode-cathode separation), and ‘the centroid of the distri-
bution corresponds to the location of the positive ions liberated during
the avalanche. The major advantage of studying the cathode induced-
charges is that two-dimensional information then becomes available.

Other studies were made of efficiency, spatial resolution and gas
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mixture. Surprising results were obtained with some electronegative gases;
in particular, a certain'mixture of argon, isobutane apd freon-13-B1 (CFsBr)
was: found to allow a greater increase in gain, before entry to the Gerger
mode, than was possible with more conventional mixtures not containing fhe
freon??, This particular mixture acquired the name '"magic gas", and much
work has been carriéd out since which makes use of its properties.

The use of induced charges to determine position wés soon explored in
the work of Borkowski and Kopp?!, who used the charge induced on resistive
cathodes in a further development of their risetime technique, and in the
work of Charpak et al?2,23 who took advantage of the large spatial extent
of the induced charge, in a centroid-finding sampling technique. The cath-
ode wires were connected together in groups of five or six, each of which
was connected to an amplifier; because the charge was induced on several
groups, the sampling so achieved enabled the computation of the centroid to
an accuracy not limited by the readout method. A prime advantage of this
method is that to a first order, its accuracy does not depend on the size of
the cathode concerned, a fact which is especially beneficial in the case of
large-area detectors. Recently, Gatti et al2% have shown how to determine
the correct group (or strip) width for optimum resolution.

Position encoding techniques will be discussed in more detail in Part
I11, but some idea of the present state of development of MWPC's, and
results gained from this developmeqt, may be obtained from the review
articles by Charpa]g25 and Charpak and Sauli?®, It will be seen that the
"centroid'" method described above has yet found no equal in accuracy, and
has much aided understanding of MWPC operation; for instance, it has helped
to show that an avalanche will often only partially surround the anode wire2Z,
The MWPC now has very great advantages for experimeﬁtal use: besides the
attractive features mentioned above, the experimenter now has choices of
position readout method and gas filling which can be selected according to

his requirements, not to mention the adaptations in which the MWPC is used



in conjunction with other devices (some of these are mentioned later in
this chapter). It is not surprising that the MWPC is so widely used.

Drift Chambers. No mention has yet been made in this short review

section of a device very similar in design and appl%cation to the MWPC,
namely the drift chamber, which also frequently appears in multiwire form.
This is because this thesis does not deal with timing information or
particle identification; however, one of the review articles just mentioned?®
deals with the present state of development of such devices, indicating how

closely the two are related.

iii) Position-Sensitive Detectors for X-ray Astronomy

Besides the MWPC, a number of other types of imaging detector have
been developed for use in X-ray astronomy. Such detectorsrequire good
spectral (energy) resolution, with iarge active areas and wide dyngmic
ranges, though high rate capabilities are not a great necessity. The
following description of the principles of some of these devices will be
necessarily brief and'incomplete, but will serve to give an idea of their
characteristics. A comparison of some example performance figures,
compiled from the given references, is shown in Table 1. The detectors
discussed are designed for dperation with soft X-rays (<10 keV), and Table 1

refers to resolutions and efficiencies at 1 keV.

Energy Spatial ' Useful /Dynamic Detection
Device '| Resolution | Resolution | area Range Efficiency
(FWHM) um (FWHM) cm? keV %
MCP. | Small area o <20 25 |0.01-6 <10
High Resolution
CCD 250 eV <20 2 0.3-8 90
GSPC | Large area <:20% 1100 © 40 1-10 85
PPPC | Moderate ~ 30% 300 70 0.1-4 90
mypc | Resolution . - 30% 300 70 | 0.1-4 90
Table 1. Exampie performance figures for various X-ray astronomy imaging

devices (see text)

17
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Two detectors which have been used in astronomical experiments to date
are the parallel-plate proportional counter (PPPC) and the microchannel
plate (MCP) camera.. The other two devices discussed are the gas scintilla-
tion proportional counter (GSPC) and the charge-coupled device (CCD), a
solid-state instrument,”énd are still under development. Figure 2 illus-
trates the principles pf operation of these .deviceés.

The Parallel-Plate Proportional Counter. The PPPC (figure 2a) works

on the same principle as the MWPC, namely that of gas electron multiplica-
tion, except that in this case the uniform field between parallel plates is
maintained at a high enough value for gas multiplication and avalanching to
occur. The plane electrodes can be wire grids, with position readout as
in a MWPC27, or the lower one (the anode) can be a resistive sheet, furn-
ishing two-dimensional readout?8, In general, the performance of such a

detector is similar to that of a MWPC.

Microchannel Plates. The MCP ﬁsee, for example, references 29 and 30)
is essentially a thin and circular piece of flat glass, with a honeycomb
of very fine holes, or channels, passing through it. Each cylindrical
channel is typically 12 ym in bore, and the separation of channel centres
is usually about 15 ym . In operation, a potential difference exists
across the faces of the plate, so that when an X-ray strikes the wall of a
particular channel, this will act as a continuous-dynode photomultiplier.
The electron cascade issuing from the back face of the plate is then located
by, for example, a resistive sheet anode. The chief characteristic of
this device is its very high spatial.resblution (of the same order as the
channel separation). It has, however, several disadvantages: firstly,
its detection efficiency is low, due chiefly to the inefficiency of the
photoelectric process in the glass; secondly, because of the statistics of
the multiplication process, it possesses no energy discrimination; and

thirdly, it is difficult to fabricate plates whose diameter exceeds about

6cm, making these devices of limited area.
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The Gas Scintillation Proportiénal Counter. This has been for some

time a device which yields energy resolutions superior to those of

ordinary proportional counters, and therefore has been a'useful tool for
spectroscopic work. Its superior resolution results from a statistically
more accurate method of ion pair counting, Although the number of ion
pairs produced in an X-ray absorption event is the same as for a propor-
tional counter, this number is more accurately counted by photon multipli-
cation than by electron multiplication, where fluctuations in gain intro-
duce errors. Taylor et al3l have developed an imaging system based on the
design of Anger cameras, in an effort to adapt GSPC's for pﬁsition sensing;
in this, the photons produced in one scintillation activate seven photo-
multiplier tubes, and their centroid is calculated from the charge outputs
of these. Although the energy resolution of this device improves on that
of the MWPC and PPPC, its spatial resolution is, as yet, poorer,.and it is
also bulkier and heavier, requiring also more complex image decoding.

The Charge-Coupled Device. A newcomer to X-ray astronomy is the

ccp32,33, yhose principle is best described with reference to figure 2(d).
It is essentially a two-dimensional array of MOS capacitors, consisting of a
large crystal of silicon, having a layer of silicon oxide, SiOZ, deposited
on its surface; narrow strips of conductor (e.g. aluminium) are in turn

deposited onto the Si0, layer. The crystal is also divided by '"walls"

of SiO2 running perpendicular to the conducting strips. Every third metal .

electrode is connected together and the application of a voltage (e.g. 10V)
to one of the three sets produces a depletion layer in the crystél; so if

an X-ray is absorbed in this depletion layer, the'chargecarriersthereby
liberated will be confined within an area defined by the nearest electrodesv
at non-zero potential and the $i0, "walls". This area forms one pixel,
and is usually of the order of 20 um x 20 um. The charge»so stored is
éccumulated for ~1 sec., and then, by manipulation of the electrode volt-

ages, the carriers are physically transported to an on-chip amplifier at

20



one corner of the crystall forming a train of output pulses. The location
of a pulse along this train gives position information, and its size gives
energy information. Beéause of the large numbers of chérge carriers |
involved, the energy resolution can be very good indeed. The CCD is potén-
tially the ultimate posifion-sensitive detector, with excellent energy and
spatial resolution, its chief drawback being the present limitation on
crystal size (2-3 cm?). Processing of the data (typically from 10° ="
pixels) takes much computing time, and development is by no means complete
in terms of optimisation of dopant concentration, operating temperature

(low temperatures are required), and readout time (105 pixels take ~0.1s

to be read out).

iv) The Multiwire Proportional Chamber in X-ray Astronomy

From the above table it may be seen that none of the devices consid-
ered has a clear advantage which sfngles it out for use (given the present
states of development), and for this reason, both the small-area/high Treso-
lution and large-are%/moderate resolution types of device have been used
for particular observations. The MWPC falls into the latter category, and
is therefore useful as a survey instrument or for studying‘extended sources.
It has the practical advantage over three of the other instruments that its
development can be largely carried out "in house', whereas the MCP and CCD
must be obtained commer;ially, and the GSPC requires extensive supporting
research, as well as some sophisticated and expensive hardware. Recent
developments will no doubt ensure the competitiveness of the MWPC for some
time.

In a typical imaging payload, the position-sensitivevdetector is
mounted at the focus of a grazing-incidence telescope (see reference 34,
for example), so that an image forms on the sensitive area of the detector.

The image is then coded, for transmission and subsequent decoding and

21
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processing. An alternative to the grazing-incidence telescope is the
coded mask3%,3% which essentially forms a many-pinhole camera: from a
knowledge of the mask pattern and the shadow detected by the imaging device,
the position of a point-source can be recovered by deconvolution. The
method can be very complicated, but has the advantages, over the use of
mirrors, gf a larger field of view (several tens of degrees instead of

less than ten) and of usefulness at higher energies (the effective area of

a grazing-incidence telescope falls sharply above about 4 keV37). The
"shadow camera' is thus suitable for hard energy and sky survey work, though
not for observations of extended objects.

The particular MWPC described and developed in this thesis was of
identical design to the instruments employed in two recent sounding rocket
flights38533 ) and an example of the images obtainable from such devices is
the X-ray image of the Cygnus Loop38 (in the energy range 0.15 -1 keV) shown
in figure 3. A similar device has been operating succeésfully since
November 1978 on the Einstein Observatory (HEAO-B) satellite3%s40,

As used on the rocket flights, then, the\MWPC left room for development
in several ways, for applications using both telescopes and coded masks.
Firstly, a smaller absorption depth is required for use with high energies
and large angles of incidence (coded mask operation); secoﬁdly, for survey
purposes, an increase in active area is desirable; and thirdly, an improve-
ment in position resolution is aiways desirable; especially in view of the
construction of improved mirrors (see reference 37). Finally, the problem
of position linearity in the direction perpendicular to tﬁe anode wires
requires some study (see Chapters 2 and 6). The immediate development goal
is to meet the IPC>performance requirements for the forthcoming AXAF37 and
LAMAR*! missions. Work in the first and second of the above areas is in
progress at Leicester*2:“3, while the present work concerns the third

(which is associated with the second) and fourth areas.




44-4
4-4-44-
4444 444111

23

32'
##+
U-u44
1114UU-44
4
31°1I- 44
~4#0a™##4 #453444:
30"
29'
21 ho0Qnm 56" 52" 48m 44 20A40m
Right Ascension (1950)
Figure 3 X-ray image of the Cygnus Loop supernova remnant, in the energy

range 0.15-1 keV, taken by the particular type of MWPC used in
the present work. From reference 38.
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v) Two Recent Adaptations of the MWPC

To close this introduction, we shall examine a new development which
promises to improve imaging capability for astronomical and other appli-
cations. This development is the recognition of the usefulness of non-
ionising excitation of noble gas atoms. When such an excitation occurs,
the wuv photon arising from the subsequent de-excitation may have
sufficient energy to ionise a second gas, such as ethanol.

Recently, two devices have been developed which make use of this
effect. The first is the Multi-Step Avalanche Chamber which uses
the effect to ''transfer" electrons from a parallel-plate avalanche region
to a drift region and thence to a NfIVEC, giving two stages of amplification
(figure 4(a)). Other chamber configurations are also possible. The
consequences of this ability to "transfer" electrons from one field region

to another include the facility to gate and delay the electrons, allowing

X-ray
winB
windcv/
ASD
accelerating
grids
~A"LiFz
s chglj’t;)(/)ends VI .I 1’ - absorption
! ’ ' MWPC
*MWPC
(a) (b)
Figure 4 (@) Example of a multistep avalanche chamber (MSG). The

labelled regions are: absorption and drift (A § D),
preamplification (PA), transfer or second drift (T) and the

MIVEC. (b) Example of a PIPS counter. Figures adapted from
references 46(a) and 47 (b).



high rates, while the high gain available is of obvious advantage for
low-energy photons and particles. The instrument is more fully described
in reference 44.

The second device"® has several names: its developers at CERN“6 -
propose the name Photoionisation Proportional Scintillation Counter (PIPS).
It consists of an absorption and re-emission region in which the X-ray is"
absorbed and a number of uv photons (whose energy is the appropriate
excitation energy for the noble gas concerned) are emitted, separated by
a uv-transparent window (e.g. LiF,) from a MWPC containing a gas which is
readily ionised by the uv photons (figure 4(b)).

The latter device is another which combines the excellent energy
resolution of the GSPC with an imaging facility. This configuration is
certainly more compact than that of Taylor et al?l;_however, it is probably
too early to make any meaningful comparison of their capabilities. The
PIPS instrument, if pfoven viable, may well succeed the plain'MWPC in soft
X-ray astronomy work"7s48

The development of these two adaptations of the MWPC only serves to

highlight the importance of further work on that instrument.
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CHAPTER 2

SOME DETAILS OF MWPC OPERATION

This chapter provides a summary of some of the more important
operating characteristics of the MWPC, including its désign, mode of oper-
ation, and behaviour. It is a general descriptien, and may be applied
to all planar MWPC geometries, although applications to soft X-ray detection

will be given emphasis.

i) A General Description of the MWPC

Operation of a Proportional Counter. The proportional chamber is one

of many devices which, in order to detect ionization, allow electrons to
muitiply and hence increase the charge collected up to a size which can be
measured. The steps in the amplification process will now be briefly
described.

An X-ray of energy Ex entering the chamber will, within some distance,
make an ionizing collision with a gas atom, ejecting a photoelectron of
energy E =E_ - EB ,» where EB is the binding energy for the particular

P X
atomic shell concerned. 1f EB is small, Ep = Ex ; otherwise the
remaining energy, EB , 1s released when the atom de-excites, by emission of
either an Auger electron or a fluorescent X-ray. Sometimes the 1atter.is
not re-absorbed within the chamber volume, in which case some of the X-ray
energy escapes.

The X-ray energy has now been converted into the photoelectron kinetic
energy, plus that of the Auger electron or a fluorescent photon.
Each of these make further ionizing collisions until all their energy is
transformed into the potential energy of the released electrons, whicﬁ are

3

punctually defined in a volume of typically less than 10 %mm3. The

number of electrons -in this cloud is proportional to the energy of the



27

incident X-ray. Proportionality will be preserved if the avalanche
amplification, which subsequently occurs at an anode wire, is also pro-
portional; in fact, it is now well established (see, for example, reference
49) that for voltages well below the Geiger threshold, the avalanche size
is indeed proportional to the initial charge deposited. The amplification
process itself is already well documenged, and for a full discussion the
reader should refer to the works by Rose and Korffl0, wilkinson®? (Chapter
6) or Rice-Evans® (Chapter 7). Following the avalanche, the liberated
positive ions move away from the anode, inducing charges on all electrodes
as they separate from the electrons, and are eventually collected at the
;athode (usually in a time less than 100 us after the avalanche).

The Gain of a MWPC, Besides the choice of counter gas and the anode

potential, there are several other parameters which influence the gain of

a MWPC. All of these describe its geometry, and are indicated in figure
5.’ Increasing h , the anode-cathode separation, or T, the anode wire
radius, causes the gain M . to fall, while increasing s , the anode wire
spacing or pitch, causes M to increase. These variatians can be
predicted from expressions developed by Matheieson and Harris®! and given

in Chapter 4.

The ranges of values of these geometric parameters are limited'by both
operational and constructional consideratioﬁs. The anode wire radius, ra,
usually lies between 5 and 15 um , where.the wires are still strong but
require only moderate voltages to produce an operating field; the value of

s is usually 1 or 2 mm , because smaller pitches require dangerously
high voltages, and larger pitéhes degrade spatial resolution. The anode-
cathode separation, h , is seldom less than 2mm or more:than 1l cm
.(note that the case of unsymmetric chambers, with unequal values of h , is
not often of interest and will not be discussed here). For the cathodes,
thick wires and small pitches are desirable in order to minimise the field

around them, though the choices of diameter and pitch must not be such that
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the X-ray transparency of the cathode is seriously reduced; a typical
combination is s. = 1mm and T, = 62.5 ym. Wire cathodes are often
used in preference toplanar ones, principally because electrons may then
be drifted through the cathode from an external absorption region (see
below).

Despife these limitations, the MW?C remains an instrument of adaptable
geometry: its area may be varied quite considerably, while in some appli-.
cations the wire 'planes" are curved (see reference 7, for example).

Gas Mixture. The gas mixture used in proportional counters almost
always contains a noble gas, such as argon or xenon, because the-mean
energy required to produce one ion pair in such gases is low. This ﬁaxi-
mises the number of primary electrons released by an X-ray. Another
common component of counting gas mixtures is the polyatomic '"quenching"
gas, which has two chief functions. The first is to prevent a large number
of noble gas ions from colliding with the cathode wires, liberating some
electrons and causing the counter to recycle. How this is effected is not
clear, but it is thought that chargé exchange takes place during ion tran-
sit, and that dissoéiation of the molecule, rather than electron ejection,
occurs at the cathode. The second function is to absorb ultra-violet
photons produced during the avalanche, which could otherwise eject electrons
from the cathodes; again, the molecule is thought to dissociate. The
quenching process is discussed by Rice-Evans?® ( p.42), while ultra-violet

photons will be mentioned again in section (iv).

The Drift and Absorption Region. The efficiency of a gaseous detector
depends, of course, upon the gas density and the X-ray énergy; but the
thickness of absorber (the gas) is also important. A deep absorption
region (see figufe 5) is often used to improve efficiency, and can, in
principle, be made as deep as necessary, although a more éffective measure

is simply to increase the gas pressure. In practice, however, the falling
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efficiency of gaseous detectors with increasing X-ray energy®? provides
an upper limit to their energy range, beyond which other detectors become
more suitable.

The absorption region is also used to attempt to overcome one of the
more serious drawbacks of MWPCs, namely their position non-linearity in
the direction perpendicular té the anode wires. . The fact that avalanches
may only occur iﬂ specific positions (i.e. on a wire) results in there
being only one avalanche position for a range of X-ray locations (see
figure 6), quantising the output position in integer multiples of s
One way of overcoming this problem is to allow the primary electron cloud
to drift and diffuse in a low-field region, so that when it reaches the
anode it is broad enough to cause avalanches on several wires, allowing an
avefaging effect to take place. The cost of this improvement is in posi-

tion resolution, in both sensing directions, because the uncertainty in the

‘_1_§0Jce ‘_IEQUNE
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Figure 6 Quantisation of position output signal by the anode wire spacihg.

Compare the cases of sensing along the anode wire direction (a),
and perpendicular to it (b): in the latter case the position
output is constant for a range of source positions.



location of the charge-cloud centroid is increased (see also section (iii)).
This subject forms the central theme of Part II of this thesis, and, in
particular, investigations concerning the drift region are reported in
Chapter 6.

Another disadvantage of employing a deep absorption region is in the
observation of an inclined X-ray beam: absorption’ events.may occur over a
range of positions (because the absorption depth varies), again producing
an uncertainty in X-ray location, when averaged over many events. Such a
consideration is important in X-ray astronomy, where use is often made of
grazing-incidence mirrors and coded masks; however, the problem may be
alleviated, for instance, by increasing the gas pressureus.

The Chamber Window. A lower limit to the useful energy range of a

MWPC is often provided by the X-ray window. . This must be thick enough and
strong enough to withstand a pressure differential and prevent leaks, and
yet have a large transmission for the energies concerned. For most soft
X-ray work, windows such as stretched polypropylene ( ~1 um thick) coated
with colloidal carbon can be used, with a lower energy limit of about

0.1 keV; however, recent interest in the extreme ultra-violet (xuv) region
of the spectrum has led to the development of windows of thicknesses between
0.1 and 0.2 um,-which extend the energy range down to about 0.05 kev27,

Background Rejection. One major source of error in X-ray astronomy

is the background cosmic ray radiation, which deposits large amounts of
ionization in a detector,'usually along an inclined track (see figure 5),
causing many Sfurious events to be registered in an X-ray image. A very
effective way of eliminating this is to locate another anode plane (for
which a larger pitch is adequate) a short distande below the active volume,
so that if a particle passes through the active volume and into the second
“coincidence'" volume, avalanches will occur almost simultaneously on both

anodes, and it will be possible to veto the signal from the primary anode.

AN



The extra grid is called éhe anticoincidence anode.

Readout. Finally in this section, it must be pointed out how the
information is extracted from a chamber. The changed induced on all
electrodes are measured By means of a charge-sensitive preamplifier, which
has the advantage (over-fhe voltage-sensitive type) of an output which is
independent of detector capacity. This is followed by a sécond stage of
processing, such as a shaper amplifier or an analog-to-digital converter
(ADC). The methods by which information is coded are discussed in Part

III.

ii) Induced Charges in Proportional Chambers

The sections (ii) and (iii) show how it is possible to calculate the
way in which the size and spatial extent of the charges induced on the
electrodes of an MWPC develop with time, following an avalanche.

Maxwell's Theorem. The case of interest, namely of ions in a pro-

portional chamber, can be represented by the general case of three conduc-

tors (figure 7(a)): we can say

q; = €11V * Covp * Cy3Vg

= + o+ ,
4 = %V, CoraVy ¥ Cy3V

e
w
n

L+ +.
CaV1 T C3Vy T C39Y3 o

where the cij represent the capacities existing between any pair of con-
ductors, with cij = cji (a form of Green's reciprocation theorem: see
reference 53, Art.85a), and the v, are the potentials of the various

conductors. Let us now consider two cases:

Case (a): V.

LI}
<
"

0 (electrodes 1, 2 earthed)

o]
w

n

L0
o

Then we have:
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(a)

(b)

= preamplifier total input capacity

+ve ions

Figure 7 (a) Three conductors, general case, for proof of Maxwell'’s
theorem; (b) polarity of the output of a/ina&n-inverting amplifier,
compared with that of the inducing charge; (c) single-wire
(cylindrical) proportional counter.



Q) = € gvy- and  q = Cy5vy .,

so that
q, = a, (c;5/¢5,)

Case (b): v, = 1 (unit potential), v, = 0 and q, = 0.
Then: 0= Cyy ¥ SV ® v, = -c31/c33-= —c13/c33 ;
combining both results,

G 7 V3% : | 1

Equation (1) embodies a theorem due to Maxwell (see Art.86 of
reference 53), which allows the calculation of induced charges in many-
electrode systems. Provided that q, is small (so that it causes
negligible field distortion), the third conductor can represent an ion in
a proportional chamber; a knowledgé of v3 (the potential at conductor 3)
then allows calculation of the induced charge.

The mnegative sign shows that the charge induced on a particular
electrode is of opposite polarity to the inducing charge. Howe&er,‘the
output of an inverting amplifier connected to that electrode will be of

{6pﬁ6$ﬁe polarity to the inducing charge, as may be demonstrated with
réference_to figure 7(b). As the inducing ion charge 9 approaches the
- electrode A (which has a shunt capacity, C , and a shunt resistance, R
 to ground), provided RC, is very long in comparison with the ion drift
time, the induced charge q; can only be provided by leaving an equal and
opposite charge on the capacity C;. The voltage across C; is then
—qi/CT? and if the amplifier (charge-sensitive) has a conversion gain of
-1/C_ , its output is q;/C_ .

Note that in real cases ions will occur in pairs, so that an induced

charge only becomes apparent as the ions move apart under the influence of

the field.

34



35

Example: the SWPC. .Consider a single-wire proportional chamber with
its anode wire at potential v, o and suppose an avalanche occurs: the
total charge generated is q, (electrons) and qp (= -qe) (positive ions).

From equation (1), the charge induced on the anode wire is:

' v V.
q; = -4, —-q £
1 € v, Pv,

=_-£ - = -
qa - R (Ve Vp) ql

Now in an avalanche, the ion pairs are produced close to the anode wire,
so that the potential then experienced is almost v, - The electrons
move quickly towards the wire, and therefore do not experience a signifi-
cant change in potential; that is, Ve TV, for all times t , so that
approximately

a, = q

a e

a - vp/va) . (2)
The positive ions, on the other hand, move through almost the whole poten-
tial difference, so that it is the variation of Vp as the positive dons
travel towards the cathode which provides the pulse in a proportional
counter.

To examine the time-variation of q, » e need to know the potential
experienced by the positive ions at any particular t . This is found
from field equations and a knowledgé of positive ion mobility: we find the
dependence of vﬁ on bosition, and use the mobility to find out how the

location of the positive ions varies with time.

For a cylindrical counter (figure 7(c)), we know that

where r 1is the (radial) position of the positive ions and



C = l/ln(rc/ra)2 = constamt; hence
V@) =v, 1 -C zn(r/ra)z) (3)

Now, for positive ions, the mobility is not a very strong function of

field, so we can say
w = uE 4) ,

where u and w are respectively the mobility and velocity of the

positive ions. Hence, substituting for E ,
L o dr X
dt T ’

and, integrating from t =0 , r

T, to a genetal t and T , we find
.I r _
[‘r—] =1 "’v t/tO (5)

where to,s raz/4Cuva . Now that we have both the desired relationships,

(3) and (5), we can combine them with equation (2) to find that:
q, = qu en(l + t/to) {6)

This relation describes the time development of the anode induced charge
in a SWPC (see figure 8). The development stops when the positive ions

are collected at the cathode: by then q, =49, » and we can say that, if

e

t. 1is the time of arrival of the positive ions,

' 2
t o=t ([rc/ra] - 1)

iii) Induced Charges in a MWPC

-

Procedure. We now wish to extend this method to examine-the time-~
development of induced charges in MWPC's. The steps in the process will

be the same: firstly, a derivation of expressions for the field and poten-

tial; secondly, a description of the motion of the positive ions in the



Figure 8

Figure 9

t/t

Time development of the induced charge at the anode of a
typical SWPC.

X-ray source

cathode

anode wires orJ

cathode

MWPC, showing parameters used in calculations of induced charges
The terminology of references 54 and 55 has been adopted.
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field; and thirdly, a combining of this knowledge with equation (1) above,'
to find the time-development of the induced charge. The case of the MWPC
is more complicated than that of the SWPC, for in addition to the increased
asymmetry of the electrode arrangement, the presence of the other anode”
wires must be considered. The analysis is that of Mathieson and
Harris®%»55:56  and employs the concept of complex potential®?, For a
fuller description than given here, these references (54-57) should be
consulted.

The parameters of interest are indicated‘in'figure 9; the cathodes are
assumed to be infinite planes, and the anode an infinite array of parallel
wires. Because the field varies with the angle o , any description of
~ how the pulse deVelops will refer to one particular field line only. As it
happens, the actual pulse development cbrresponds more closely to this case
than to ohe in which positive ions. leave the anode along all field lines,
which would be more difficult to examine (see Chapters 4 anq 5).

The use of the complex potential function W allows description of
both potential (from the real part of W) and field configuration (from the
,q}Qaglnary part). The following treatment firstly derives the induced ‘
charge on the anode and the field'configuration in a MWPC; secondly, the
time~déve10pment of the anode éharge is derived; and thirdly, the induced
charge on the cathode is examined. Some modification to this model is

necessary to deal with the subject of lateral distribution of the induced

charge.

A separate description of the field in a MWPC has been given by
Erskinel8, who examines the effects of displaced wires and unsymmetrically-
placed grids, but does not go on to calculate induced charges, Nonethe-

less, the agreement with the present treatment is satisfying.

Charge Induced on the Anode. Weber>7 has considered the case of

the geometry shown in figure 9, and arrives at an expression for the complex



potential function which,.provided s» T, and h>» s , may be written:
W = - K #n(sin[nz/s]) + Vo (7)

where K and Vo. are real constants dependent upon the chamber geometry
and electrode potentialﬁ; and z = x+ jy , where j = V- 1 (see figure
9). As an aside, it may be remarked that the limitation h>» s is quite
severe; according to Weber, h 2 s/2 1is sufficient.

The potential P experienced by a positive ion (or localised ion"
cloud, of radius rion‘« s) 1is given by the real part of W when the
cathodes are grounded and all the anode wires are at the same potential

(taken to be unity, for convenience), which allows the use of equation (1).

There are thus two constraints to be imposed on W :

=
1]

0 when y = h,>» s

and W

1 when x2+y2=ra2 , so that x , y< s .

These two conditions may be applied to equation (7) to find simultaneous

equations in K and Vo :

0 = - K (vh/s - 2n2) + Vo

o
1

= - K ln(nra/s) + V0 .

The values of K and Vo thus found can be substituted into equation (7),
and, following some algebraic manipulation, the real part of W can be

found to be: - - .

mh/s - 2n{2(cosh 2mny/s - cos 2mx/s)}?

P = (8)
7h/s - ln(ana/s)

-

Note that this expression contains a term which is suitably periodic in x ,
and one which indicates a fall in potential as the ion cloud leaves the
anode plane. = If the ion charge is q, ,eSituated at (x,y) , then the

product qu gives the charge induced on the anode.
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Field Line Equation. This may be found using a single condition,

that the field line leaves the anode surface at an angle a . The imag-

inary part of W is then simply

-1 .
6 = tan (ras1na/racosa) = o,

if z 1is expressed as z =,reJe. If the sine’ term in equation (7) is

expanded, it can be seen that the imaginary part of W can be written

tan6é = cot mx/s.tanh my/s ,
so that

tan ny/s = tano.tan mx/s . ‘ (9)

This is the equation of a field line which leaves the anode wire at an
angle a: as y increases, Xx approaches a limit of s/2 or less,
depending on o .  For the full fﬁnge of a , the field lines will term-
ihaté on the cathode over a position range -s/2 g x g s/2 . This ob-

servation is embodied by setting y >» s in equation (9), so that
™
a = E—(l - 2x/s) (10)

which shows the linear relationship between x and o .

Figure 10 shows the field and equipotential configurations in a

typical MWPC.

Time Development of the Induced Charge. We have now arrived at
expressions which allow calculation of the induced anode charge for all
possible locations of the positive ion cloud. The time-development of
the induced charge is arrived at by finding the location of tﬁe ion cloud,
as a function of time.

In order to do this, it.is necessary-to perform a numerical integra-
tion, starting from a set of given condifions. From a starting point at
the surface of an anode wire, the position reached by the positive ions -

after a small time interval may be calculated if its velocity and direction
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Figure 10

Field lines and equipotentials, in a MWPC having h/s = 2. The
field lines are equally spaced in a , at a = t 15°,45°,75°,
105°,135° and 165°, and the equipotentials are spaced at
intervals of va/II



of motion are known. The:direction of motion is given by:

2
dy _ cosh ny/s
dx tanm'{cos nx/s ’ (11)

which is obtained by differentiating (9); the velocity is found from

equation (4):

2 3
w =.;_{[-g—’t(] + [g—{-]z} = uE/s , (12)

where s has been adopted as the unit of distance, for convenience in

the numerical calculations. Equations (11) and (12) ére solved simultan-
eously to give x and y following a short time interval, using specified
initial values of x and y . A natural unit of time, TO = sz/uva

(where v, is the anode potential), emerges from these calculations, and

it is convenient to normalise all times to this quantity. The value of
E(x,y) appropriate to equation (12) is found by differentiating equation (8):
- v | -1 |

__a s cosh my/s + cos nx/si%
E = h (1 " wh tn (2 nra/s)) (cosh n1y/s - cos mx/s’/ ° (13)

'
4

fiaving found the new coordinate (x,y) , the process can be repeated and
tic next position found. If P is calculated, using equation (8), at
each position in this sequence, the value of the induced charge at each
time can be found. An example résult of such a calculation is shown in
figuire 11, for comparison with figure 8.

Effective Cathode Radius. During the early stages of pulse development,

the charge induced on the anode behaves similarly to the same quantity in a
SWPC. It is sometimes uséful to express this by imagining the plane cath-
odes to be equivalent to a cylinder of radius Tofg the "effective cathode
radius". Equation (13) is

v 2
E = K i?' [cosh 2my/s + cos 2mx/s)

cosh 2ny/s - cos 2mx/s’ g

where

ke
n

(1 - s/th. :Ln(znra/s))‘1
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Figure 11 Time development of the charge on the anode of a MWPC. The
ordinate is given as a fraction of the total charge developed,
and the abscissa is given in units of T = sr/gv*. Profiles
correspond to a = t (n-ii/18) rad, wherein = 1,3,5,7.



Near the anode wire, y «s/2n and Xx «s/2m , so that (13) reduces to

va S
E=KTH »

which is in the same form as for the SWPC. In fact we can rewrite this
as
2Ceffva
E = ——orr,
T

_ 2 . ;
where Ceff = 1/£n(reff/ra) , by analogy ylth the case of the SWPC. In

other words,

1 Ks

C = =
eff 2 2th °?
2n(reff/ra)

which enables us to find an expression for the effective cathode radius:

_ s mh/s
Tegg =55+ © . (14

Charge Induced on a Cathode. " This is calculated in the same way as

the anode induced charge; but in this case the slightly more complicated

situation means that the expression
W = - K ¢n(sin[nz/s]) - onz + Vo (15)

15 a more suitable form for W . This time, K, Eo andAV0 have to be
determined in order to find W , and the boundary conditions are found by
setting the potential of the anode and one cathode to zero, while the

cathode of interest is raised to unit potential:

= - 2 2 - y2
0 K 2n (nra/s] + Vo (when x< + y TS )
0 = - K (vh/s - &n2) - th + Vo (when y = - h)
1 =- XK (th/s - 2n2) +EJ1+V° (when y =h).

The first of these holds if Eora.« V0 , a condition which can be shown to
be equivalent -to ra/h‘« Vo ,» and which is therefore normally satisfied.

Again, a certain amount of manipulation is required before arriving at

L4
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¢n(2mr_/s) - n{2(cosh 2my/s - cos 2nx/s)#
P = y/2h - —2 (16)

2(mh/s - En[ana/s))

This expression can now be used to calculate the time development of the
charge induced on the cathode (situated at y = + h), using the locations
(x,y) found by the process described earlier.

Spatial Distribution of the Cathode Induced Charge. The remainder

of this section deals with the spatial distribution of the charge induced
on the cathode, and how this develops with time; the simple model used so
far is inadequate, and the plane cathode must be replaced by an array of
parallel wires. The treatment given here is that of Mathieson®®, in
which the realistic assumption is made that the cathode of interest consists
of infinite parallel wireé, of radius T, and separations S such that
T €S, while th¢ other cathode is an infinite earthed plane. Once
again, Maxwell's theorem (equation (1)) is used, but this time the charge
induced on individual cathode wires is calculated. Th¢ potential function
for this ﬁase is found by the following procedure.

First we imagine that nth cathode wire and the other cathode exist

alome; if a line charge is placed at this wire position, the potential at

a point . (x,y) due to that charge is given by image theory as DnMn s

where 3
(x - ns } + (v + 30
c
M = 2n { 5 2} ,
(x -ns ) + (y - h)
and Dn is to be determined from the boundary conditions. Similarly, if

we imagine instead a line charge placed at an anode wire position, the

potential at (x,y) is CkLk , Where

. h
L, = &n {(X . kS)Z + (y + Zh)z}é,
B (x = ks)2 + y2

and the Ck are found from the boundary conditions. The real situation
involves (2a + 1) cathode wires and (2b # 1) anode wires, so that the

overall potential is the superposition of potentials from all these line



charges:
a b
P = _g DM, + 1{) o , (17)

where the Dn and Ck' are determéned by the boundary conditions that
the wire surfaces are equipotentials. As before, this is carried out
by sefting equal to unity the potential of the copductor for which the
induced charge is being calculated, and that of all others to zero. The

following equations are then applied:
pm = X DnMnm * z CkLkm

n- k

for the cathode wire potentials, and

Pi B E DnMni ) CkLki

k
‘Iof‘?he anode wire potentials. The matrix elements are given by:
® L2 2 2
(m-n) Se + (4h) !
- m 2n { >3 } (n#£m); Mmm = fn (4h/rc)
(m-n)"s
c
- 1
_ (ms_ - ks)? + (3h)2}"‘
km ks)2 + 12

~
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7]
|

M. = 2n
ni

ns)? + (zh)z}%

. 2 2
(is - nsc) + h
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e
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]

and Lki =

2 2 2
@0’ v @i
n { : >3 } (i#k); Lii = 4n (2h/ra) .
(i-k) s .
These (2a + 2b + 2)2 elements may be arranged into a symmetric positive
definite matrix, so that the Dn and Ck may be calculated by numerical
methods. - . Again, having already determined the location (x,y) of the
positive ions, at a given time, the charge they induce on any particular

wire may be found by use of equations (1) and (17). ~ The charge distribu-

tion may then be exhibited by compéring the charge induced on all wires, or
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a large number of them. ° Some example calculations are presented by

Mathieson®9.

iv) Some Limitations of the MWPC

This section looks at some of the characteristics of the MWPC which
limit its usefulness: energy proportionality is griefly discussed and
factors affecting position and energy resolutions are mentioned, but firstly
a problem associated with measurement of the avalanche charge is described.

Avalanche Charge Measurement. The effect which prohibits the simple

measurement of the charge produced in an avalanche is common to all devices
in which multiplication occurs at a wire, and is a result of the long time
taken for the positive ions to reach the cathodes: oﬁly when they do so has
the full avalanche charge, q,> been acduired (a typical value for this
““time, tc, in a MWPC, is 60 us). Although in X-ray astronomy event rates
which could cause pulse pile-up are rare, other considerations, such as
minimisation of electronic noise, have meant that shaper-amplifiers with
time constants of only a few microseconds have been most often used, so
that.the shaping occurs during the early stages of the pulse development.
"This considéfation means that the widely-used calibration procedure, of
injecting a step-function of charge using an external capacitor and match-
ing the heights of the shaped puises, is invalid.

This particular problem has been examined, for the case of a SWPC, with
unipolar shaping (single integration and single differentiation) by
Mathieson and Charles®®. In this treatment, the preamplifier fall-time is
considered to be infinite: in fact, a typical 1/e fall time is 50 us,
longer than the shaping time constants considered. The known response of
the filter to a step-function input is used t6 predict the charge needed to
be applied, in proportional counter pulse form, to produce a particular

response. It just so happens that the resultant calibration may be
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expressed as a simple function of Ta , the shaping time constant:

-1
q. = Nho {NT.eC (a + b log (Ta/to))} , (18)

(o]

where: q_ = avalanche charge
p = calibration (step) input
C = chamber capacity
e = 2.718, a = 0.087, b = 0.797
N_ = system response to avalanche 9

NT = system response to calibration pulse

and t, is as defined for equation (5). This simple function gives a
good approximation to the more precise numerical calculations; and it
turns out that by replacing C by Ceff , as defined by Toff (equation
(14)), the good approximation of this simple relationship is maintained in

thn cagse of the MWPC. For example then, suppose we have a MWPC with

h=s#ém, s=2m, r, = 7.5 ym and ‘v 4 kV , filled with argon/10%

1

methane (p = 160mm?2 V™ .s_l), and T, =1us. If we then follow the

_common procedure of Setting NT = NO by adjusting ar > equation (18) tells
us that

q, * 3.6 Qp

the avalanche charge is more than three times the test charge, and this is

seen to be no small effect.

Proportionality. This subject has been briefly mentioned in section

(i), but it will be discussed here with reference to a 1itt1e-studied
effect: the production of secondary_avalanches, initiated by electrons
removed from the cathodes or window by ultra-violet photons. Limitations
on proportional operation, such as space-charge effects, are already docum-

ented, and will not be discussed here (see, for example, references 9 and

50).



Proportionality implies a linear increase of avalanche charge with
n , the number of primary electrons, which is itself proportional to
X-ray energy. It is usually far more convenient, however, to vary
avalanche size by changing the chamber voltage, a procedure which,
besides allowing observation of effects which depend on X-ray energy, also
exposes effects which are a function of gain. Strictly speaking, the
latter type are not associated with proportioﬁality, and one such effect.
is that described above (see.reference 50, p.149), which will also be
menfiéned in later chapters.

- - Because the electron drift velocity in the argon/methane mixtures used
j= this work®0 is quite high, the secondary avalanches can be thought of as
occurring at the same time as the primary one, so that from the point.of
view of the processing electronics they are incorporated in the same event.

This is an important consideration. If N is the total number of

eleccrons in the primary avalanche, and secondary avalanches do not occur,

then

where n is the number of primary electrons and M 1is the gas gain.
Suppose now, however, that secondary avalanches do occur, and that the prob-
ability, per electron in the primary avalanche, of a secondary electron

being ejected from a cathode is Y . Then

M (1 0+ YM+ [YM]Z + [YM]2 4 L))

Z
]

or, if YM <1,

N=nM (1 - YM)'1 , (19)

because there is obviously a probability that secondary avalanches will
initiate '“tertiaries'',and so on. Notice that now N is no longer
proportional to M , although it is still proportional to n : energy

proportionality is preserved,



The size of Y must be quite small, for unless YM is less than
unity, the avalanche will be self-regenerating. Thus, for stable opera-
tion .we have Y < 1/M , and since this is achievable up to gains in
excess of 3 x 10% , it must be that Y g ~ 3 x 10°°

Useful Dynamic Ranéé. It is pertinent at this point to list the

factors which affect energy and position resolution in a MWPCf The two
chief influences which determine the energy resolution are the statistical
fluctuations in n , the number of primary electrons, and in M , the gas
gain5°. For a MWPC, the minor influences include electron attachment,
avalanche angular localisation (see Chapters 4 and 5), and non-uniformity
in anode pitch or wire diameter. Energy and spatial resolutions also
degrade for events close to the edge of the grids, where the field departs
from its normal value, while secondary avalanche effects may also increase
the fluctuations in M .

Factors affecting position (spatial) resolution will be discussed in
more detail subsequently, but they may be briefly introduced here. One
fact.ry is the system electronic noise, which actually contributes to energy
écséiution as well, although it is usually negligible, in théf case, in
vomparison with other factors. For position resolution, it is an impor-
tant consideration, and depends upon the encoding method used (see Part III
of this thesis). The number of primary electrons is also important:
as well as affecting the system signal-to noise ratio, its finiteness means
that the ﬁosition of the centroid cannot be statistically well defined.
Furthermore, the spatial extent of the primary electron cloud also matters,
in determining its centroid, and therefore the amount of diffusion under-
gone by the electrons is of importance. The initial extent of the
cloud (before any diffusion occurs) depends upon the range of the initial

photoelectron, which increases with the energy of the incident photon.

5
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As previously mentioned, if the incoming X-ray beam is not parallel
to the drift field direction, the distribution of absorption depths will
be transformed into a distribution of lateral positions, and will thus
also contribute to spatialbuncertainty. Finally, it is to be noted that
secondary avalanches may increase the measured uncertainty. Despite the
small size of such avalanches, if they occur a large distance away from
the primary one, they will have a large moment and may therefore displace
the measured centroid (remember that the secoqdary and primary avalanches
are processed together by the electronic system).

We are nowin a position to assess the limits of the useful energy
range of a MWPC. .As the photon energy is increased, the counter will
eventually operate non-proportionally, and energy information will be lost.
Efficiency falls as the energy increases (this is most often the prime .
consideration), and position resolution deteriorates as the X-rays pene-
trate further and the photoelectron range increases. At the low-energy
end of the range, the spatial resolution worsens as the signal-to-noise
fatio falls and the "centroid jitter' increases, and the energy resolution
d&ygrades because the number of primary electrons falls. The useful
dynamic range, then, is that over which all these considerations allow the

experimental requirements to be met.
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CHAPTER 3

THE 10 cm GAS CAMERA

This chapter describes the experimental apparatus used for the work
reported in Parts II and III. The defector itself, as has already been
pointed out, is a MWPC identical in design to two chambers employed in
recent sounding rocket observations of supernova remnants38:3% and as
such can be assumed to be of suitable mechanical structure for experiments
of that type. . The extreme flexibility of fhe general design has enabled
a multitude of experiments to be carried out, and the choice of a gas f;ow
system, with methane as one of the components of the gas filling, has
allowed rearrangements of the internal components of the.chamber to be made
rapidly, with little waste of time. In addition, the variety of NiM
modules available for the processing electronics has been sufficient for

0st of the experiments carried out.

i) Description of Chamber.

Figure 12 shows the basic configuration of the MWPC. This is almost
axactly the same as that of the devices flown, except that fqr simplicity
the electrodes used to define the drift field (drift electrodes) have been
omitted. Indeed, many experiments were carried out with such a short
drift region that drift electrodes were unnecessary.

The detector bédy was entirely of aluminiﬁm, and comprised a gas
volume separated by walls of about 4 mmthickness from a preamplifier and
biasing network housing. Contact was made to the grids by feedthroughs
passing through isolating glass-tb—metal seals of 6 kV tolerance, and
having internal standoffs of about 7 mm 1length to rediuce the possibility
of breakdown or sparking. Short leads were -soldered between the grids

and the feedthroughs. Access to the preamplifier and biasing network



Figure 12

T

# LML

Basic MWPC design, as used on rocket flights. Key:

1 - preamplifier housing; 2 - standoffs; 3 - "0" - ring;

4 - gas ports; 5 - support pillars; 6 - grid frames;

7 - grid wires; 8 - grid substrates; 9 - glass-to-metal seals;

-10 - 1id, with slot for X-ray entry; 11 - window; 12 - spacers.



housing was possible from' outside, allowing great flexibility in the use
of the six available feedthroughs (in the original design, two had been
used per cathode.and one per anode); for instance, because the full two-
dimensional capability was seldom used, one cathode was often '"plain" -
a simple grid, like the anodes, and reqﬁiring only one contact. The
other feedthrough could then be used for another.purﬁose.

‘The grids themselves were suppor;ed by four pillars, each comprising
a central column of 4BA stainless steel studding, covered by a ceramic
collar of 6mm external diameter. These pillars were arranged at the
corners of a 10.8 cm square, corresponding to locating holes in the grid
frames, and vgrtical support was supplied by stacking some spacers, which
also fitted accurately over the pillars, up to the desired height; the
whole stack was retained by means of washers and nuts at the top of the
pillars. A number of spacé?sof'several thicknesses (6, 3 and 1 mm) were
available, haviné external diameters of 12.5 mm .and being composed of
the same ceramic material (aluminous porcelain) as the collars. In
addition, several '"blank'" grid frames, without wires or substrates and of
4 mm thickness, could be used as spacers. With this selection, it was
possible to vary the location and spacing of the grids quite conveniently.

Several lids of differing configuration were available for this labor-
atory programme. They were each of aluminium and approiimgtely 18 cm
square, and were fitted with X-ray transmitting windows, some of whjch
were recessed. Twelve 4BA screws secured the lid to the detector bddy,
and a moderately gas-tight seal was achieved by means of a compressible
O-ring (no more is necessary in a flow;typé system using cheap gases).
The thin polypropylene used as the window material for the rocket flights
was replaced by the sturdier aluminium, principally because polypropylene
windows are fragile and difficult to construct. The ability of polypro-~

pylene to transmit low energy X-rays was not required in this case,



because a source of compératively high energy (1.5 keV) was used throughout
the work. Two thicknesses of aluminium were used: 25 um, and, later,
4 ym; and if the exposed window area was large, additional support could be
provided by a stainless steel mesh in order to prevent ''bowing" and conse-
quent distortions of the field within the chamber.  All 1lids had open
window areas thch‘allowed traversal over a wide ‘range of position, and one
was available which enabled the entire grid widths (9 or 9.5 cm) to be
examined.

Two gas ports at the rear of the chamber provided an inlet and an
outlet, via needle-valves and "Swagelok" fittings, and the gas leaving the
chambér was bled into the atmosphere via an oil bottle, providing an

approximate means of monitoring the flow rate.

ii) Electrbdes

The wire grids were assembled on individﬁal frames which located
accurately on the chamber support pillars, and could be removed or replaced
with ease. Figure 13 shows examples of an anode grid (a) and a cathode
grid (b).

The basic configuration of éll grids was the same: the square support
frame, of "G10" fibreglass epoxy, was 4 mm thick, of internal width
10.1 cm and of external width 11.6 cm . Two sides of the frame had
9.5 cm long and 2 mm-deep recesses, into which were araldited the 1 mm-
thick "substrates'". To these the wires were attached, so that the wire
planes lay 1 mm below the top of the frame and 3 mm above the bottém,
affording a degree of protection. The substrates were 9.5 cm x 1.5 cm X
1 mm , and were composed of alumina; conducting "fingers" of a palladium/
gold alloy, accurately spaced at 1 mm intervals, were deposited'onto the
substrates to allow grid wires and signal leads to be soldered onto them.

For the anode substrates, all the fingers were connected together at one
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I'igure 13 Anode (2 mm pitch) and cathode (R = 50 kSI) grids.



end and fed to a signal lead, but the cathode substrates differed in that a
resistive strip, forming part of the RC line used for readout, was incor-
porated. These substrates were manufactured by EMI*, and have a 1% toler-
ance on the value of the resistance between any two fingers (this is
achieved by finding the largést value of resistance and adjusting all the
others to the same value by eroding the resistive material away, using a
type of bead-blasting technique). The value of the tbtal resistance of
the strips was 50 kQ , forming, in conjunction with the capacity of the .
grid to ground, an RC transmission line of time constant (RC) -~ 0.15 us
ta 250 k@ strip was available for later work). The other ends of the
cathode wireé were attached to a substrate with isolated and individual
fingers.

The grid wires themselves-also.differed between anodes and cathodes.
The cathode wires were of a copper\— (2%) beryllium alloy and were 125 um
in diameter, but the anode wires were of tungsteﬁ, plated with gold in order
to. facilitate soldering; these were 15 um in diameter. The edge wires
of the anode grids were of diameters which increased towards the edge, in
order to prevent very strong fields and consequent discharge problemslZ;
for instance, the 2 mm pitch anode (which was used most often) had three
edge wires on each side which were of 50, 125 aﬁd 250 uym diameters.

The wires were attached to the substrates by the following process.
A spool of wire"was played out, and the wire wound continuously around an
array of vertical pins spaced at 1 or 2 mm intervals, so that a series
of pafallel lengths was formed. The pins at one end were mounted on
horizontal pneumatic rams, to which a small amount of gas pressure (e.g.
from a nitrogen bottle) cbuld be applied to tension the wires. This

tension was about 25 g , a value far in excess of the critical tension for

*  EMI Microelectronics, Hayes, Middx.
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prevention of electrostatic deflection, of 3.5 gél ., The frame, with sub-
strates, was then raised from below the plane of wires on an adjustable
table, so that the wires made contact with the appropriate fingers. The
wires were soldered to the fingers using a low-temperature solder cream,
the completed grid was released and excess wires removed with wire cutters.
This process was carried out in this Department, .and several aﬁodes and
cathodes had been produced in this way: the cathodes were all of 1mm pitch,
while the anodes had pitches of 2mm, 1 mm or 9 mm (for anticoinci-
dence electrodes). The special cathodes discussed in Part III were fabri-
cated in a different manner, which will be: described there.

Drift electrodes were not employed frequently in this work, although
their use in real applications is often quite important. In form they
are thin square conductors which pass around the edges of the drift region,
and are separated equally, both in potential and spatially. Their mention

conveniently raises the subject of biasing, and a typical biasing network

is shown in figure 14. In practice, the outer case of the chamber is
. |drift
Supply
10Mn _ anode
to drift H.T.
1500pF electrodes
10Ma # 1 4100 MN
? .
- 1500 pF
} - : \ 10MR §
electrodes \
\

10Mn “

\

Figure 14 Biasing network. Only the electrodes and drift field dividing
resistors are housed within the chamber.



grounded (0V) and the cathodes held at a few hundred volts, so that the
anode operating voltage is slightly higher than it would be if the
cathodes were grounded; the potential division for the drift electrodes is
then effected by a chain of resistors within the gas vélume. Potential
is delivered to the electrodes via the system of two large resistances and
a large capacity as shown: tﬁe first resistor (from the power supply)
ensures that no.large current can be drawn, the large capacity ''clamps"
the grids at their d.c. voltages, and the second resistor prevents signal
from being lost to ground through the capacitor. This network is

situated outside the gas envelope.

1ii) Accessories.

X-ray Source. For most of the work reported here, the chamber was

examined by means of a traversable Al-K X-ray source, producing radiation
of 1.5 keV energy. The gource*, shown in figure 15, was of Henke design,
with an aluminium target separated by 3mm from a tungsten filament, and
was operated at 1.9 kV . It was enclosed in a lightweight housing of
aluminium and polystyrene, including a cylindrical enclosure for the

lower partbof the tube, and the exit window was 3mm in diameter, con-
sisting of 75 um-thick befyllium, The cylindrical énclosure possessed a
small gas port, so that when it was fitted into the source holder on the
traversing table, helium could be infused into both, in order to improve
transmission. The essential fegtures of the source collimation are

shown in figure 16: to the end of the brass source-holder was fixed a brass
disc, with a long collimating slit (~6mm x ~50 um) at its centre.

A second disc, with a similar slit, was attached to the end of the cylindri-

cal part of the source housing (for some work only), therefore being about

* .
: Supplied by Centronic (20th Century) Ltd., of Croydon.
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filament y target

envelope

cylindrical enclosure

upper slii 50pm

~4cm I source holder
L lower slit 50pm
X-rays

Figure 16 Essential features of A&-K X-ray source collimation

4cim from the source window. The total collimation achieved in this
way thus comprised two 50 ym slits approximately 4 cm apart.

The brass source holder formed part of the traversing-table
arrangement: it was firmly secured to a brass block through which a screw
thread of constant 1mm pitch passed, so that one revolution of the screw
would move the source 1mm . The ends of the screw were retained in a
baseplate of aluminium which could be bolted to the detector body, and one
of the ends was also fixed to a graduated dial which could be used to turn
the screw by specified amounts. The smallest graduations were 1/40 of
a revolution, or 25 ym , though such accuracy was seldom used. The
assembled detector, with the source and traversing-table, is shown in

figure 17.
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Figure 17

The assembled detector, showing source,
preamplifiers and bubble bottle.

traversing table,
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Preamplifiers. The same picture also shows two special low-noise

preamplifiers used in the later stages of the work. They replaced those
used in the rocket flights, adapted from a Pye design, which were also
employed for some of the present work. Once again, the flexibility of
the overgll system is demonstrated, in that it was quite simple to replace
the preamplifiers in this manner, and it should now be possible to manu-
facture preamplifiers which combine the small size of the flight models
with the suberior performance of the other types employed here. These
other preamplifiers were the Canberra 2001A model, and an adaptation of
the Ortéc 109 PC. A useful way of characterising the noise performance

of a preamplifier is by means of the '"load line'", which describes how the
noise varies with load capacity. For small loads, a plot of these
quantities is a straight line whose slope and intercept characterise the
mnoise performance of the device; hbwever it must be stressed that it gives
no information about performance with respect to resistive load. Figure 18,
then, shows the load lines for each of the three preamplifiers, for shaping
time constants of 1 us.

Counter Gases. The counter gases used here were almost exclusively

argen-methane mixtures, though some attempts were also made to observe the
performance of argon-carbon dioxide. Argon-methane mixfures haQe the
great advantage of being ''fast'" gases: the positive ion mobility is high, so
that the pulses develop,qgickly, and the electron mobility is high, so that
electrons drifting through the gas have less time for attachment to.other
atoms. Pfobably for the latter reason, methane mixtﬁres are also far
less sensitive to impurities than others, allowiﬁg'hygiene requirements to
be relaxed, while the use of argon permits, in view of its cheapness,'thev

use of the inefficient flow-type of system.
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120
load capacity (pF

Load 1lines. Noise charge (electrons rms) as a function of load
capacity (pF) for various preamplifiers, assuming zero resistive
load and using processing time constants of 1 ys.

P - Pye design; 0 - Ortec 109 PC copy; c - Canberra 2001 A

(each with bipolar shaping); u - Canberra 2001 A (with unipolar

shaping) .
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The gases used for the flight detectors were Ar/75% CH“ and
Ar/50% CH, ; however, for this work the performance of widely-used 'pro-
portional" gas, "P10" (Ar/10% CHQ), was examined, as well as the 50%
mixture ("P50'"). Some experiments were also carried out with pure methane.
All gases were of CP grade purity. |

One reason for wishing to examine P10 is that argon has a larger X-ray
aﬁsorption coefficient than methane, and that a more argon-rich mixture
should therefore improve detection efficiency; another is that electron
diffusion is greater in argon, a fact which, it was hoped, would improve
linearity in the sensing direction perpendicular to the anode wires.
Table 2 gives values of the linear absorption coefficient, X , for 1.5 keV
radiation, and D/u values for the three gases P10, P50 and CH, (D is
the lateral diffusion coefficient and u 1is the electron mobility)ez.
A disad?antage of reducing the methane concentration in the mixture, as will
be seen, is-that the efficiency of absorption of ultra-violet photons is

reduced, to the detriment of position and energy resolutions.

-1
Gas A(mm ) D/p (V)
P10 Q.189 0.240
P50 ' 0.122 0.067
CHu 0.038 : 0.057
Table 2. Comparison of absorption coefficients and D/u values

for the three gases chiefly used in the present work.
A=mean absorption coefficient for 1.5 keV_X-rays;
D=lateral diffusion coefficient in cmz.s‘l; and

u= electron mobility of em?2.v-1 51, The D/u
values are for a reduced field value of 0.22V.cm-1l,
torr-l. Data from references 62 and 63.



iv) The Electronic Systeﬁ

Processing Units. The preamplifier outputs were processed, for

much of the work, by an analog system based on a wide variety of NIM
modules which allowed great flexibility of experimental technique. The
power supplies delivering the high voltages to the chamber electrodes were
also of NIM type, with reversible polarity and ranges of 0 to 5 or

6 kv , and a parficularly stable unit (Nuclear Enterprises NE 4519, 0~6 kV)
was used to supply the anode. |

Several tail-pulse generators were available for examining the
processing electronics (including a unit with adjustable pulse rise and
fall times, the BNC model BH-1), while externally-triggerable square pulse
generators, such as the Marconi TF2010, could be used to provide inter-
faces in the post—amplificatioﬁ stages of the processing. A high-quality
fast-sweep oscilloscope (Tektronix 7704) was used throughout the wofk, and
different multi-channel analysers (MCAs) were employed at different stages,
the most often-used being the Camberra Series 30 model.

The individual NIM units were either the manufactured model or built
by the electronics workshop in this Department. "Home-built" shaping
ampiifiers, with gains adjustable by factors of 1 wup to 320 , time
constants of 0.2, 0.5, 1, 2, 5 or 10 us , unipolar or bipolar shaping,

and reversible polarity were used throughout the work, though a pair of

Ortec 471 spectroscopy amplifiers, of higher quality, were used additionally

for precision work. These had a greater range of gain, but'only three
available time constants (0.5, 1 and 2 us). For the remainder of the
processing, several Ortec single-channel analysers (SCAs), two dual zero-
Cross (crossover) detectors with delays, linear sample-and-hold units
("'stretchers'"), a pulse divider, pulge height summing units, time-to-
amplitude converters (TACs), a coincidence unit, a digital‘counter and a

timer-counter could be used in a variety of different arrangements, to
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suit the experiments.

For later work, some digital equipment was loaned by AERE Harwell
(the Harwe11_6000 series models). All the post-preamplifier processing
could then be carried out in a Harwell 3769 Position-Sensing Detector
System which.included aﬁblifiers, analog-to-digital converters (ADCs),
and a digital divider, whose output could then be fed to a 3687 MCA.

Position Decoding. Two position-decoding schemes were used: rise-

time comparison, based on the method of Borkowski and Koppl7, as used on
the rocket flights, and the pulse height ;atio method. Block diagrams of
the frocessing required for these methods are shown respectively in
figures 19 and 20. In the risetime technique, the pulse is given in a
bipolar shape by the amplifier (single integration and double differentia-
tion), and a standard pulse is output from the crossover detector (CoD)
when the bipolar signal crosses zero. Pulses from the two CODs provide
the '"'start'" and '"'stop" inputs for the TAC, and a delay is incorporated in
one signal line to ensure that the ''start' signal never arrives later than
the "stop". In the ratio method, unipolar shaping (single integration
and single differentiation) is used, for its better signal-to-noise charac-
teristics. Because pulses to be compared do not necessarily peak at the
same time, a stretcher is employed to sense the peak value of the unipolar
pulse and hold it until such time as the division has been accomplished.
The position signals are the outputs of the TAC (the height of this output
is proportional to the time difference of the inputs), or the pulse
divider. Because only one sensing axis was ﬁnder study at any one time,
it was preferred to feed the position signal into a MCA, rather than a non-
quantitative but two-dimensionally imaging device, such as a storage
oécilloscope.

Eccentricities of certain units caused problems from time to time,

usually affecting position resolution in some way. For instance, the most

inconvenient effect was what was termed the '"denominator-dependence" of
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Figure 20
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START
COD
TAC
to PHA
COD
DELAY STOP

Position decoding by the risetime technique, for one dimension.

Key: PA - preamplifier; SA - shaping amplifier; COD - crossover
detector; TAC - time-to-amplitude converter; PHA - pulse height
analyser.

SA S&H

SUM DIVIDER
to PHA

SA S&H
PA
Position decoding by pulse ratio (analog method). Key as for
figure 19; S § H - sample and hold units. Digital division is

carried out with summation before shaping, with simultaneous
peak sampling and digitisation, and with an 11-bit digital divider
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the analog divider, which, for a fixed-ratio input, showed a variation

of output with input pulse height. The effect was minimised by limiting
the inputs to the 4-10V range. Other problems included the inequality
of the time constants of the home-made amplifiers (overcome by replacing
them with the Ortec 471s), and the necessity of méintaining zero d.c.

offset on all units.



PART I:
SOME PHYSICAL ASPECTS OF
MWPC OPERATION
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CHAPTER 4

ANGULAR LOCALISATION OF THE AVALANCHE

i) Position Sensing Perpendicular to the Anode Wires

Ag has already beéﬁ'described in Chapter 2, one of the major draw-
backs of using a MWPC for two-dimensional imaging is the intrinsic limi-
tation to resolution and linearity caused by the finite anode wire pitch.
Without steps.being taken to alleviate this, a two-dimensional image will-
appear as a series of parallel lines, corresponding to the anode wires,
while a one-dimensional image will appear as a series of peaks (figure 21).
(In order to conform to published conventions, the axis perpendicular to
the anode wires will be referred to in subsequent discussions as the x—axis,
and that parallel to the wires will be the y-axis.)

By far the most popular method of alleviating the problem has been by

use of a drift regionse’el+

, initially employed in order to improve detection

hwefficiency for X-rays, but having the additional advantage of causing the
primary charge cloud to become so extended as to produce avalanches on more
than one wire, so allowing a statistical '"averaging' of the position. The
disadvantage of this method. lies in the fact that position résolution in
both sensing directions is sacrificed: in the y-axis, because of the grea-
ter extent of the primary cloud by the time it reaches the anode, and in
the x-axis, for the same reason, and also because of the presence of a
partition effect (the inaccuracy in.the averaging, introduced by the finite-
ness of the number of primary electrons). It is therefore desirable to
find an alternative means of interpolating the x-axis position to an
accuracy better than s , the wire spacing, although it must be said that

because an absorption region may still be necessary to improve efficiency,

any new method may only reduce these effects, rather than eliminate them.
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Figure 21 Quantization of x-axis position output by the finite anode wire
pitch. Detector response to uniform irradiation, with negligible
diffusion occurring: the peaks correspond to the wire positions.
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One effect which promised to resolve this difficulty was that of
angular localisation of the avalanche. In the early stagés of work on
MWPCs, a misapprehension concerning induced charge polatity led to the
erroneous conclusion that an avalanche would be essentially s&mmetric
about tﬁe anode wirelg,ué result which was surprising even at that stage,
in view of the fact that under proportional operating conditions, avalan-
ching commences only a few wire radii away from the wire surface.
Subsequent investigations, however, refuted this idea. During work at
CERN on charges induced on electrodes placed near an anode wire, a clear
distinction was observed between pulse ratios obtainéd for source positions
to the left and right of the wire2?2, while a comparison of currents induced
on the lower and upper cathodes of a MWPC led Borkowski and Kopp65 to a
similar result: namely, that the proportional chamber avalanche exhibits
an asymmetry. The extent of this\asymmetry remained to be seen, but the
deduction could be made that if the avalanche were confined to a range of
angles o (see figure 9, Chapter 2), the liberated positive ions would be
confined to the same angles when leaving the wire. Making the obvious
remark that the most intense part of the avalanche must occur at the angle
at which the greatest number of electrons arrived, it can be seen that the
positive ions pass along the same field lines on leaving the anode as the
electrons did when approaching. How well the initial diétribution of
electrons is reflected in the final distribution of the positive ions
depends on how much extra spreading occurs during the avalanche.

The preservation of information in this way suggested that the effect
could be exploited, as an alternative means to deliberate diffusion of the
electron cloud, in order to overcome the problem described above, Two
questions, then, arose: firstly, could position sensitivity due to this
effect be observed, and secondly, what was the magnitude of the effect

(i.e. how well was the avalanche localised)?
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ii) The Extent of Localisation

Following the initial experimental indications of avalanche
asymmetry, the charges induced on various electrodes were examined in
several different ways, with a view to answering the two questions posed

above. Workers at BrookhavenGG’6

7 further demonstrated avalanche local-
isation, expressing its magnitude as a ratio of pulses induced on sense
wires parallel to the avalanche wire; but did not convert this ratio to a
measurement of o, > the angular standard deviation of the avalanche spread.
It was, however, quite clear that the avalanche did not appreciably spread
further than halfway around the wire. Using a cylindrical arrangement of
sense wires, the mean angle, a , at which the avalanche occurred was
recoverable. In separate work, Charpak et al,®® used both the left-right
and '"up-down' effects by comparing the ratio of the signals from the two
plane cathodes of a MWPC with that of the signals from the two anode wires,
immediately adjacent to the avalanche wire, again providing a measurement
of o . —~Using the latter ratio to define ﬁ;position, the resolution ob-
tainable was better than 150 ym rms (for s = 2mm) ; and on the. subject of
avalanche spread, an estimate of o, was made from diffusion considera-
tions only. This treatment yielded Gd = 30°, and a subsequent measure-
ment®9, using strips arranged in a cylinder around a single anode wire,
gave a distribution of rms spread 0y = 36°, indicating that diffusion
was the major contributor to the spread in ao. The distribution found
here was mafkedly non-gaussian (FWHM = 1.6 o), but Subsequent.measurements
made at Brookhaven’U indicated that the distribution was in fact quite close
to gaussian,. The latter work (using, again, a cylindrical counter with
segﬁented cathodes) gave a FWHM in o of less thén 100° (i.e. o, < 42°,
if a gaussian distribution is assumed), and also examined the processes’
contributing to the spread of the avalanche. In agreement with the

results of Charpak et al., diffusion was found to be the chief'factor in



the proportional region, while it was also discovered that varying the
concentration of quench gas affected Oy when operating in the semi-
proportional mode. The latter observation presumably indicates that uv
photons are fe5ponsib1e for the increasing spread as charge level increases
(but note that this was not considered the major factor when examining with
charged particles). In comparing estimates of O then, note musf be
taken of the operating gain and gas mixture. Another point to appfeciate
is that this uv photon effect is different f;om the secondary avalanches
previously mentioned: here some photons are re-absorbed in the gas, close
to the avalanche, and initiate (smaller) avalanches at points further around
the wire. It must lastly be méntioned that Breskin et ai.71, during work
on angular localisation in a drift chamber, confirmed that the induced
currents on various electrodes may have different polarities (compare the

results of Borkowski and Kopp®3) .

Indepcndent investigations at Leicester>'’’?

, again employing two wires .
parallel to the avalanche wire, confirmed that position sensitivity due .

to angular localisation was available. The position resolution obtained
was 260 ym FWHM (110 um rms), in agreement with the result of Charpak et al.
quoted above, while confirmation was also obtained of the increase of spread
wifh.avalanche size (though this increase was slow, the avalanche remaining
well localised even up to seriously non-proportional gains). Theoretical
predictions, utilising the methods described in Chapter 2 for calculating
induced charges, showed that the avalanche must be localised to a very high
degfee, the angular spread being taken.into account in the following way,
-The calculations just mentioned are strictly applicable to a single paih,
i.e., a single value of o , but bylassuming a (gaussian) distribﬁtion of
the avalanche in a ; weighting several trajectories accordingly and

summing the individual effects, it was possible to extend them to take into

account a specific distribution. The model was very insensitive to the

radial distribution of the positive ions.
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Experimental results.for comparison with this model were obtained as
the ratio of the charges induced on the cathodes of a MWPC, as a function
of distance from the anode wire: this ratio was a maximum with the source
over a wire, and a minimum with the source halfway betﬁeen wires (provided
that the cathode closest to the absorption event is used as the numerator).
Excellent general agreement between experiment an& theory was obtained,
and in particular the experimental results fitfed exactly the predictions
for o = 33°70; this time, however, it was thought that the extent of the
primary electron cloud could only account for 18° of this.

Thus, angular localisation had been shown to be capable of providing
position sensitivity in MWPCs, although its effect in this respect had only
been studied using rather specialised techniques, and it remained to be seen
whether standard readout methods cquld be used to exploit it. The chief
factors determining the angular spread of the avalanche were the charge
level and thé extent of the primary electron cloud (and hence the choice of
zas filling), and it seemed that the latter could account for a large part
c¢f the observed spread. The value of this spread was experimentally

determined to be between 30° and 45° (rms).

iii) Application of Angular Localisation

As noted above, angular lgcalisation was yet to be examined in standard
systems. It was hoped that the‘sensitivity observed already could}be
applied to all readout systems by use of the correct methods; for instance,
as the positive ions leave the anode wire, they reflect more and more the
original position of the absorption event, and therefore, as demonstrated byi
Harris and- Mathieson®"%, increasing the processing time constant enhances
the effect of the'localisation.' Ultimately, then, the original absorption
location should be completely recoverable. The work reported in Chapter 5

is directed to such an end, in connection-with the use of the 10 cm gas



camera RC line readout, bit before that is described, a few observations
need to be made.

Firstly, it is quite possible to recover completely the value of x ,
the position of an incident X-ray, by simple calibration of source position
vs. position output signal, if a moderate amount of angular localisation
exists (see figure 22(a)): to each position there is a different position
signal. To include such a procedure in the computer deconvolution of
X-ray image data, however, would make an already complex process more diffi-
cult and time-consuming, and it is therefore desirable to render this sort
of calibration unnecessary.

Another justification for attempting to exploit angular localisation
for position sensing concerns spatial resolution at low signal charges,
where the electronic contribution is important. The electronic contribu-
tion to spatial resolution, unlike other factors, is dependent upon the
local sensitivity, because the‘corresponding fluctuation on the position
output signal Q is constant for a given system, irrespective of the range-
cf . If the sensitivity is low, a given fluctuation in Q produces a
.breater uncertainty in x , as demonstrated in figure 22(b).

Note that only perfect loqaiisation (Ua = 0°) can produce a Sensitivity
in the x-direction equal to that in the y ; however, it is worthwhile to
cxamine how the effects of the present localisation (ca = 35°) can be

enhanced.

A noiseless readout would not suffer from degraded resolution in the
manner just described, of coufse, and this is demonstrated by Charpak et al.
26’7“, whose readout technique (see Chapter 7) provides such low noise that
. the resolution is little affected (the rms value is about 200 um for
s = 2.54mm, comparing with 60 um in the 'y-direction). Position recovery
is achieved by computer deconvolution, and an excellent example is shown

in figure 23.
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Figure 22
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(@) Modification of completely quantised output Q
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Figure 23.

.1
Vot LW

Removal of anode wire position modulation by measurement of
azimuthal angle, using the ’‘centroid”

method of readout (see
Chapter 7). In (a)

are represented the directly-computed

centres of charge for an image of a simple object

(2 clip holding
a ring),

and the anode wire structure is clear. In (b) however,
a knowledge of the azimuthal location of the positive ions near
the wire has been used to obtain a continuous response.

(Taken from reference 26).
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Such a system, it might be felt, could be of great advantage in the
X-ray astronomy application with which the present work is concerned.

There are several reasons why it has not been employed: one is that the
method requires a large number of preamplifiers, which must have equal

and stable gains, necessitating careful adjustment before use, and which
also add to,the‘detector bulk. The second is the large amount of

coﬁputing time required to reconstruct an image by this method, and another
is that the accuracies obtainable by the existing (RC line) method have not
hitherto been the limiting factor in spatial,r;solution (other factors
include, for example, image blurring due to the mirror focal plane curvature).
Presimably, however, one may anticipate developments in mirror technology,
computer sophistication (leading to more rapid data analysis) and hardware
miniaturisation, which will bring the '"centroid'" methods more into favour.
They .are particularly suitable, too, for the larger-area detectors currently
under development.

It has already been pointed out that an absorption region may still be
necessary to achieve the desired X-ray detection efficiency, despite the
.fact that a new means of position interpolation may well supersede the
diffusion.technique. If angular localisation is this new means, the una-
voidable diffusion occurring in the absorption region will reduce.its effect-
iveness by increasihg g, s in other words, the use of an absorption region

while exploiting angular localisation may not be feasible.

iv) Modulation of the Anode Signal

One further caution about angular localisation concerns the energy
resolution of a MWPC: marked angular localisation is likely to cause this
to deteriorate, because of a variation of anode signal with a . .Charpak
et al.®® have identified a modulation in gain due to the field variation

around a wire, while Mathieson and Harris®! have estimated the magnitudes



both of this effect and of a second one, namely a variation‘with o of the
induced charge at any given time. In this discussion, we shall consider

first the gain variation,reverting temporarily to the previous definition

of y.

- - -

Gain Modulation. Equation (13) gives the field in a MWPC:

1
E = K a cosh 2ny/s + cos 2mx/s
h cosh 2ny/s - cos 2ux/s ’

-1 . .
where, as before, K = (1 - s/vh.&n 2ﬂra/s) , and if we now consider
the situation close to the wire by making x and y small and taking the

first three terms in the expansions of cosh and cos, we can arrive at the

approximation )

E = E_ES%E_XE. {1 -\%F (E) cos Za} , (20)
wﬁere r2=x2+y2 and o = tan_1 (y/xi as usual, and Ceff is the
effective capacity Ceff = 1/(2n(reff/ra)2) . Notice that by consider-

ing ﬁnly the first twé terms in the ekpansibhs, we would have arrived at
the radial expression E = 2 Céff Va/r encountered in the derivation of

the expression (14) for r

eff °
Now the gas gain in a proportional counter may be written
o
¢n M = J K(xr)dr ,
Ta

where K(r) is the mean number of ionising collisions per unit distance
and T, is the critical radius at which amplification begins. The latter
quantity is not directly determinable from experiment, but is related to
another quantity, the critical voltage Vo , which it is possible to
measure. If we say that a critical field exists, then T, =T at Vv

a o
and ro = ro at some higher voltage Va , So that

82 .
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2C
E =

' 2C \' 2 2
eff o _ eff a {1 _r (r./s) cos 2a} ,
T, T, 3 0

which gives for T, ¢

<

, a 1T2 2 va
r,o =T, V;' 1 -3 (ra/s) vl cos 20t ,

because T,<<S . If we now assume that K(r) = (BE)% (see reference
10), where B 1is a constant, we can perform the above integration by
makihguthe approximations allowed by (r/s)2<< 1 (for r g ro). The

result is
_ 1 % .}—14 3, 2 . 5/2 :
&nM = lnM0 - ano'{(va/Vo)' -1} 7 30.(ra/s) [6(Va/Vo) -1Jcos 20 , (21)

1 h]
- H 3 _ :
where M = 2(2]3Ceﬁfrava) {(Va/Vo) 1} , expressed 1n_the same form

n.;yiveﬁ by Rose and Korffll, The fractional gain change is then
lnMo % . 2
Ay = - T .(va/vo) .m2/5 .(ra/s) cos 20 , (22)
{(Va/Vo) -1}

which expression demonstrates the form of A, , and may be used to find

M

the gain variation expected from a particular distribution in o .

Induced Chérge Variation. The second effect, the variation with a

of induced charge, may be of magnitude equal to or greater than the first.
ihis depends on the type of signal processing used. If an ideal pre-
amplifier of conversion gain 1/c is used, and q is the avalanche
charge, the total charge delivered to the input of the anode preamplifier

is the sum of the collected and induced charges:

, , o
v(x,y) = - q/c. {1 - zcéff % [1 -s/7h &n(2 cosh 2my/s - 2 cos 21rx/s)§]},(23)

using equation (8), Chapter 2. The time variation of v can be calcul-
ated numerically for any field line, from a knowledge of the field and

mobility, as before, and by again assuming some distribution in o and

.



weighting several paths atcordingly, an initial angular spread may be
taken into account. The outpuf of a shaping stage can then be calcula-
ted, also numerically, from the convolution integral, provided the shaping
stage impulse response is known.

The magnitude of this effect, according to reference 51, is small
if Ta/To is small. (As an aside, it may be noted that as the time of
collectioﬁ is approached the induced charge will depend less and less upon
the initial a : therefore it must be that at some particular time this:
second effect is maximised.) This is what tends to suggest that the
signal modulation of 11% observed by Charpak et al.%8 was due chiefly to
the first effect, in view of the.fast shaping employed.

To summarise, then, monitoring of the signal modulation

4 -V_.)
M = (vmax . vmln) can give information on angular localisation. The
max min

cffect should be enhanced if we observe at larger time constants (because
ho.second effect above), or at low gains (because the avalanche spfead
haz .zt bégun to increase), or in methane-rich gas mixtures (because the
diffusion will be small). These predictions are compared with experi-

ment in the next chapter.
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CHAPTER 5

THE EFFECTS OF ANGULAR LOCALISATION

This chapter describes experimental investigations into angular
localisétion of the avalahche, dividing into two categories: first, a con-
firmation of some predictions made from the mathematical models already
described, and second, an investigatién of the~possibility of exploiting
the effect for position-sensing, particularly with regard to an RC line

readout system.

i) Confirmatory Experiments.

Anode Signal Modulation. Experimental verification of the presence

of.apgqlar localisation was to be obtained by examining the modulation of
tha anode signal described in the previous chapter, énd it was expected

ihat the magnitude of this effect would vary, as predicted,according to
charge level, gas mixture and processing time constant. Fér these measure-
ments the chamber electrodes were arranged as described in Chapter 3: the
anode-cathode gap, h , was 4mm and the anode-window distance was 17 mm,
while the grids themselves were exactly as described (the anode pitch was
2:m, as usual). The chamber was irradiated with the Al-K source, using
only the lower collimation slit (see figure 16), which resulted in a beam
widtﬂ of approximately 65 um rms at absorption.

Once again, a brief mention must be made of anode charge, and what is
meant by the term ''charge level". This will be taken to mean the value
of the charge, input in step form to the preamplifier, which gives a
shaped output that matches the average shaped output from the X-ray pulses'
so in this case, the "charge level" is actually about one third of the
avalanche charge (1 uys bipolar shaping). This definition will apply to -

all subsequent results.



To perform the measurements, the X-ray beam was traversed across
the chamber in a direction perpendicular to that of the anode wires in
intervals of 200 um. The pulse height spectrum was-accumulated on.a
PHA (e.g. the Northern NS-200 MCA) and the channel number of the spectral
average'recorded'as a function of position (the energy resolution was
about 31% FWHM,; but it was felt that the error oﬁ,the mean pulse height
could be no more than + 2%). To eﬁphasise any effects of angular localis-
ation, the first runs were carried out using a long time constant
(Ta = 10 us, bipolar shaping) and at a low charge level (0.05 pC). Figure
24 shows a typical modulation, for the gas P50, obtained under these condi-
tions; thg signal modulation m = [V -V ]/[Vmax + vmin] is about 3.9%.

max min

The value of To (= sz/uVa) was approximately 8.3 pus in this case,

so that the quantity Ta/To was 1.2 . According to Mathieson and
Harris®!, then, a perfectly localised avalanche would lead to a modulation

of about 5.5%, due to the time variation of the induced charge (figure 25);
however, perfect localisation is by no means the case here, because the
expected diffusion for this drift region produces a spread, o > of the
charge cloud, of about 0.36 ym. The spread in angle o can thus be esti-
mated from equation (10) (Chapter 2) to be o, = 33° , and one is led to
expect a smaller modulation. Whether this fuliy accounts for the differ-
_ence between the two figures is not known, but it does not seem that the
-mechanism of gain variation with a can account for much of th¢ observed

" 'modulation: inserting values of Mo = 5 x 103 and (Va/Vo) = 2 into
equation (22) leads us to expect less than half a percent modulation from

this effect. In view of the fact that Charpak et al.®8 used a very simi-
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lar chamber, it remains something of a mystery how their observed modulation

occurred, for, as already pointed out, the shaping employed was very fast.
This consideration aside, the general quantitative agreement between

predictions and results is fair.
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Figure 24 Anode signal modulation, at a charge level of 0.05 pC, T =1y
and with PSO gas. The vertical arrows correspond to the anode
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Figure 25 Signal variation due to dependence of risetime on angle a , for a

perfectly localised avalanche (a = 0°); taken from reference 51.
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The effects of variation in processing time constant, gas mixture and
charge level were next examined. Table 3 indicates how the first two of
these factors influenced m , giving data taken with other gases and at one
shorter time constant, but all at the same charge level (0.05 PC).
Qualitatively, the modulation behaves as expected: it increases as the
diffusion is reduced, and falls as the processing .time constant is reduced;:
however, quantitative comparison shows that the observed modulation at lus
is too large to be accounted for by either of the expected effects.

Further examination of signal modulation to explain these anomalies was not
made, because the major objective of the experiment had been a qualitative
one.

It still remains to mention the variation of m with charge level.
According to equation (22), m should increase slowly with gain; but it
turns out that this effect is not observed,; at the charge levels dealt with
here; because the amplification is in fact ﬁecoming appreciably non-
proportional. In any case, as pointed out above, the value of m ldue

suicly to gain variation is expected to be very small over this range.

Conditions m (%) Table 3. The influence of gas
choice (diffusion)
P10 , 10 wus 1.9 and processing time
P50 10 us 3.9 const?nt 9n angular
: _ : localisation, as
CHH ’ 10 us 4.4 indicated by the anode
P50 , 1 us 2.2 signal modulation, m .
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Figure 26 Reversai of the modulation pattern with increasing non-proportion-
ality, with Tg = 10 ys and P50 gas. Charge levels: (a) 0.05 pC;

(b) 0.5 pC; (c) 1.6 pC.
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Measurements over the range 0.01 to 0.1 pC showed no marked variation

in m , and above this any effects of either increasing gain variation or
increasing angular spread were masked by a rather spectacular manifestation
of increasing non-proportionality: figure 26 compares the data (a) of
figure 24 with data taken over the same range of positions and at the same
time constant (10 us), but at charge levels of 0.5 pC (b) and 1.6 pC (c).
The signal variation has compietely changed phase at the highest charge level,
with the maximum signal now occurring halfway between wire positions! The
most likely explanation of this seems to-be that serious non-proportionality
is occurring, so that a reduced initial number of electrons experiences an
increased gain. Halfway between wires, the charge-cloud may be expected
to divi&e, so that exactly this situation exists; the two halves of the
vioud, avalanching on different wires, are now able to experience a greater
gcin, with the result that the total signal is increased.

What these studies of anodé signal modulation demonstrate, then, is
that angular localisation is present to roughly the expected degree, -and
that this degree varies as expected with the particular parameters. Energy
resolutions of the sort obtained for 1.5 keV X-rays ( ~ 30%) ought not to be
ﬁuch affected by angular localisation, but the effect of non—proportionality
at charge levels greater than l.pC may increase AE/E by several percent.

Induced Pulse Shapes. Another simple way of demonstrating the

. presence of angular localisation is by observation of the induced pulse shape.
If the preamplifier fall time is long, this shape is approximately the same
as that of the preamplifier outbut pulse, which may be conveniently studied
on an oscillosqope. For this observation, a plain cathode grid was employed,
in order that the pulse shapes should not be subject to any delay or atten- |
uation. The charge level was 0.2 pC , and the gas P50. Figure 27

shows the results of calculations carried out for this pafticular chamber

by the method described in Chapter 2, which also take into account a gaussian



Figure 27

Cathode induced pulse development.
account a gaussian spread in a of
for other conditions.

Calculations”*”

take into

j = 30°. See figure 11
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(a)

b

(c)

Figure 28

Cathode induced pulse profiles observed at the output of an
inverting preamplifier, (a) a r T/2; () a - 0; (c) a ~ + m/2
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spread in o , of o, = 30°75, Thislis to be cqmpared with the photographs
28 a-c (unfortunately the polarity ié reversed), which show the pulse shapes
corresponding to a = n/2 (a: source above a wire), a = 0 (b: source half-
way between wires), and o = * 7/2 (c: soﬁrce above a wire, with no drift

region). ~ Once again, the general agreement is rather satisfactory.

Induced Charge Distributions. For a more quantitative examination of

5,58

the model of Mathieson and Harris® , a special cathode was constructed
(using a technique described in Part III) without a resisfive element, and
was connected into two halves. Each was independently supplied with a
drift voitage, and each fed its own éreamplifier. If one half is desig-
nated A and the other B , a crude position signal B/(A+B) may be
obtained from a pulse ratio system, figure 20; this signal is the fraction
of charge induced on one half of-the cathode. The fraction varies as the
X-ray source is traversed across tﬁe division, as shown in figure 29, where
v, -5 the location of the centroid of the‘charge distribution, and the
li.lkaate origin coincides with the cathode division. If the induced
cﬁafge distribution is the function q(y - yo) , then the position signal
Q = B/(A+B) is

© ' ©

Qlyy) = J aly - y,)dy / J q(y - y)dy .
[0} . -

Thus, if Q(yo) can be found (by a simplg scan of the source over the
sensitive region) its differential will give the induéed charge distribution,
In reality, it is impractical to scan the source continuously, so that -
Q(yo) must necessarily be.a histogram, and vq(y - yo) a histogram of
differences. Nevertheless, this technique yields a histogram through
which a smooth curve, showing very good agreement with theoretical pfedic-
tions®®, may be drawn. Another practical point is that while the calcula-
tions refer to the case of parallel anode and cathode wires, the measure-

ments were more conveniently carried out with the anode wires perpendicular
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Figure 29. Scanning the induced charge distribution (a) over the division
between the two halves of the divided cathode yields a position
calibration curve (b) which is the integral of the charge
distribution(c).
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to the cathode wires (although one measurement was made "écross the wires",'
in which the source was moved in 2mm intervals, so as to be above an anode
wire for each reading).

Figure 30 shows a typical distribution obtained in this way (a), for
h = 4mm, together with a theoretical distribution for the same conditions
(b), and table 4 summarises all such measurements: two charge 1e§éls'and
three values of h (4, 6 and 8 mm) were employed. The distributions are
not expected to be influenced much by the amount qf localisation unless o
becomes quite largé, but because the avalanche‘ig_localised, the charge
corr«sponding to absorption events on the far side of the anode from-the
sensing cathode should develop differently from that corresponding to
"pearside" events. Discrimihation between the two types of event indeed
revealed the expected slight difference in spread, while the similarity of
results for 0.1 and 1 pC suggests that the avalanche spread has not changed .
drastically over this range.

The agreement between model and results is rather good, and indeed
one can summarise this section by saying that the models available seem

quite adequate for describing induced charge, angular localisation and

associated effects for this chamber.

1 pC
:(;\\EE??M)/h 0.1 pC PARALLEL
CATHODE .
h (mm) NEARSIDE NEARSIDE FARSIDE NEARSIDE | THEORETICAL
4 1.44 1.41 1.53 1.52 1.31

1.37 1.41 1.46 - -

1.37 1.37 1.37 - -
Table 4. Induced charge spread as a function of ‘h and charge level.
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Figure 30 Spatial distribution of the cathode induced charge, for h

and with = 1 ys. (a) measured; (b) predicted.
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ii) The Effect of Angulaf Localisation on RC Line Position Sensing

Processing Time Constant. This section describes an investigation

. directed towards an improvement of x-direction linearity by exploitation
of angular localisation, using the exisfing chamber RC cathodes.

Figure 31 illustrates a typically "stepped' position calibration
curve for the x-position output: large portions of the curve are quite flat.
This particular data was taken using P50 gas and 1 us shaping time constant,
and it should be pointed out that the use of PiO gas instead would consid-
erably smooth out this curve, because of increased lateral diffusion.
However, the use of PSO both emphasises any angular localisation effects and
disengages them from diffusion effects, so that if any smoothing is seen, it
will probably be due to angular localisaFion. Also, similar data for pure
methane was not noticeably different from that of PSO,.presumably because of
their similar diffusion coefficients; thus the gas chéice for these experi-
sments waé not difficult to ﬁake. There was also little reason for
examining the effect of variation in charge level, because great reduction
of this quantity would make the signal-to-noise ratio inconveniently large.
A charge level of 1 pC was therefore employed throughout.

These considerations meant that the only remaining way of eiploiting
angular localisation was by optimising the processing time constant; that
is, by effectively observing the positive ions at a time late enough for
them to have travelled back along the field lines to the location of the
original absorption. Accordingly, an attempt was made to observe how the
"steppedness' of the position signal changed with time constant, by efféctQ
ively measuring the slope of the steep part of the curve. Over the range

of time constants -0.2- to 2 us , little change was observed, although this

- was not very surprising in view of the fact that the collection time of the

positive ions was probably in excess of 50 us (estimated from observations

of preamplifier output), so that by 2 pus they were unlikely to have moved
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Figure 31 Position calibration curves for the x-direction, at a charge

level of 0.05 pC, with P50 gas and using RC line risetime position

encoding: (a) with source near centre of line, and T =

=1 ys;
(b) with source away from centre, and T = 5 ys. ~



very far from the wire. , Better results were expected at 5 and 10 us,
but the reality of the situation proved rather suprising: a matrked turn-
back of the position curve was observed, which completely swamped the normal
stepped pattern. The position curve for 5 us (b) is compared with that
for 1 us (a) in figure 31: note that the position sensitivity of the RC
line alone (measured as the difference between two points 2mm apart) is
about the same in each case. If the sensitivity'at S5us is ISfCH/s (=

7.5 CH/mm) , the measured-position of the source moves backwards by mbre
than 3mm before advancing to the required 2 mm position!

Crossover Time Modulation. Observation of the shaping amplifier outputs

by visual measurement of the bipolar pulse crossover times showed that the
latter varied markedly, in accordance with the observed variation in position
signal. It was realised, therefore, that the same similar variation must
occur in the crossover time of the anode pulse, and accordingly this quantity
was ohcerved as a function of source position, again at ‘5 us . A pattern
similar to that of the pulse height modulation was observed, and it was
realised that the two effects were due to the same cause: the pulse risetime
variation around the wire. Ions leaving along different trajectories will
produce shaped pulses differing in height and crossover time because their
initial profiles are different. A discussion of the impiications of this
for position en;oding ahd an explénation of the turnback effect follows,
but it is first of all worth noting a few points concerning the crossover
time modulatibn. “

As a demonstration of angular localisation, this quantity has two
clear advantages over signal modulation: firstly, measurements are not
obscured by wire-to-wire gain variations (a scan over many wire pitches pro--
duces & level sinusoidal pattern whose peaks and troughs are always at the.
:same»heiéhts); and secondly, no reversal of this modulation pattern occurs

at larger charges, because it does not depend on proportional operation.
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These considerations prompted a series of oBservations to complement those
of signal modulation (table 3), with'an additional measurement at a higher
chargé level to demonstrate that angular localisation was indeeéd reduced in
that case. - The results are given in table 5, and a typical Erossover time
modulation pattern is shown in figure 32. It can be seen that once again
the modulation varies as expected, in all respects. One further advanfage
of this characteristic is that locating the maxima of this modulation
pattern provides a simple way of determining the wire positions.
Observations weré next made of cathode signal crossover times, and as
a preliminary and simplified arrangement, two plain cathodes were employed.
In order to examine the pulses induced on one cathode by positive'ions
travelling towards the other, the intensities of events occurring above and
below were made more equal by eliminating the’drift region: the drift voltage
was set to -100V, and to increase overall intensity, the active volume was
“raised so as to be 6mm from the window. The same collimation was
"cployed as for the gain modulation measurements,-resulting in a,slightly -
-yreater beam width here because of the divergence of the beam. - The

wcasurements were all carried out at a charge level of 0.05 pC.

Conditions mt (%) | Table 5. Crossover time
modulation.
P10 , 5 us 0.8 :
P50 , 5 us _ 3.0
CHA s 5 us 4.7 : Charge leve} 0.05 pC unless
P50 , 1 us 0.9 otherwise stated.
P50 , 5 us, 1 pC 0.7
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Figure 32 Typical anode signal crossover time modulation pattern

Conditions: P50 gas; T = 5 ys; charge level = 0.05 pC The
value of m* is 3%.
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Figure 33 Normalised cathode pulse crossover time as a function of position,
for PSO gas, 1 ys time constant and 0.05 pC charge level. The
full curves are theoretical predictions based on oa = 60°.



Avalanche Angular Spread. In addition, calculations were made

predicting the variation of these crossover times’®. The current waveform
expected from induced charge calculations, using a given initial angular

spread, was convolved with the system transfer function and the response

102

predicted as a function of the angle o (and hence beam position). Compari-

son of the theoretical and experimental results is given in figure 33, where
the crossover time, t. has been normalised to units of the proéessing
time constant, Ta (Ta was nominally 1 us ?ut was found to be really
about 1.1 us). The upper and lower branches refer respectively to events
on the side of the anode nearer to the sensiné cathode, and to those on the
far side. In simple terms, the crossover time falls as the slope of the
induced pulse profile (see figure 27) becomes more and moré negative; in-
creasing angular localisation causes the branches to separate further. At
first sight the agreement is rather good, but unfortunately, these theoreti-
.cal predigtions pertain to the case where the angular spread'is —oa = 60°,
i disagreement both with previous estimates and with some measurements,
which were also made, of the amplitude ratio of the pulses induced on the
c3thode by the two types of event (for a fixed a of u/2). | Table 6
compares pulse height ratios and crossover times with predictions, for the
two gases P50 and CH, . AThe disagreement is somewhat disappointing, and as

yet it is only possible to speculate as to what the cause might be.

Predictions for o
' ¢ Experimental
Gas 0° 30° 60° Result
Ratio P50 1.47 1.41 1.27 1.39 (-~ 30°)
Voear’Vear | CHy 1.53 1.46 1.30 1.48 (~30°)
Crossover PO { 2.81 2.78 2.71 2.75 ) (- 60°)
Times ' 2.34 2.35 2.41 2.43
t /T, c, { 2.85 2.82 2.73 2.79 } ( -60°)
2.31 2.32 2.38 2.42

Table 6. Comparison of experimental measurements of cathode pulse
crossover times and ratio with predictions for three
values of o,-



For a time, it was not possible to find symmetric behaviour from the
two cathodes: for the two types of event, differing pulse height ratios
and crossover times were found. This appeared to be associated with the
large dielectric constant (= 9) of the alumina substrates of the anode
grid, which extend some distance into the active volume, and which perhaps
cause a '"bunching'" of the field lines on their side of the anode. By
laying some aluminium strips of similar dimensions on top of the anode
wires, the symmetry of the results was restored; but of coufse such effects
cannot be taken into acéount in the calculatiﬁns.

Combination of RC Line Properties with Angular Localisation Effects:’

Now is it possible to .explain the turnback phenomenon. It arises because
of tiiis variation in crossover time with the angle a , combined with the
characteristic of the RC line that the delay imparted to a pulse is
dependent upon its risetime. So it is that unless the pulse is injected
"‘Xt*Lhc centre of the line, the time difference between the pulses arriving
at the two ends of the line is greater for pulses due to ions travelling

-alengz Lhe trajectories near o = * /2 ( over a wire) than for those

~ezrresponding to values of o near 0 (between wires). This discrepancy

increases as the pulse is injected further and further away from the line

weiiire, 'The behaviour is illustrated in figure 34, for a source position
one-quarter of the way along the line (i.e. X, = 0.25, if X is the
fractional distance along the line). The RC line termination for those

measurements was Cd = 20 pF , and line itself was that of 50 kQ previously
described. It is possible to combine the calculations described above
with a mathematical modelnof the RC line (rather thén employ a delta-
function oficurrént, ié = §(t) , as used iﬁ a previous work’7) to again
predict the behaviour of the crossovers. The result of such calcula-
tions, also'shown in figure 34, is in reasonable agreement with experiment,

given that o, = 60° has been used.
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Figure 34
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Normalised pulse crossover time from the two ends of the cathode
RC line, for charge injection at = 0.25. Conditions were

as for figure 33.
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We have now seen thé% the combination of an angular localisation
risetime effect with the properties of an RC line will cause a distortion
of the position signal (the crossover time difference). It is important
to appreciate that this distortion takes place no matterzalong,which
direction the RC line lies: that a movement of the source a¢ross the anode
wires causes a marked modulation of position signal even if the RC line is
ordinarily insensitive to motion in that direction (e.g. the y-position
sensing cathode, whose RC line is parallel to»Fhé anode wires). Figure'35
shows the measured and predicted variations in the x-position signal
(again at 0.05 pC, 1 us and in P50). The discontinuity in the theoretical
curve represents the switching of the avalanche from one wire to the next,
and has been rather smoothed over in the experimental data by the large
beam width. Figure 36(a), on the other hand, shows what happens to the
y-position signal as the source is moved in the x-direction: the measured
position oscillates, even though the true position does not change! Of
course, the magnitude of the effect as demonstrated here is'artificially
high, because in normal operation the avalanche will be spread by diffusion
and by the higher charge level. This is exemplified in figure 36(b),
téken at 1 pC and with a drift field of 400V/2.5cm. The peak-to-peak
variation of the y-position signal due to motion in the X-direction has
been reduced, but it still corresponds to abbuf 0.3mm, certainly not a
negligible quantity.

It seems, then, that far from improving position lineérity with an RC
line readout, the effect of angular localisation is actually detrimental to
it. Also, a similar effect is éeen when using pulse ratio position
encoding"?, because the pulSe height at the.end of the RC line is also
dependent on the initial risetime: it must therefore be remérked that ali
previous work inVOlving this type of encoding must have suffered from the
effects reported here, to a greater or lesser extent. How importént this

is depends on the experiment concerned, but caution is to be recommended
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in choosing RC lines for a MWPC readout system.

iii) Use of a Non-Line Method

As a further brief illustration of the position-sensitivity available
from angular localisation, an experiment was carried out using the plain
divided cathode described in section (i), which has the advantage of much
higher sensitivity (over a limited range) than the RC line. This position
sensitivity is exactly what is plotted in figure 30a (it is the derivative
of the position calibration curve), where it can be seen that beyond a few
centimetres from the centre of the cathode the sensitivity has fallen to
zero. Using a graph such as that shown in figure 37 (the integral of
the data of figure 30a), it was possible to infer the real position from

the position signal, for the case of position sensing along the anode wire

direction. For the present experiment, the cathode sensed position in
500-
E 300-
a
100
515
Figure 37

Position calibration curve for the plain divided cathode taken
at 1 ys and 1 pC, with h = 4 mm. *



108

the direction perpendicular to this, and two scans over the most sensitive
region were made, measuring poéition signal at intervals of 100 um: one was
carried out at 0.1 pC charge level, and the other at 1 pC , but both were
made using P50 gas and 1 us unipolar shaping, with no drift region;

The X-ray source was fully collimated, so that the beam width was approxi-
mately 40 uﬁ r.m.s. The results of these scans are shown in figures
'38(a) and (b) respectively, the typical form of curve observed by Mathieson,
Harris and Smith>“’’2 being at once apparent. Further indication of
increasing spread with increasing avalanche ch;rge is provided by comparing
the mean position sensitivities for the two cases, over the range of
influence of angular localisation; these values are 0.60 mm/mm at 0.1 pC
and 0.41 mm/mm at 1 pC.

For comparison with these measurements, calculations were carried out’8
which predicted the position signal-for a given beam position. These summed
thg-éuépu;s from the respective shaping amplifiers resulting from charges
induced on all wires left of centre, and from those induced on all wires
right of centre; the ratio B/(A+B) was then found. ~ Because the computing
time required for such calculations was great, it was not possible to
incorporate a range of trajectories o , and éonsequentially the result of
the computations refers to zero angular spread (oa = 0°%). ~'?urthermore,
comparison between experimental results and calculations is made more diffi-
cult because the latter refer to the case in which an anode wire lies at the
centre of the sygtem, whereas in reality the centre of the system lies half-
way between two wires. Nonetheless, a comparison of figure 39, showing
the result of these calculations, with figure 40 (an "unlineariged" version
of figure 36b) shows that the true sensitivity certainly approaches the
theoretical one, although it is smaller, indicating once more a small but
non-zero angular spread. One other notable feature of the calculated out-

put is that full position interpolation is impossible, with this sytem and
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Position sensitivity due to angular localisation, demonstrated
by use of the plain divided cathode: (a) at 0.1 pC; (b) at 1 pC.
Both obtained with P50 gas, T*= lys (unipolar shaping) and h =4mm
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under these conditions (the segments of the curve cannot be joined), a
fact which can be explained if, at this ﬁrocessing time constant, the
positive ions have not yet passed far enough along their trajectories to
restore completely the location of the X-ray absorption.

One obvious course for future work to take, then, is to examine
angular localisatiﬁn at longer time constants, using this or any of the
readout methods studied in Part III, none of which exhibit the peculiar

behaviour of the RC line described in the previous section.



12

CHAPTER 6

POSITION INTERPOLATION BETWEEN WIRES

i) The Amount of Diffusion

Previous Work. Aifhough driftand-absorption regions have been
employed in several X-ray astronomy IPC's, little wo?k has been done to
determine criteria by which the depth of such regions should be chosen.

In view of the direct relationship between ppsition resolution and the
amornt of lateral diffusion, this may be thought to be somewhat surprising;
however, it is probably true to say that the performance of the IPCs used

to date has not been the limiting factor in position resolution for such
experiments, and that the rather cavalier attitude adopted hitherto has thus
been understandable. Obviously, the precederice of linearity or resolu-
tioi Jepends upon the particular e#periment, but there is certainly no need
fui a drift depth to exceed the value at which perfect linearity (in the x-
direction, across the anode wires) is achieved. For instance, Rappaport
et 21.38 describe an arrangement in which the diffusion is probably insuffic-
ient to provide full linearity, while the Einstein Observatory 1PC3* employs
what appears to be an excessively deep region, for the gas concerned. On
the other hand, thé arrangement of Levine et al.3% probably approaches the
best case, using P50 gas, an anode pitch s of 1mm and a drift depth of
about 2 cm.

Some steps have beenvtakén fairly recently by Reid et al.®* in
assessing the effects of aiffusion on resolution in both sensing direcfions
of a proportional counter, although linearity was not studied. In this
work, Monte Carlo simulations were carried out to predict these contributions
to positioﬁ resolution, presumably using values of (D/u)/E taken from the
literature available. One justification for a new study of the use of a

drift region lies in the comparative scarcity of (D/y)/E data for the
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present gases, for agreémgnt between new values inferred from such a study
and existing ones would be welcome; and of course the chief aim of the
investigation would be to find an experimental relationship between.x-
direction nonlinearity and position resolution.

Experiment.  Once more the adaptibility of the counter broved
invaluable, as this series of experiments reqﬁireg repeated dismantling
and re-assembly of the counter, varying the drift region depth on each
occasion. One set of measurements gave the‘differentialvnonlinearity )
due to the anode wire spacing (see below), whiie the other gave the y-
direction rms position uncertainty oy , each as a function.of the depth
of the drift region, d-h (where d is the anode-window separation and

h 1is the anode-cathode separation). Both sets were repeated,vto yield
data for the two gases P10 and PS50.

The resolution measurements were carried out using full source collima-
tion, resulting in an rms beam width of ~40 um at absorption, The FWHM
of a position distribution at the centre of the counter was converted to a
reai distance using the sensitivity inferred from two points, 1mm either
side 6f centre, and the resolution Oy was found by assuming the distribu-
tion to be gauséian. For optimal resolution and good linearity, an RC

cathode of R = 250 k@ was employed79’80

, with h =_4nm1, s = 2mm, and
using the 1 us semi-gaussian shaping of the Harwell 3769 pulse ratio system.
The nonlinearity measurements were carried out using the same system, but
with no source collimation, so that the beaﬁ width was of FWHM ~2mm . To
simulate uniform irradiation, the source was shifted in 1mm intervals

and the position spectrum allowed to accumulate on the PHA for the same
number of counts at each location, a procedure which resulted in a nonlin-
earity below the detection limit of the experiment. This limit was deter-

mined by the electronic noise, and was about 13%, for 5000 counts in each

channel.



The drift region depth was varied by moving the active volume of the
chamber away from the window in steps of 3 or 6mm, and values of °y
and e, were found at each step. For drift region depths of more than

9mm, two drift electrodes were employed to define the field, separated
by (d-h)/3, and for (d-h) = 24mm, a third electrode was introduced, so
that the separations were then 6mm. For all measurements the drift
field was ~167 V/cm , so that E/p was 0.22 V.cm:l.torrfl, except for
those at (d-h) = 21 and 24 mm, for which the drift voltage was maintained
1t 300V (to avoid discharge phenomena at the anode).

The measured values of oy and e, Wwere each used to infer a value
of 04 » the rms width of the (gaussian) distribution.of the primary

electron cloud upon reaching the anode, to be compared with the lateral

diffusion data of Mathieson et al.®%2 by means of the expression
2 - N
o, = 2z(D/u)/E > : (25)

where Z 1is the mean electron drift distance (see, for example, reference
WBL). It turns out that for several counter gases, including those con-
-verned here, the quantity (D/u)/E is roughly constant with field, having

values of ~15 ym for P10 and ~5 um for P50: thus 2:‘1 z, The

value of z can be found from a knowledge of the relevant X-ray absorption

coefficients, which, for the present work, have been given in table 2

(Chapter 3).

ii) Linearity

A perfectly linear system will respond to uniform irradiation with
an equal number of counts, N, in each output channel, and the departure

from this case can be quantified by the parameter e_= (N -N . )/
a max min

(Nmaxj*Nmih)’ called the differential nonlinearity (cf. the definition of

m in the preVious'chapter). The '"quantisation'" of position due to the
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anode wire spacing resul%s in an approximately sinusoidal position distri-
bution instead of a flat one, and €, is thus simple to determine.
Mathiéson82 has shown how this quantity may be predicfed as a function of
o4 assuming the distribution of the primary electrons to be gaussian.

A simple averaging of the relative numbers of electrons -arriving at each

.wire yields a position calibration curve given by

5 - erf

0,72 0,7

© . s(n+}) -x | s(n-3) -x_}
= ns {ei‘f _0 ________O_} (26)

i
"
[

o]

where x is the recorded position, X, is the true location of the
electron cloud centroid, n is the (integer) wire number, and erf(y) is

the probability integral:

y

2
-2
e dz.

2
erf(y) = J =
g

o!
This calibration, and its differential (which will be called here the local
sensitivity function), can be numerically calculated for given s and %4
values. The maxima and minima of the local sensitivity function give

N and N . for the evaluation of €_ . Now, assuming that the

max min a
local sensitivity function can be represented by a sinusoidal one, the
effect of the system electronic noise in reducing the value of e, can

be expressed as82

ea(obs)

€
a

= exp[-2n2(8/s)2] @7
where A is the ms position uncertainty due to electronic noise alone.
Equations (26) and (27) can thus be used to obtain % from the measured
Ea and A values, and to indicate that this measurement refers to
. d )
Figure 41 shows the experimental results for P10 (carried out at a

position-sensing in the x-direction, we shall write % 4x for o

2
dx

éharge level of 0.5 pC) and P50 (at 1.0 pC), where the values of o

15
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Figure 41 Squared rms spread of the primary charge cloud, , plotted
as a function of the mean drift distance 2z , for the gases PIO
and P50. The values of are inferred from measurements
of differential nonlinearity.
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deduced from measurements of e, are plotted as a function of z . The
straight lines predicted by equation (25) indged appear, and their slopes
are 13.2 ym (P10) and 7.5 um (P50), in good agreement.with predictions;
however, there is a large and completely unaccounted-for offset, of

o;i = 0.17 mm? ! It seems that an effect is taking place which is inde-
pendent of the amount of diffusion occurring (note: this additive constant

is not, of course, the photoelectron range for 1.5 keV; this contributes

only about 30 ym rms =~ 0.001 mm2) .

iii) Resolution

y-direction. A rather more direct measurement of the size of the

electron cloud is provided by the position resolution in either direction,
This is more simple to deal with in the y—directioﬁ, where experimental
dztermination of the position uncéftainty is not complicated by.the varia-
_:ians in position sensitivity which are otherwise present; for instance,
-;@hen sensing in the x-direction, the sensitivity is very low at a wire
~position (if little interpolation occurs), so that the dominant contribution
to the spread of the pbsition spectrum is electronic noise.

~Suppose that because of diffusioh the N0 electrons in the charge-

cloud are deposited in K position '"bins'", the ith

of which, located at
position X: s receives a fraction fi of the total; and suppose  also
that the variance of the gain experienéed by the electrons deposited in any
bin is o; , with a mean value M . Then if M 1is not dependent upon
ki (this is only approximately true), the variance in the position of
the centroid of the distribution can be written:
K

02. =1 {1 + (o /M)Z} {2 f.x2 - [§ f.x )2} (28)
X N, M Poiti [ it ’

where the factor 1/N0 arises because position spectra are always built

up from a number of events: No is not a constant, but from event to event



has a fluctuation which may be assumed to be Poissonian.

In this form, expression (28) is particularly applicable to the x-
direction, where the '"bins'" are regions smm broad éﬁd centred on the
anode wires, whose positions are the X5 values. However, if one allows

K+~ and the X; values to become infinitely close together, the final

. S . 2
factor in the expression becomes, quite simply, o

9 - Thus
2 _ 1 2l .2 ‘
oy = N_ {1 + (o/M) }o.d s (29)
the case for position sensing in the y—-direétion. " The value of

(cM/M) for cylindrical counters is about 0.7 3, but in this case it will be
assumed to be about unity, to allow for gain variations from one anode

wire to the next, as well as around the anode wires (see Chapter 5).

Hence, by deciding how much of the uncertainty in the position spectrum

is due to this '"centroid jitter'", it is possible to obtain another estiﬁate
of o:'. Measurements were carried out as described above, and values of
the total uncertainty, o; , derived. Other contributions (photo-
electron range, beam width and electronic noise) totalled about 55 um rms,
an impértant portion of o; for small values of 04 » and the value of o
was found by subtracting this figure quadratically from c; . The results
are plotted as a function of 2z in figure 42, where the two straight lines
indicate the results expected from the values of (D/u)/E given above,

The agreement this time is rather good, with no hint of an offset; at
higher z-values there is some distortion of the pattern, but this may be
due to factors such as a nonuniform field (caused by incorrect potential
division or by unequal electrode spécings). It is now seen that whatever
is causing the large offset of the sz

measurements does not affect measurements in the y-direction, which is a

rather unexpected result.

values inferred from nonlinearity

18
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Figure 42 Squared rms spread of the primary charge cloud, , as a function
of =z . These values are inferred from y-direction position

resolution measurements, the two straight lines giving predictions
based on existing diffusion data.



x-direction. Resolption in the x-direction was next considered.
The problem of low sensitivity at an anode wire was overcome by use of the
divided cathode described in the previous chapter, employing the position
sensitivity available through angular localisation; resolution measurements
were made at an anode wire position and a single value of d-h (zero, so
" that z was 2.04mm) for a range of charge levels, using P50 gas. These
results are given in table 7, and can be seen to agree better with the

2 . : . .
values of % ax inferred from nonlinearity measurements than with those of

2 . . :
94 taken from y-direction resolution measurements. Note that 9 4x
has here been estimated by assuming that equation (29) applies.
2 Approx. 21
Charge level (pC) % 4x (mm?) Sensitivity (CH mm )
B ' 5 - ,
SO 1. 0.182: ’ 115 % 4x (ea)-0.20§ mm
0.5 0.102 140 |of (0,) = 0.013 mm’
0.2 0.078 180 |
0.1 0.160 160
Table 7. ‘ Electron cloud size, inferred from measurements of

x-direction position resolution,vs. charge level.

Discussion. The'deduction made above is borne out: effectively,

O4x > 94 ° i.e. the electron cloud appears to extend further in the
x-direction than in the vy , by.an additive amount. The large value of
% 4x must be responsible for the low value of €, 5 and the effect must
be due to one of the following causes. | Firstly, it could feally be that

94x > %4 3 however, no reason for this can-bg proposed, and this

éxplanation may be ;ejected as very unlikely. Secondly, angular localisa-
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tion may be producing the.interpolation: but graphs such as figure 38 show
that although interpolation does occur, it is insufficient to account for
any but a small fracfion of the discrepancy observed. Furthermore, the
discrepancy is no less for P10 than for P50, which would not be so if
angular localisation weiglthe culprit. Thirdly, the distribution of the
primary electrons in the charge cloud could be signifiéantly non—gauséian;
such that the resolution would be worse in the x—éirection as a result of
the last factor in expression (28). Surely, though, the discrepancy
would then depend upon 2z , and in any case,.phst work on diffusion indicates -
that‘the supposition is unlikely to be ?alid. Lastly, another effect
may bhe taking place which contributes to the resolution, and dépends upon
the anode wire direction. In the next section, evidence is presented
which indicates that the real'explanation is probably one such, but before
passing on to that, a few points may be made concerning table 7, and con-
cegginéudivision of the electron cloud.

: ['Cansidering first the sensitivity figures (which arise solely from the
gﬁfiuence of angular localisation), it can be seen that as the charge
ievel falls, the sensitivity increases (presumably as the avalanche angular
spread o, decreases) and then falls. Is this single measurement an indi-
Aéation that.angular localisation effects are indeed enhanced as the opera-
ting charge level falls (see equation (22))? On the other hand, if this
-last value of 05; is in error, these measurements may indicate that the
effect which raises oéi to its anomalous value is less pronounced at
lower gains, giving some information about this peculiar phenomenon.

An interesting illustrétion of the effect of the final (partition)

factor in expression (28) was observed during measurements of angular local--
isation made using the high-sensitivity cathode. For a small 04 »
when the primary electron cloud arrives halfway between two wires, each

wire receives half of the cloud, so that the partition term becomes s2/4 ;



and, for No = 50 and (gM/M) = 1, we have o = s/10 . This was experi}
mentally confirmed by the large increase of the position FWHM as the
avalanche switched from one wire to the next; for instance, at 0.1 pC ,

an rms value of 0.204mm, or abopt s/10 was recorded. Nofe that

94 is, in fact, immaterial at this particular (halfway) position,

iv) Secondary Avalanches

Detection. During certain experiments in which y-position resolution
was measured at quite a high charge level, a discrepancy was noticed between
the values of 0; predicted (from centroid jitter, beam width, electronic
noise and photoelectron range considerations) and measpred. It was

43,83

suggested that ultraviolet photons, initiating prompt secondary

avalanches, were responsible for this, by means of the "centroid weighting"
=ffeet already described; and accofdingly some evidence was sough£ to
support this the&ry. An amplifier was modified by inserting a 560 pF
capacitor in series at the input, which, in combination with the. input
~mupedance (Z;ﬁ = 50Q) of the amplifier, produced a differentiator of Vefy
short ( ~30 ns) time constant. The electron drift velocity for pure argon
. at the relevant reduced field (E/p ~ 7 V.cm'ltorr'l)' must be®0°8% around
20 mm us_1 » SO that in the present case the time taken to traverse the
;chamber gap of 6mm (=h)- must be about 306ns._ The differentiation was
thus fast enough to allow secondary avalanches to be distinguished; also,
‘the production of these was encouraged by employing P10 gas and a high
charge level. .Figure 43a shows a typical fast amplifier output for a
charge level of ~2 pC , with h=6mm and a negative drift voltage (to
prevent window-initiated electrons from arriving), and a set of peaks
occurring about 300ns later can be seen quite cle;rly.‘ Their sizes are

.comparable to the initial ones, and about 25% of all events are affected

in this way. Figure 43b shows what happens when electrons ejected by
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Fast amplifier output pulses, showing secondary avalanches. All

are taken at a charge level of 2 pC : (a) PIO, negative drift
voltage; (b) PIO, positive drift voltage; (c) P50, negative drift
voltage. Figure 43(d) shows the effect of secondary avalanches
on a typical energy spectrum (A£-K).



photons striking the champer window are admitted: a variety of drift times
is observed and events having attendant tertiary avalanches or more also
take place (these may just be events in which electrons are ejected from
both window and cathode). The effect of increasing the concentration
of a quench gas is illusgrated in figure 43c, where the conditions were as
for figure 43a, except that fSO gas was used. No events having secondary
avalanches appear in this sample. ‘

Figure 43d is a sketch of the energy spectrum at this charge level,
for the case of figure 43b: a long high-energy'tail has appeared, correspon-
ding to avalénches having attendant secondaries, and it can be seen that it
becomes difficult to talk in terms of "chérge level'" and "energy resolution'.

Distribution of the Secondary Avalanches. A second experiment was

carried out to examine in more detail the effect of the secondary avalanches
on position resolution. A single—channei analyser, fed from the anode
amplifier, was employed to gate out '"ordinary'" events, sovthat only the
positioﬁs of events much affected by secondary avalanches were recorded.

The rcsulting position spectra for the x- and y-sensing directions, shown
in figurés 44(a) and (b) respectively, demonstrate that a 'moment" effect

is indeed taking place, and that the distribution of secondary avalanches
may just be‘of the c&rrect shape to explain the discrepancy between the
‘values of % 4x and o4+ This distribution must be of the same shape as
shown in figure 44b, but must be much bfoader, for the points in this
‘spectfhm are the weighted centroids for:each event. The shape is sqitable
to explain the Oax " %4 discrepancy if the large and narrow central péak
is assumgd to contain chiefly events which are large enough to exceed the
gate threshold but are unaffected by secondaries. The discrepancy is then:
simply an effect of the increased "binning" ip‘the x-direction (cf. the

third factor :in expression (28)); but note that this explanation is purely

speculative as yet, for no quantitative work has been carried out. Should
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Figure 44 Position spectra, for events much affected by secondary avalanches
only. PIO gas, ~ 3 pC charge level. (@) sensing in x-direction

(across anode wires); (b) sensing in y-direction (along anode
wires) .
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it prove that the shape of the distribution deduced here is not suitable,
it may still be possible to explain the discrepancy if the distribution
in the x-direction is modified at its centre by a shadowing effect of the
anode wire.
| Figure 44a shows the interesting feature of two minima, adjacent
to the pfesumed wire position, which are.believeq to arise as follows.
The energy spectra of the sets of events affected and unaffected by second-
aries must overlap quite considerably: thus it is probably the case that
- large unaffected pulses are allowed through tﬁg SCA gate, while some small
affected ones are missed. Events only affected a little by sécondaries
will be "pulled" only a short way from the anode wire, and whereésvsmall
moments can be achieved in the y-direction by secondary avalanches occurring
close to the primary, they cannot appear in the x-direction because the
.scconddry avalanches will occur either on the avalanche wire or at least
cmm away.
Some objections to the theory may be raised. It may be asked why,
--in figure 41, the intercepts for P10 and P50 are the same, if secondary
- ~alanches are less likely in P50. Remember, though, that the P10
measurements were carried out at half the charge level used for P50, so
that it is just possible that the frequency of secondaries is about the
.same in each case. A second and more serious objection arises(from some
separate linearity meaSufements, which effectively measured the '"stepped-

ness'" of the position calibration, quantified by the rms deviation from

a straight line. These gave agreement with the values of o from the

dx
other methods, but it is not yet understood how this can be the case:
surely a position peak (large number of events) is not shifted by second-

aries, as well as broadened? .. -These measurements are admittedly few;-but

all the same it must be stressed that it is at present unsafe to conclude

that secondary avalanches are completely responsible for the 94x " %d



discrepancy. It does, however, seem likely that they adversely affect

the position and energy resolutions; although if they do affect 1linearity,

they are not completely unwelcome, because this improvement is gained at
little cost to o* (see figure 45).

Further observations concerning the effects of ultraviolet photons
have been made by Rose and Korff“®, Campion®”* and Romero and Campos®* |,

and for a MIVPC by Sims et al.””.

%:P10
* :P50
eQ
20
8 12 16 20
@/s)1102
Figure 45 Charge cloud size required to produce a given linearity.
Differential nonlinearity as a function of (a,/s)* for

s = 2mm : (a) predicted; (b) observed.
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CHAPTER 7

SPATIAL RESOLUTION AND READOUT METHOD

i) Introduction

This chapter deals with the subject of position resolution in MWPC's,
with particular reference to the various methods available for position
encoding. The choice of method determines the "electronic" contribution
to spatial uncertainty, as well as how this varies with detector size (ap
important consideration in view of present requirements). Detectors |

v proposed for future missions are of larger active areas than previous
models, and a knowledge of scaling properties would be of value.

Hitherto, all MWPC's for X-ray astronomy have employed RC lines for

- position encoding, with either risetime or ratio decoding systems; recently, .
6k

. . - . L3
-however, some devices using other types of encoding have been proposed * ',

and it would be useful at this point to compare the various methods available.
-+*he following section is concerned with this, while the subsequent sections
“:]1lustrate some of the more important "electronic" resolution considerations
(with reference to the RC line), and examine the other contributions to

spatial uncertainty.

ii) Available Position Encoding Methods

" The position encoding methods used in MWPCs fall roughly into two
categories, which may be labelled '"global" and '"local'87, In the first,
a position signal is formed from the 6utputs of two preamplifiers, connected
to either end of the cathode; while in the second, some form of selection is-
.. used to indicate upon which:.of many smaller electrodes the induced charges
- occur; the signals from these electrodes only are then used in a centroid

computation.



Global Methods. The "line" methods fall into the global category.

16,17,88,89

Besides the RC line, which has received much study to date ,

two other sqch mefhods exist, namely the delay line, which delays the
arrival of a pulse passing along it and so allows location by zero-cross
timing, and the series capacitance line; which attenuates a pulse travelling
along it and affords a position signal by ratio methods.' Of these, the

delay line has been extensively used for ground-based work 0291

, but has
not been employed for X-ray astronomy, probably in view of its more complex
design92 (the cathode wires, for instance, afé usually coupled t§ a delay
line external to the chamber) and greater cost. The advantage of delay
lines over RC lines is that the line itself contributes no noise (this

only arises from the preamplifiers and line terminations?3), a property
which- allows better spatial resolution than possible with an RC line. The
series capécitance line has not received extensive study for use in MWPCs,

although it has been used by several groups in application to microchannel

n1z e readout®?29%;

once again, this is probably because a physical
:éniisation of such a line would be rather clumsy. This type of line,
hfﬂfver, should also show a smaller noise contribution té resolution than
the RC liﬁe, and an investigation employing a MWPC cathode equipped with a
cépaﬁitive line is reported in Chapter 8. Note that all these line
methods require a high degree of parameter uniformity along their length,
if good linearity is to be achieved.

Another member of the global category is the "progressiﬁe geometrfh‘
class of method, in which the charge induced on electrode segments whose |
area changes Progressively across the cathode gives a measure of position,
as in the "backgammon" cathode design of Allemand and Thomas®5. Cathodes

~of this type are examined in Chapters 9 and 10.
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Local Methods. There are two types of 'local" method. The first
’ 23,68,96

was developed at CERN and involves the division of the cathode grid
into “strips", comprising five or six wires connected together, with each
strip connected to an amplifier. The strips upon which most of the charge
is_indqced are selecfedhby a threshold setting on the amplifiers, and only
the signals from these strips are used in the subsequentvcentroid computa-
tion (see figure 46). The justification for this procedure is that while
each preamplifier gives a particular equivalent noise charge, only those
receiving the induced charge contribute to fhé computation; and because

the loading of the amplifier by a single strip is small, a large signal-to-
noise ratio may be attained. Obviously,‘it is desirable to use askfew
separate signals as possible to maintain the best resolution, and a strip
width corresponding to about one anode-cathode separation appears to.be
optimum7“. The selection of particular strips in this way means that if
_the number of sfrips is increased in order to make the cathode wider, no
.increase in noise experienced: this property is common to all local methods
- and contrasts ‘with the situation existing for global methods. Because
_ihis "centroid" method has the disadvantage that it requires a large amount
of data handling, its application has been somewhat limited7“; nevertheless,
Re%d et al. have prdposed a' chamber which employs the technique'for cosmic
soft x-ray imaging®“.

The second local method is in fact a special case of a subdivided line
method (see below). Strips are agaiﬁ'employed, but in this case the out-
puts from these strips are sequentially switched through a 'centroid--
finding filter'®77%7  Because of the sequential nature of the processing,
this is essentially a timing method: the position of the charge centroid
. is; given by the zero-cross time of an output signal, which is itself a

result of convolving the special filter function with the output signal

sequence. In terms of processing, this is somewhat simpler than the
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rimire 46 Principle of the centroid method. The avalanche at a induces
positive pulses on the cathode stips, b ; the centre of gravity
of these pulses gives the avalanche location. After Charpak

et al.23.



"centroid" method described above, and again, noise from only three out-
puts enters the result; however, the global methods still remain the simp-
lest. The latter are also superior in terms of speed, for the local

methods require longer processing times.

Subdivided Lines. In the "centroid-finding filter'" method of Radeka
and Boie, the strips are separated by equal resistances, and to this extent
the method can be regarded as that of a subdivided resistive line. This

approach has been employed by several authors?’ » 3899

in an attempt to
improve resolution over that of an undivide&riine, and is.effecfively an
improvement in the sampling of the induced charge distribution. Preampli-
fiers are spaced at equal intervals (which need not be small), and their
outputs, containing spatial information from the local resistive line
elements, are weighted according to their position along the cathode. Cen-
troid computation is carried out using all the preamplifier outputs, and the
s=patial resolution improves aé the number of divisions, N , increases.

The general case of the method of Radeké and Boie described aﬁove is a
subdivided resistive readout .system, in which several of the strips may be
connected together (figure 47). The improvement over other such methods
lies in the elimiﬂation of the redundant preamplifier outputs by the filter.
The case described above is the limit as N becomes very large (once more,
thc resolution improves as N increases, so that this is a logical exten-
sion), so that a preamplifier is connected to each strip. The general
centroid-finding-filter method may thus correspond to global (N=1), local
(one strip per amplifier) or an intermediate type of encoding. It should
be remarked that if N is increased so that the strips are narrower than
the optimum mentioned above, the resolution begins to degrade: resolution

improves as N increases up to a limit.

The subdivided systems, then, do offer position resolution superior to
that offered by undivided ones, but at the cost of increased complexity,

. and may therefore prove unsuitable for astronomical applications. Thus,-
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Figure 47 The ''centroid-finding filter” approach (from reference 87).

zero-cross time t** of the filter output is a continuous
linear function of the avalanche position, X

and
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while systems superior in performance to RC line readout do exist, the
latter has been recommended for X-ray astronomy by its simplicity.
Table 8 summarises how the fractional position resolution varies with

detector size (for square detectors) and, where applicable, number of

subdivisions.
Table 8. Resolution, with
Ax various readout methods, vs.
Method - increases as size (assuming C « L2)
152
Delay L . *
(then L2) when preamplifier noise
RC L becomes dominant )
¥
Subdivided RC L, N2
Centroid-Finding Filter | L N"s/2 B
g ™ ﬁ%f*  strip width less than
. _ optimum.
Cemtroid (Taken from references

23, 93 and 99)

L

1ii)-Spatial Resolution

This section introduces the quantities which are important in dis-
cnssion.of the spatial resolution obtainable by the global class of readout
methods, of which the systems described in the following chapter§ are
wilHDCTS The particular example of RC line readout is also examined, as
a guide to the performances previously availabie.

Resolution Expressions. The limiting spatial resolution obtainable

with a particular readout system depends upon the total electronic noise
associated with the delivery of the signal to the preamplifier oufput’(this
includes, for exaﬁple, preamplifier noise and line thermal ﬂoise). | This |
"front-end" noise may be described quantitatively by an equivalent noise
charge q, - Further, any expressions of spatial resolution must also

account for the noise correlation in the system, and its dependence on
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position, x (where x 1is the position along the readout electrode,
expressed as a fraction of the electréde width: 0 < x 1) . Thus the

ms spatial uncertainty Ax is written as:

Ax = D(q_/ay) : (30)

wheré qD' is the total signal charge input to the (two-channel) system
and D is a dimensionless resolution parameter79’80, which must take into
account the noise correlation and the form of the position algorithm.

Noise correlation>can be defined as the.éktent to which the signal
fluctuations occurring at one preamplifier input influencethoséoc;urring
at the other, and is expressed quantitatively as the noise correlation

coefficient, r :
ab

o e e N :
Ty = (da_da,)/aq s (31)

where qa and qb are the preamplifier input signal charges, having
fluctuations dqa and dqb respectively. The bars denote mean values,

St 3 2 - dg2 = g2 : :
and it is assumed that dqa dqb q - The value of T p 1S zero if
the signal fluctuations are independent, unity if they are identical

(complete correlation) and -1 if they are equal and opposite (complete

anticorrelation). In all two-terminal readout systems, . 032 Top 3 -1 .

If the position algorithm is Q = q,/(q. + q,) , as employed for all
b/ ‘9 T B P

the experimental work reported in Part III, then because Q, + 9, = 9 >
y :
D(x) = 1/8(x) . {1-2(1+1,)Q1 -Q}?2 (32)

where S(x) = dQ(x)/dx , the system sensitivity. If S=1, then Q=x,
: 1
so that D(0) =1 and D(0.5) = {1-(Q +rab)/2}/2 .
A knowledge of qﬂ"rab _and S : then, allews evaluation of the rms

electronic spatial uncertainty Ax at any location.
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Measurement of a, ?nd T b Experimentally, the noise may be
measured by injecting a step function of charge (using a pulse generator
and standard capacity) into the input of the loaded preamplifier: because
the equivalent néise charge may also be regarded as a step function from
the point of view of the filter network, the output voltage signal-to-
noise ratio is the same as the input charge signal-to-noise ratio. Thus,
from a determination of this ratio and a knowledg; of the input charge,
the value of q, may be found.

Experimental determination of the correiafion coefficient i$ carried

out as follows. The mean square noise in the denominator signal

- so 902 _ 52 2
QP =9 * 9, is qu = 2qn + Zrabqn , so that
= (da2)/q2

Thus, if the equivalent noise charge ‘/Eag- is measured at the output 6f
the summing unit which produces the denominator signal, T,p can be found.
If this is carried out by injection of a known charge into one of the
premplifiers rab(xfb'takes the value corresponding to x=0 or 1 .

~-To~summari$e, then, the value of the "electronic"'position uncertainty
is conveniently found, provided the induced charge is known, ,by measurement
of the rms equivalent hoise charge and of the correlation coefficient,

Example: RC Line Performance. Several theoretical descriptions of

RC 1line behaviour have appeared in the literature to datels,ea,ag’ but
. o . 79,80,100

a most comprehensive and accessible treatment is that of Fraser et al. ’

carried out in this Department and extending the earlier work of Mathieson

ot 31?7’101’102,103

. The general procedure is as follows. Firstly, the
voltages at the two ehds of the RC line are calculated, as a function of
time ,t, and injection position, x , given an initial excitation by a
delta-function of charge (of magnitude qD) at t=0. (ﬁemember that

0sxsg1l1l, i.e. x is expressed as a fraction of the line length, L .)

The form of V(x,t) .depends upon the particular line model chosen to



represent an element dx .of the line, and any combination of resistances
and reactances, in series or parallel, may be chosen. For simplicity,
Fraser et al. selected the model shown in figure 48a, which assumes negli

gible stray capacitance across R and negligible conductance across C

4

normally quite a realistic approach*.

Rck

Figure 48 (@) Model element of RC line for analysis; (b) RC transmission
line and processing electronics, after Fraser at alT®

)

Other models had previously been examined by Mathieson et al.”*”, who found
some evidence, in that particular case, that a "longitudinal" capacity
existed in parallel with R , but that any shunt conductance to ground was
probably small. Some examination of inductance was also made, and for the
particular lines concerned, its effect was also found to be small. The
flexible and more general model used in that paper will be mentioned during
discussions in the following chapter.
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Having calculated V(x,t) (taking into account the line terminations
Cd - see figure 48b), this waveform may be injected into a filter network

of known response, and the resulting output, Vz(x,t) , found by standard
transform methods. The position signal (be it difference 2eT0-Cross time
or amplitude ratio) may Fhen be found, because Vz(x,t)' is calculable for
-all x and all necessary vélues of t . Knowledge of the position
signal Q = Q(x) completely describes the systeﬁ behaviour, for, provided
the equivalent noise charge is known, all subsidiary parameters may be cal-
culated from it. By comparison of the position signal at adjaéent values
~of x the local sensitivity S(x) , and hence its mean value Sm over a
particular length of line, can be found.

Position uﬁcertainty may be found by considering the line thermal noise,
nuantified as an eQuivalent noise charge. 1f a, is known, it ﬁay be
used with equation (30) to find the resultant spatial resolution, giveﬁ a
value of T - If the preamplifier noise is not negligiblé, it must be
added quadratically to the line thermal noise in order to form Q, -

The thermal noise generated by a resistive device of capacity C to

gzound is given generally by
1
ay = KTC12

where k is the Boltzmann's constant, Te is the temperature of the device

and y is a dimensionless parameter which depends upon the details of the

particular experimental configuration. p is a function of R , the total
line_resistance, Cd , the termination capacity, Ta , the processing
‘time constant of the shaper-amplifier, and C . The calculations of Fraser

et al. are founded on analytical predictions of u and rab (note that
they apply to the particular case of bipolar shaping (single integration

and double differentiation).



iv) Other Contributions to Position Uncertainty

In addition to coﬁsideration of the signal-to-noise characteristics
of the processing electronics, several '"non-electronic" factors influence
the position resolution of a MWPC. These may be listed as: the range of
~ the initial photoelectron in the gas, the "centroid jitter" of the primary ..
electron cloud, the effect of secondary avalanches, and the éffect of an
inclined X-ray beamn. Of these, the subject'of centroid jitter has
been dealt with, in some detail, in Chapter 6: its effect may be assessed
by use of equations (25) and (29);' (Of course, the number of primary
electrons, appearing in equation (29), affects the resolution in another
way, because the signal size is proportional to this number, thus deter-
ming the electronic contribution. The subject of secondary avalanches was
also considered in Chapter 6, and fhe effect of an inclined x-ray beam has -
already been described (Chapter 2: see also reference 43). Some dis-
cussion is now given of the remaining factor, the photoelectron range.

Photoelectron Range. When an X-ray, of energy EX , say, is

absorbed by a gas atom, a photoelectron is ejected from the atom with a

kinetic energy Ep = EX - EB , where EB is the‘binding energy for the

B

remaining energy appears as the atom de-excites, by emission of an Auger

atomic shell concerned. If E, is large, Ep is small, and the

electron or fluorescent photon. Fortunately, in the case deait with
in these experiments (AJ-KKrrays and argon gas mixtures) , the highest
energy level (the L-shell) is-concerned, with the result that 83% of the
‘X-ray energy is converted into kinetic energy of the photoelectron.

Description is thus simpler than for the case where E_, is large (see

B
below).
In assessing this particular contribution to resolution, two questions

must be answered: firstly, what is the range-energy relationship for the

electrons, and secondly, how does this affect the position resolution?
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Data is scarce with regard to the first of these: cloud-chamber measure-
ments by Williams!0* refer to a higher energy than concerned here, while
measurements using thin foils have been carried out by other workerslos’los’loi
Cloud chaimber measurements!®* show that the path of a photoelectron in
the gas "is quite tortuous, with energy loss and change of direction
occurring at each collision, and that this process may be usefully repres-
ented by assuming an '"extrapolated range" Rex , equivalent to the furthest
point of travel from the original absorption position. The rate of energy
loss with distance may be assumed to be constént, so that a uniform line of
charges may be considered to have been deposited along Rex ; the mean

distance from the origin is then Rex/2 . The quantity Rex is suitably

represented by a semiempirical range-energy relationship of the form

R_=CE" ,
ex P

where n and C depend upon the particular model chosen (note that-
different values of n and C are necessary for different energy ranges).
It remains to be seen how a particular Rex affects the position
resolution. Saulil®® points out that the randomising effect of multiple
collisions justifies the assumption that all directions of Rex are equa;ly
likely; that is, for a large number of absorption events, the cenfroids.of
the ionisation tracks are distributed spherically. This case is represen-
ted in figure 49, where the spherical surface (of radius Rex/Z) is the locus
of the track centroids, aSsuming tha%’all events occur at the point p
(fhis is not, of course, a realistic assumption, but variation in the y or
z directions makes no difference to location in the x-direction). What
we are now interested in is the variance in the location of p caused by
this spherical (father than punctual) distribution.  Let the fraction of
all centroids having coordinates between x and x-dx be n(x)dx : this

is the same as the fraction lying on the annulus defined by 6 and 6 + d6



142

QA8 o o

NEE T
vo={0oo

0% coos OXH HoFRo ©0T ogdon oxI o gPEmpHB

T.XO

§Ho

Cmn, mmeRU@ POHM“HWOWn 203 dh“ﬂnﬂ%poo
ond¥ 'R To 30RBEO o 30 voIHImOYLS

CN

O»

*H



(these symbols are defined in the diagram). Thus

n(x) = Y% .sin6 do .

Now since x = (Rex/2)cose , we also have

1 in = -
/> .sin6 de6 dx/Rex ,

where the negative sign merely embodies the decrease in x with

increasing © Thus,

nx) = l/Rex ,

that is, the distribution is a rectangular one, of width Rex , and the

standard deviation is thus op = Rex/2/§ . Saulilo08

1
quotes Y% V3 Rex

but does not justify this: further, our own experimental results cannot
agree with such a figure, and tally more closely with the expression

derived above.
‘ihe relationship between:energy and the contribution of the photo-

aloctron range to position uncertainty may now be written:

n
= a.E , 34
o o /p (34)

where p 1is the gas density in g/% , op is given in um and E in

2

keV , and the values of a and n are found from the available literature

(table §a).

Table 9a.

For the case of Al-K (1.5 keV) X-rays, the resulting values
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Values of n and a Table 9b. Comparison of estimates
for use with eqn.(34). of op from various
sourcés (references
104, 106, 107).
‘|Energy :
Range (keV) n | a |} Gas P10 P50 CHy
Williams |7.5 - 20 1.8 110 i p(g/L) 1.78 1.22 0.72
Kanter 10.1-10 -1,54 31
Tabata) (i] 1-5 1,3130 Williams 12 17 30
et al.|(ii] 5-20 1.64}] 17 op - Kanter 33 47 80
(um) |Tabata et al. (i) 29 42 71
Experiment 21 29 -




of op for the gas mixtures P10, P50 ahd CH, are shown in table 9b,'
again for the various models. Corresponding experimental values of cp ,
obtained with the high-sensitivity electrode and therefore effectively free
from the effects of noise, are also given for P10 and P50 : they fall
within the range covered by the various estimates. It must be stressed,
however; thaf the accuracy of the experimental values is not great, because
the effect of photoeleétron range was not the dominant contributor to the
uncertainty.

Above the argon K-edge, it is thought th;t the value of op actually
falls, and passes through a minimum before continuing to increase.  This is
expected because for most X-rays (88%)°3 having energies EX in excess of
of the K-shell binding energy EK (= 3.2 keV for argon), two electfons are
X One of Fhese is a
photqﬁlectrqn of energy Ex - EK , ejected from the K-shell by the X-ray

produced, whose total energy is approximately E

interaction, while the other is an Auger electron, of approximate energy

E liberated as the absorbing atom de-excites. Each of these electrons

K ]
makes a contribution to spatial uncertainty according to equation (34); if

we write these as o, for the Auger electron and for the K-photo -

%

electron, the resultant uncertainty is given bylogz

2 _ 2‘ 2 29y 2
op = [oa EK * oy (Ex EK) ]/EX ,
a function which minimises when EX = ZEK , i.e. o, = Oy - In that
case, o, has fallen to 1/vV2 of its value at Ey= Ep .
Beam Width. All factors so far discussed are those which cause un-

certainty in the location of an infinitesimally narrow beam oftx-rays; but
it is, of course, impossible to produce such a beam in practice. To
maintain useful intensities, and because of mechanical limitationg, it was
not possible in this work to employ a collimation finer than that described

in Chapter 3 (two slits, ~50 pym wide, separated by ~4 cm).
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A very rough estimate of the rms contribution of beam width to the
position uncertainty may be arrived at by examining the beam intensity
profile. This was carried out by first allowing the X-ray source to
“warm up" and achieve roughly constant intensity, and then traversing the'
source in steps of ~1215‘um (half the smallest graduation on the traversal
control) across a straight-edge provided by the design of one of the lids.
At each position, the intensity (averaged over on; minute) was measured
and the results used to obtain an approximate beam profile, of(zms'width
about ~ 30 um . To account for the slight Behm divergence, and.allowing
that ;he above method is rather inaccurate, a value of 40 ym (= Oy say)
was assumed in subsequent calculations.

Divider Unit. In addition to the above factors, imperfections of the

post-prcamplifier processing electronics also contributed to the spatial
uncertainty: in particulér the denominator-dependence of the divider unit
o,gg;t.(méntioned in Chapter 3) was of importance. If this effect contri-
btns ci to the uncertainty in the output ratio, the contribution t;
pgfition uncertainty is or/S ,‘where S 1is the system sensitivity. An

estiuate of o. could be made by examination with a pulse generator, and

for the preéent system, this varied between 110 um and 30 ym (¥ms).

iv) Summary

This chapter has attempted to compare existing available readout
methods for MWPCs in terms of their position resolution, indicating the need
for a readout system equal ih simplicity but superior in resolution to the
RC line method. This is important in view of the present development of
larger-area detectors. To aid discussion of the subject of position
resolution in subsequent chapters, the electronic contribution to spatial
uncertainty has been examined briefly, with particular reference to the RC

line method of readout, and the other important contributing factors have

145



been described. The fpllowing chapters will deal with some readout
methods which may fulfil the requirement for a superior but simple readout

technique.
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CHAPTER 8

THE CAPACITANCE - RESISTANCE LINE

i) Introduction

One particular position readout method which may fulfil the require-

ment of superior performance to that of an RC line, with equal simplicity,

is the use of a series-capacitance (”“CR") 1line (figure 50). It has

already been pointed out that present practical CR lines are rather clumsy;

however, should it prove that much advantage may be gained by use of a CR

line, it is possible that with further development this limitation may be

overcome.

HI If I

Figure 50 The series capacitance line,

showing the various important
parameters.
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Previous realisations of such linesem’gl+

were restricted to applica-
tions with microchannel plate detectors, although investigations showed that
at least moderate resolution and linearity could be obtained. The present
work appears to be the first attempt to examine the performance of a CR

line in a MWPC, with a Yiéw to exploiting its major advantage over the RC
type of line, namely the absence of significant thermal noise. A second
advantage concerns the peculiar behaviour of the‘RC line with respect to
angular localisation, as described in Chapter 5: Fraserl100 points out that
this occurs because the natural line unit of.fime, RC/n2 , is shbrt in
comparison with the'pulse development time. . With a reasonable choice of
parameters for.the CR line, the corresponding time unit should be much
longer.

The theory of CR line operation is summarised separately in Appendii 1,
and it is also convenient at this point to refer to Appendix 2, in which the
effects of resistive and capacitive loads on preamplifier noise are dealt
with, ‘

-

ii) Characteristics of the CR Line

Line Model. An ideal CR line consists of a large number, N , of
discrete capacities; of value C; , connected in series, with large resis-
tances, R1 , providing charge leakagé paths between each node and ground.
The resultant series capacity is denoted by Cl(_=AC1/N) and the total
shunt conductance by G (==N/R1) . In practice, the situation is compli-
cated by the presence of theAgrid capacity to ground, C , and the represen-
tation becomes. that showﬁ in figure 50. Provided N is large enéugh
-that the various parameters may be considered as continﬁously-dis;ributed,
the generalised model reported by Mathieson et al.’’ may be employed to
predict the line behaviour (see reference 110); however, it is possible to

arrive at the same results by the simpler and more rigorous method (consid-

ering the line as a cascade of m-section filters) given in Appendix 1.
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Linearity. If Ta' is the time constant of the electronic processing
system, then provided that Ta << C/G , it can be shown (see Appendix 1)
that the charge dg appearing at one of the line terminations can be

approximated by a temporal stép function of size.
qg = 9 sinh.ax/sinh a , (35)

where a = (C/Cl)yé, qp is the charge injected into the line and x is
the position of injection (as before, 0 < x_sfl) . Because no information
is contained in the risetimes-of the signals ;eaching the preaﬁplifiers,
pulse amplitude ratio encoding has to be employed, and the position signal
is Q(X) = ag/(q, * ap) - ] |
The cause of nonlinearity in a CR 1line system is the finite value of
a , i.e. the presence of the shunt capacity to grdund, c, which is
uniformly distributed along the cathode: if C 1is reduced in relation to

C the nonlinearity is also reduced. Readout nonlinearity may be

9 ?
quantified by-means of the rms deviation, ¢ , of a set of data points
from the best-fitting straight line (note that this is, in practical:cases,
only available from discrete data Eoints, rather than a continuous éurve).
Obviously, the value of & depends on which data points are inclu&ed; for
instance, the nonlinearity may be smallef over the central half of the

line than over its whole length, Figure 51 indicates how the rms (or
"integral') nonlinearity falls off as CQ/C increases, showing the results

of numerical calculations!!! in which either the central two-thirds of the

line, or all of the 1line, afe considefed. For comparison, the rms non-
linearity obtainable'with a 50 k@ RC cathode (C = 30 -pF), at Ta =1 ué), is
about 0.05%; with a 250 k@ line, this figure would be about 0.6%80.

Resolution. A discussion of resolution performanéé is basically one
of electronic noise. The treatment here is not as simple as that outlined
in the previous.chapter, bécause in this case the noise genérated by the

loaded preamplifier is dominant. It may be shown (see Appendix 1)
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that the present line may, be approximated by a resistance Re in parallel

with a capacity Ce » where:

_ 4 a sinh?a =
Re'= G {sinh 2a - 2a} and  C, = Cy-2/tanha.  (36)

These quantities may be used in conjunction with the expressions A2.3 and
A2.4 given in Appendix 2 to evaluate the effect of the various parameters
on the electronic noise of the system. Note that for a fixed C , Re

increases with a , but Ce decreases as a . increases; thus, if we try

to improve linearity by increasing C the value of a falls, and both

g ?

Re and Ce change so as to increase the equivalent noise charge. A
compromise is thus necessary: for instance, at .a Cz/C value close to
unity, the rms nonlinearity over the central 67% of the line should only
be about 0.2% , with Ce being approximatély the same as C . In such
a case, the resolution obtainable should be superior to that of any RC
tines giving comparable linearit} (e.g. § < 0.5%). Note that because
rreamplifier noise is now a major consideration, the performance of the
paciicular type chosen becomes important. It is desirable to use pre-
~anplifiers whose load lines (see Chapter 3) are not steep, and for this
reason the Canberra 2001 A model was selected for experimental work.

On the basis of the calculations described above, then, the CR line

secmed to have some potential as a rival to the RC line, and experiments

were therefore carried out to examine the performance of a real line,

iii) Fabrication of the CR Line

Physical Structure. A prototype system was produced by grouping the
wires of a normal 1mm-pitch cathode in fours, and connecting each group
to a small and isolated coppef contact, located on a second G10 frame,
Twenty-four such contacts existed on the second frame (placed immediately

below the grid frame), and successive contacts were linked by physically. .
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small capacitors, each oﬁ value 1250 pF. Each contact was also connected
via a 22 MQ resistor to a common rail, which itself ran to the driff
voltage supply. There were twenty-two groups of wires in all, each of
four wires, except for the two outermost groups, which were of fivevwires
each. The remaining two contacts allowed for the addition of terminating
capacities at each end. The complete assembly is shown in figure 52,
where the bulkiness compared to an RC-type grid is noticeable, As already
mentioned, however, present technology may well allow the solution of this
problem. |

Noise Discrepancy. The values N=22, C, = 1250 pF, R, =22 M@ and

C = 30 pF lead one to expect values of Re and Ce of ~3.4 M2 and 62 pF
respectively. For the Ortec copy preamplifiers used in the initial
testing, the equivalent noise charge was therefore expected to be about
1650 electrons rms; in fact, a value nearer to 2000 was obtained. This

wa> resolved by measurement of the resistance and capacitance values using

1

a vaetér* operating at an angular frequency w = 10°rad/s (f = 160 kHz),

which corresponded to a filter time constant Ta =1 us. The following
table compares the a.c. and d.c. values. The noise discrepancy is
d.e a.c. (160 kHz) Table 10. Comparison between
. — — ‘ certain line
Ce (pF) ~ 66 ~ 66 impedance para-
-1 -6 -6 meters, as
G @7 : 10 1.67 x 10 measured at low
Rz (k) ~ o ~ 600 and radio-
: - frequencies.

*
This was a Marconi model WY(0282 Q-meter, which gave values of C and
Q (here Q = fRC) for the particular frequency. ‘
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Figure 52 The CR cathode, showing the arrangement of capacitors and
resistors on a separate support frame.
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thus seen to arise from the non-infinite and frequency-dependent leakége
resistances across the resistors and capacitors employed, which not only
alter the value of the shunt conductance G , but also produce a non-infinite
value of the series resistance, Rz .
Accordingly, the 22 MQ resistors (Rl) were each replaced by.one of
100 M2 , and the 1250 pF capacitors by some of higher quality (these were
each 660 pF, giving a smaller value of CQ/C), with the results that the
value of G was ~2.2 x 107°2"} , and that of R, exceeded 1 M2 . The
other line parameters, measured at 160 kHz, ﬁbw became Cl = 34 pF ,
Ce = 47 pF , Re = 3.7 M2 and C = 41 pF , so that with the superior Canberra
2001A preamplifier, the expected noise charge was about 500 electrons rms
(with no allowance for the non-infinite value of Ri ). fhe noise charge

then measured was about 600 electrons, the discrepancy .presumably being

attributable to the non-infinite 'RL value,

iv}) Performance

Resolution. The Al1-K X-ray beam was fully collimated for these
.mezsurements, and figureslfor the spatial resolution at various points along
. The cathode length were determined by allowing a one-dimensional image to
tuild up on theAmuIti-éhannel analyser at points 5mm apart, between 1.5
and 7.5cm from one edge of the cathode. The FWHM of each peak could
be easily measured using the digital display facility of the Canberra Series
30 MCA, and converted to a real diétance using the system sensitivity, in
channels per millimetre (CH/mm), inferred either from all data points
(mean sensitivity) or from the two adjacent points (local sensitivityj.

A method was devised of ensuring beaﬁ verticality, to within a few
degrees.: It depends on the sensing cathode being the lower one, with its
wires running perpendicular to those of the anticoincidence electrode, as

well as to those of the anode. When the beam is vertical, avalanches
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should occur at the same coordinate (in the sensing direction, say x )

on both grids, provided that some absorptiqn events do occur below the
lower cathode. Both sets of avalanches cause charges to be induced on

the sensing cathode, so that by appropriate gating of the system, the posi-
tion of either set can be found, any discrepancy indicating an inclined
beam. The method of correction'is rather approximate: it is possible to
place small pieces of melinex sheet ( ~0.11mmthiék) under part of the trav-
ersing;table assembly before bolting it together, in such a way that the
source-holder is tilted with respect to its pfevioﬁs alignment. The amount
of inclination achievable on this way is small, but the deviation from vef—
ticality is not usually large to begin with. One requirement for this
method is that the position readout should not be locally nonlinear to any
large extent; for instance, an abnormally low sensitivity makes accurate
alignment difficult.

This precaution meant that the remaining contributions to spatial
umcertainty were photoélectron range (op ~ 30 um), beam width (ow ~40 um),
ventroid jitter and electronic contributions. Of the latter type, the
‘ront=end contribution expected from the measured noise charge of 600
electrons was gy = 12.2/q, um, where q, is the measured anode charge (i.e.
twice the cathode charge), expressed in picocoulombs. This estimate is
based on the predicted value.for the correlation coefficient, T.b? of zero
(see Appendix 1), although this figure has yet to be confirmed experimen-
tally. The value of D Y(see equation (30)) for x = 0.5 has been used,
and the total line length is Q(nn, as for the RC line.

Measurements already reported110 have indicated an average r™ms posi-
tion uncertainty of 170 um rms , but were carried out using a 6mm drift
region and a poorly-adjusted divider unit. These effects contributed
apfroximately 60 um (centroid jitter, cD) and 100 um (denominatorQ
dependence, cr) respectively to the uncertainty. Subsequent measurements,

however, improved upon these, by restricting the range of pulse heights
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input to the divider to qbout 10% of the average (using a SCA to provide

a gate signal) and by eliminating the drift region. The total uncertainty

in this case was only about 90 um, and subtracting (quadratically) the

contributions of beam width, photoelectron range, centroid jitter (mow about
30 ym) and front-end electronic noise, the contribution of the denominator-

dependehce of the ratio unit was estimated to have been reduced to approxi-

mately 65 um .

For these measurements, P50 gas was used, the charge level was 1.5 pC,
and the signal shaping was bipolar, with time constant 1 us .

Figure 53 indicates the resoluticn tc be expected at a particular anode
charge level, based on the above'figﬁres. At large charges, the combined
constanf contributions from effects other than front-end noise dominate,
while the latter is more important at small charge levels. The broken line
gives the value of the front-end contribution alone.

Cvent Rate. One possible drawback to use of fhe CR line is the long
~hargo leakage time, ~C/G , which is necessary for a charge deposited on
the cathode to leak away to ground. = If the event rate is high, the charge
will tend to '"pile up" and cause small fluctuations in potential, and
possibie distortidn of readout. With the present source, using only the
lower colliﬁation slit, an event rate of'~2.5 X 103 s—1 was attainable,
which is less than the value of G/C for this particular line (G/C ~5.4 x
3 s—l

10 ). No displacement or broadening of the position output was

observed up to this rate, élthough of course further testing is desirable.

Linearity: Integral and Differential. With the improved Iine, the value

of CR/C was 0.83 (a = 1.45), so that according to figure 51 the rms
nonlinearity should be about 0.76% over the whole line, and about 0.26%
over the central t&o-thirds. . -.Because of signal loss at the edges of the
cathode it was not possible to measure the former quahtity, but a scan ovef
the central 6cm in 5mm intervals allowed measurement of the latter,

. with a result,. 0.3% , which agreed well with prediction.
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Figure 53 Expected rms position uncertainty (ym) as a function of anode

charge level, based on the data given in the text.



158

A more demanding test of readout linearity is the examination of the

differential nonlinearity z This quantity has already been introduced

in connection with the position "binning" caused by the anode wire spacing

(see Chapter 6), and may be used instead to highlight the nonlinearities

of the readout system (this time sensing in the direction parallel to the

anode wires). The value of e may be determined as before, as

e= (N -N.)/ (N

min

+ N . ) , where

. N
max ' min

is the number of counts in a

given PHA output channel, in the system response to uniform irradiation.

It is important to remember that what appears on the screen is

1/s(Q) dx (Q) /dQ

The sensitive nature of the parameter e will be fully demonstrated

in later chapters, but it is instructive to examine the present situation.

Figure 54 shows the PHA spectrum resulting from illumination of the detector

CR lire

RC lire (250 kn

Figure 54

Local sensitivity function dx/dQ,

compared with that of a 250 kfi RC line.

responses to uniform irradiation.

for the present CR line,
These are the respective
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(with CR line) by the '"quasi-uniform' method described in Chapter 6, and

indicates that the sensitivity S(x) falls off towards the edges, with a

maximum value in the centre, as expected. In

and N . = 26320 , so that € = 9.2% .
min

v) Comparison with the RC Line.

The object of this examination has been to
the CR line is a suitable alternative to the RC

seem advantageous, from several points of view,

this case, N
max

= 31650

discover whether or not

line. It certaintly does

to employ the CR line in

the present detector. Table 11, for instance, shows that while the CR

line nonlinearity is rather greater than that of the RC line, the performances

are more importantly different in terms of electronic noise.

The spatial

resolution is given for a low anode charge level (0.01 pC) in order to

emphasise the contribution of electronic noise alone.

One further advantage of the CR line is that it does not suffer from the-

same effects of angular localisation risetime variation as the RC line, as

RC CR
Noise (electrons, rms) 1750 600
Spatial uncertainty (im,rms at 0.01 pC) | 4840 1220
%
Linearity: integral (§) <0.01% 0.3%
* %
differential (e) 2.1% 9.2%

Table 11. Noise and linearity of the present CR line, compared with
optimal RC line figures. RC line data is from the work of
Fraser et a1.79'89 except ** , an experimental result; all
apply for R = 250 k@ except * , which is for
~30kQ>R>~1kQ . Both sets refer to bipolar shaping,

with a time constant of 1 us .



is demonstrated by comparison of figure 55 with figure 35 (Chapter 5).
Both sets of readings were taken under the same conditions: a charge level
of 0.05 pC, processing time constants of 1l ys and a fractional 1line
position of x = 0.75 , with P50 gas and no drift region. The "turnback"
of the position signal, evident in the case of the RC line, is absent from
figure 55, indicating that it may be possible to use the CR line to
exploit angular localisation information, without the ambiguities which
arise from RC line encoding. As already noted, the problems arise in
the case of the RC line because the pulse development time is long in
comparison with RC/m* (RC/m - 0.15 ys for R = 50 kO and C = 30 pF ,
but much of the pulse development occurs within the first 5 ys), In the
case of the CR line the corresponding time unit is C/G , or about 180 ys

for the present values.

5 320

X (cm)

Figure 55 Typical "stepped" position calibration curve for the x-sensing
direction (perpendicular to the anode wires), taken with the
CR line under the same conditions as figure 35.
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vi) Scaling Properties

The advantages, then, of the CR line are its noise performance and
its immunity to the risetime effects of angular localisation which afflict
RC line systems, while its disadvantages are its poorer linearity and
physical unwieldiness. It remains, in view of the general aims of the
present work (namely,.to develop readout systems- for larger detectors), to
discuss the scaliné properties of the CR and RC systems. Once more it
will be assumed that C « L2 where L is the detector length (of a
square detector) and C 1is, as usual, the grid capacity to ground, of
course, above a certain size, tﬁe two systems behave identically in terms
cf noise, as the preamplifier capacitive loading becomes dominant (see
Ap;endix 2). In that case, both systems also begin to suffer from large
nonlihearities, and operation becomes increasingly difficult, In the
intermediate regime, the CR line parameters can always be chosen to produce
superior resolution, because -the RC line always suffers from the additional -
effect of thermal (line) noise. The preémplifier noise is likely to be -
similar for the two cases. Note that in either case, the values of
the various barameters can be adjusted so as to reduce noise, although such
adjustments must affect linearity. It is in this last respect that the
RC line may be preferred, for instance in an application where linearity is
importaht. |

In conclusion, we can say that if the CR line can be made physically
more compact, it is very likely to be preferred fo the RC line in applica-
tions such as the present one. Some reservations must be made, however,
concerning event rate énd linearity, and further work on these topics i§

to be recommended.
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CHAPTER 9

THE GRADED-DENSITY CATHODE

The novel MWPC readout methods described in this and the following
chapters constitute ano;ﬁer step in the search for a compact, simple
and low-noise system. The "graded-density" (GD) cathodes can provide
the lowest noise charge values of any available élobal methﬁds (see next
chapter), but, as in the case of the CR line, the cost is once more a
reduction in linearity. The GD cathodes éIso suffer from no detrimental

effects of angular localisation.

i) Principles of Operation

The graded-density method is one of the group of progressive geometry
methods mentioned in Chapter 7. - The principle of such methods is that
the charges on the active electrodes areAvaried simply by varying the area
presented to the received charge.  The ratio of area densities of each
electrode varies with position, and the ratio of the charges received on
each electrode, which varies in the same way, can_give unique position
information,

Allemand and Thomas®5 have achieved this by wedge-shaped segmentation
of a solid electrode (the "backgammon device'), but in the present case,
of a constant-pitch wire cathode, the wires are arranged in two groups,
such that‘the linear density (number per unit distance of one groupifalls
with positibn across the cathode, while fhat of the other group increases
(see figure 56). For the present application, this structure has two
advantages over that of Allemand and Thomas. Firstly, it is electro-
statically and physically equivalent to a normal wire cathode; so that a-
drift region may be employed as usual, and secondly; it is very simple

to construct (see section iii). -
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The attraction of progressive geometry methods is that no resistive
element is necessary, while the preamplifier loading reipains small,
resulting in reduced front-end noise and, therefore, improved spatial
resolution. All such methods, however, require that the spread of the
received charge should exceed the width of the widest part of the
electrodes; otherwise, the position signal does not uniquely define position.
In the case of MWPCs, the induced charge spread is usually quite a large
fraction of the cathode width, so that insensitive regions are not a serious
problem.

A more important consideration here is that it is impossible to build
a GD cathwde with perfectly continuous grading, because each wire forms a
finite And discrete sensor. To approximate to continuous grading, the
induced charge must cover a large number of wires, but the presence of this
imperfection will always cause local nonlinearities which can only be

reduced by reducing the wire spacing s”* , or by increasing the charge spread.

sensing
Hrect]

B

Figure 56 Schematic diagram to illustrate connection of a graded—densit&
cathode.
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Note that the concepF of the GD cathode allows of nonlinear
gradings; however, no such grading has been found which is expected to
produce the resolution performance obtainable with linéar gradings
(analysis was made in the same way as the following treatment).

ii) Elementary Theory of the GD Method.

Sensitivity. Assuming for the moment that perfectly linear grading
is possible, then if the cathode wires are divided into groups A (whose
linear number density, Vp s falls with position, x , across the cathode)

and B (whose linear number density, Vg increases), we can say that

<
n

A N[% = b(x - %)] ’

and vg = N[z + b(x - 3)] o ‘ (37)

wkere Nb is the rate of change of the linear density of each group,

M is the total number of wires,'and ' x is the distance across the cathode,

-=yain normalised to the cathode width. - Note that v, +'vp = N = constant.

gt

A

‘Now suppose a charge to be induced on the cathode, covering manybwires.
‘iie charges, ap and g > received by each electrode, are then proportional

vy ahd Vg respectively, and a position signal may be formed, as, say,

Q = qp/(q, *+ qg) = bx + 3(1 - b) s (38)
a linear function of position. - . The system sensitivity is then
S =dQ/dx = b , (39)
so that if b =1, then Q=x and S=1. . In reality, however, the

sensitivity will be modified by the inter-component capacitance, if this is

not negligible in comparison with the dynamic input capacities, CIN » of



the preamplifiers. Consider, in figure 57a, a charge (@ being deposited
at termination B (one end of the cathode). If , the inter-
component capacity, is negligible, the signal developed across the input
capacity at B will correspond to q . If it is not, then (q sees two

paths to ground and the charge measured at B is:

= g-CIN/ (CIN ' CINCc/ (CiN '
SO that an amount (q - q”*) has been lost. By symmetry, a similar
loss occurs when (@ 1is injected at A , and the available range of charge
variation is reduced to

q - 2(q - q9)

i.e. the sensitivity has been reduced by a factor of (2gqg/g - 1)

eSubstituting for qg , then,

é) 1 L 1] 1

— — 1
) ™C/2 T cf2

Figure 57 Capacities of a graded-density cathode: (a) for calculation of

sensitivity; (b) for calculation of capacitive load, C, C and
are defined in the text. ~
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, o
IN :
S=b% {-—-—-—-} . (40)
CIN + 2Cc

Note that this is an approximate result, for the assumption has been
made that CIN:>> C/2 , where C is the total grid capacity to ground.

The effect of this termnis not often more than about 10%.

Spatial Resolution. The noise charge developed in this case
arises almost entirely from capacitive loading of thé preamplifiers,with
a small contribution from the resistive loading (e.g. the biasing resis-
tors, typically 107 - 108 Q). . The expeéféd noise, thereforé, once
again depends upon the particular design of.preamplifiei used, according
to .the expressions given in Appendix 2; the equivalent capacitive load
may bc found by reference to figure 57b, which shows the capacities by

which & GD cathode can be.repfesented. This gives
Ce = Cc + C/2 ,

whifh, for the particular cathodes employed here, is ~80 pF , somewhat

‘~zger than the same quantity for a CR grid. Thus, although the GD

o4
T

c&%éode is a simpler device than the CR line, its noise performance is
é;; quite as good.

The spétial resolution of a GD cathode is also poorer than that of a
CR line for another reason; namely, that the correlation coefficient is
non-zero. Examination of equations (30) and (32) (Chapter 7) shows that
if the correlation coefficient is LI 1 , the spatial fesblution, Ax ,
is equal to qn/qD (where qp is the total charge received by the

cathode), and is independent of x ; whereas if r , = 0 , the value of

ab
Ax is qn/qD at each edge and qn/qD/7 at the centre, The value of
T

ab depends upon the capacities C and Cc ; here

201 + /2 ) |
r.o=- | (a1) -
ab g, c/2c 2 +1




(see Appendix 1), which, for the present real detector, gives a value of

T very close to -1.

ab
The Effect of Low Sensitivity on Spatial Resolution. The general

case, of 0 < b <1, is of enough interest to justify a brief examination
of the relevant theory. - It is required to find the rms position
uncertainty, Ax , expected from a system having preamplifiers giving an

equivalent noise charge qa, » and a graded-density cathode of sensitivity

b. Since qp is the total charge received, we can write qp = 9, *
g -  The position signal is |
N Q = qp/(q, + ap) H

Ai fferentiating, squaring and averaging, we find that

-

dQ? = [q dag + qf dq,? - 2q,q5 dajdagl/ay’ |

¥ -we assume that the rms noise in- each channel is the same, i.e. *-

2 = qu2 , = qn2 , say, then we can write
2 - 02(q2 2 y .
.. dQ° = qf{q¢ + af - 2q,qpr,p}/a) L, (42)
" ez = An An 2 ’ . =
where, by definition, Ty ququ/qn . Now §1nce qA/_qD vA/N

and qB/qD = vB/N ; we can say

a/ap =} - bCx - D)
Jebx-1)

and qB/qD

so that, by substituting these expressions into equation (42) and making

some algebraic rearrangement, we find
= 402 = - - -‘ 2 - %
Ax =Y/ dQ%/b qn{l 2x(1 ' x)(1 + rAB) + 31 rAB)(l/b., 1Y, (43)

using expression (39) above. - Equation (43) shows that reducing the

grading sensitivity, b , increases the position uncertainty, as is

107/
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intuitively apparent; note that setting b = 1 returns us to the case

of equations (30) and (32) (Chapter 7).

iii)_Construction of Graded-Density Cathodes

Prototype Grid. The prototype GD cathode, unlike its successors,
was produced by the same process as all previous grid electrodes, a process
which was described in Chapter 3. As for the RC and CR cathodes, the
wires were spaced at 1mm intervals and soldered to ceramic sﬁbstrates.
For this grid, however, both substrates had isolated fingér-contacts, so
that each wire was separate; the laborious process of taking shme fine
wire and soldering it to the desired connections (one group to each sub-
strate) was used to produce the grading. The other difference'betweén
this and the previous cathodes was tﬁat the wire diameter was reduced to
53 um , in an effort to kéep the inter—component capacity small (see below).

Small Pitch Grids. All other “GD cathodes referred to in this and the

following chapter were produced by a special process, developed in this
Department!12, A small and manually-operated lathe was fitted with a
.mandrel having a screw-thread of pitch 0.5 mm, and having two slots, for
-+he purpose of locating the end-members of the cathode frame. These slots
had dimensions 1lmm x 9.5cm, and were separated by a distance of 10.3cm
a:round the mandrel circumference (see figure 58).

Once the G10 end-members had been located in their slots, the wire
(of diameter 20 um) was wound onto the screw thread, from a supply bobbin,
by turning the mandrel. When the required number of wires had been
wound (at one turn per wire) onto the mandrel, embracing the slots contain-
ing the end-members, all the wires wereAaraldited to both end-members, and
the araldite-left to set. Next, the required gradings (see below) were
produced by means of a_traversing punch. As the mandrel rotated by one

revolution, the punch moved along by one wire pitch, so that by counting
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slots for

mandrel end-members
screw-thread
Figure 58. Mandrel for GD cathode construction, showing screw-thread and

slots for end-members (schematic).
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the number of revolutions, the wire number could be monitored. At the
appropriate places, the punch was lowered so as to pierce the araldite,
and break the wire. The end-members were then released from the mandrel
by cutting through the unwanted portions of the wires, leaving the two
end-cards linked by 190 wires alone. All wires protruding from the
araldite were connected together by sandwiching them between two copper
strips situated at the rear of the end-members, with adhesion and electri-
cal contact being provided by a layer of conducting epoxy.

The end-members were in fact T-shaped (seé figure 59), the extra bars
locating into corresponding recesses in thg'two side-members. Tensioning
was achieved by means of grub-screws which‘passed through the bars of the
end-members and pushed against the ends of the side-members. When this

~was done, the joints were araldited together and left to set, completing
~the production process. Electricaliisolatién of the two segments could

., e checked by use of an avometer.

Approximation to Linear Grading. Apart from mechanical restrictions,
tLhe pitch of a GD cathode must be finite and non-zero to maintain a low
“value of inter-component capacity, and must be constant in order to maintéin
“field uniformity. These constraints mean that the real grading can only
e an appro#imafioh:to the ideal case; how thevreal grading is derived is
described here.

As we move from, say, the left-hand edge of the cathode, we will need
to know how many wires of types A and B we have passed. This is found

by integrating expressions (37), and we find that

n, = N/2 [(1 +b)x - bx2] and ng = N/2 [(1 - b)x + bx2] , (44)

‘which both give N/2 when :x = 1., as desired (here nA: and nB-‘represent

. the number of wires between- 0 and x ). The inverse functions are:
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Figure 59 Assembly of a graded-density cathode.
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and if we arrange that n, and np are integers, the positions X, and

may be taken to represent provisional wire positions, where the

X

number of wires between 0 and x , of either type, changes to the next

In the case of the cathodes employed here, the value of

integer. value.

b was set to unity, simplyfing the above expressions to:

(45)

1
1 -(Q - 2nA/N)/2 3 Xg = (ZnB/N)ll2

XA

_These positions do not satisfy the constant pitch constraiht; the actual

grading is found by setting the wires nearest to the positions X, as A

. type, and those nearest to xp as B type.

a

.

Table 12 gives the actual gradings for the 90-wire

(prototype) and

190-wire GD cathodes.
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Wire connections for the 90-wire and 190-wire GD cathodes.

The number in the left-hand_column is the

The 0's represent A-type wires, and the 1's represent B-type
¢ number of the rightmost wire in each row.

wires (see text).

Table 12.



173

Inter-Component Capacity. It is possible to estimate this quantity,

by considering the case-of alternating wires of type A and type B (the
GD cathode is only of this form at its centre, of course). The potential

function pertaining to this particular situation is given in reference 57,

P.296:

cosh 'ny/sc - COS ﬂx/sc}
’

V(*’Y) - 'WZneo zn{cosh my/s_ + cos mx/s_ (46)

where the coordinate system (x,y) is centred on one wire from the set
possessing a charge A per unit length, the o;her set of wires having no
charge. Here s is the wire spacing, as usual. If we consider a
point on the surface of the wire which is at the origin, we can say that

X,y <<s_ , SO that expression (46) becomes:

A

ve=- 27e
o

2
£n (nrc/ZSC) ,

where T is the cathode wire radius and V 1is the potenfial at the wire
surtace. The capacity per unit length between adjacent wires is then
(A/V) , and since there are (1/25c) pairs of wires in a unit width, the

capacity per unit area of this grid of alternating wires is:
Cc = ﬂeo/(ZScln(Zsc/nrc)) . a7

For the prototype grid (9cm x 9cm) , having T, = 25 ym and

s_=1mm, this yields a value for the total inter-component capacity, C

Cc c?

of ~35 pF , while for the remaining gfids, of area 9.5cm x 10.3cm and
having L 10 ym and S. = 0.5mm , we find that Cc = 79 pF . Strangely,
these figures are quite close to the measured values, 44 pF and 66 pF .

respectively, and it remains something of a mystery why this should be so,

when much of the cathode is not of the alternating form.
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iv) Performance

Integral Nonlinearity. The first concern of the investigation was to

assess the extent of the nonlinearity, and to attempt minimisation; for
preliminary observation, the integral nonlinearify was measured (see
previous chapter). The fully-collimated X-ray beam was moved in 5 mm
intervals across the cathode, and the position signal noted at each position,
All measurements were carried out using PSO gas and a filter network with

1 us bipolar shaping, at a charge level of -~ 1.5 pC . |

The two cathode structures (the prototype, with Se

lmm and N = 90,
and the more advanced version, with. S. = 0.5mm and N = 190) were
examined, and the integral nonlinearity, § , was measured as a function of
the anode-cathode separation h , in order to observe thé effect of varying
the spread of the induced charge®8. In addition, the cases of 'nearside"
ond "farside'" events were examined; Table 13 summarises the results of

this survey, which were calculated for the central two-thirds of the cathode

width.

+5 (mm) events h (mm) §(%) 5 . (nm) events h(mm)  &(%)
C
1 n 4 1.46 1 £ 6 0.76
1 n 6 0.83 1 f 8 0.52
" n 8 0.57 0.5 n 6 0.30
" f 4 1.30 0.5 £ 6 0.33

Table 13. Integral Nonlinearity, for various values of s and h .
The event locations are designated nearside (n) "and farside (f).

The results for Se = 1 mm demonstrate well the effect of changing the
induced charge spread by varying h , and even the difference between near-
side and farside events is noticeable. The further improvement available

through the reduction of Se is apparent in the last two results, for which

[ = 0.5mm .
“c
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Figures 60(a) and (b) show'graphically the behaviour of the position
signai for each cathode, having been recorded with h = 6 mm, under the
same conditions as above. Graph .(a) shows the respoﬁse for the prototype
grid, and comparison with graph (b), for the advanced type, again shows
the improvement achieveé_by reducing S. - Note that the shape of these
curves is not the "S"-shape typical of line systems (RC and CR) but is
more oscillatory. ‘

Two further experiments which examined integral nonlinearity were
carried out. The first was an extension of the previoﬁs measu*ements to
84% of the cathode width, and &ielded a value for 6 of 0.43%, still satis-
fyingly small. The second-was an investigation of local nonlinearity, the
source being moved in steps of only 0.5mm over a distance of S5mm,
beginning at a position 4.95cm from the cathode edge (x = 0.521).

Tﬁese results are plotted in figure 61, for h =4, 5 and 6mm (the curves
~have been deliberately displaced), and the increase in curfature with
decreasing h is apparent, once again indica£ing how the induced charge
spread affects linearity.‘

'Sengitivity. The dynamic input capacity, CIN , of the Ortec copy
preamplifiers used in this work was measured by observing the depression of
the output bulse height caused by the attachment of a known load capacity
to the input. Assuming that the output pulse height is inversely propor-
tional to the total capacity at the input, the factor by which this quantity
falls when a load C_ is added is (1 + CIN/Ce)—l. " With a pfbcéssiné
time constant of lius , the addition of a 100 pF 1load caused the output
pulse height from a fixed pulse-generator input to fall from 5.7V to .

5.2V, indicating a dynamic input capacity of 1040 pF . This value is
in effect a measure of the input decoupling capacity, of nominal value

1000 pF; according to specifications, the value of -CI

N in direct-coupled

operation would be more than ten times as large.

It is possible to predict, by use of expression (40), the value of S .
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the system sensitivity, for the two values of Cc concerned, For the
prototype grid, Cc = 44 pF , so that S = 0.925 , while for the more
advanced model, Cc = 66 pF , with the result that S = 0.895 . Figures
60(a) and (b) show immediately that there is approximate agreement between
theory and experiment, in this respect.

Differential Nonlinearity. It is this rather demanding test which

reveals the major drawback of graded-density electrode opeiation, namely,
its poor local linearity. .Recall that an ideal detector will respond to
uniform irradiation such that the output posit;on spectrum is flat-topped.
The uniform irradiation in this case was provided by a Fe>3(5.9 keV)
source, supported atop a plastic tubular column of ~70cm length and 1lcm
diaméter, sealed by melinex windows at each end and filled with helium to
increase transmission. A position spectrum was allowed to accumulate
until the average number of counts per PHA channel was at least. 5000 , for
each of t@ree values of h (4, 6 and 8 mm), and the final PHA display photo-
graphed..™ © The cathode under test was that having 0.5mm pitch and

190 wires, and all measurements were carried out using P50 gas and a
charge level qf 1 pC ; for signal processing, the Harwell 3769 digital
pulse ratio system (Ta = 1 pus) again replaced the analog NIM—module system.

For comparison with these results, it should be recalled that the

values of € for the RC and CR lines were ~2% and ~9% respectively.
Figure 62 shows the system response for the three values of h ., The
marked local variations in sensitivity are expoged, particuiarly in the case
where h = 4mm, and the poor comparison with the line systems (RC and CR) is
obvious. The values.of ¢ , for the cases h =4, 6 and 8mm, are 26%,
11% and 9% respectively. Although this last figure is as good as that for
the CR line, it is only an indication of the maximum variation in sensiti—'
vity, and does not show that the CR line is superior over much of the

central region (67%). See figure 54 for comparison. Note also that the
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Figure 62 Local sensitivity function for the 190-wire GD cathode, for
h =4mm (@) , 6mm (b) and 8mm (c) .
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overall oscillatory pattern observable in figure 60a is again apparent.

Noise Charge. Two attempts were made to measure the noise charge

given by the Canberra 2001A preamplifiers when loaded by the 0.5 mm -pitch

GD cathode, gach employing the analog processing units, with Ta = 1llus .

The first, carried out with bipolar shaping, yielded a value of 780 electrons
rms , while the second, with unipolar shaping, gave approximately 460
electrons rms ; these figures were then compared with those expected from
the capacitive load.

The grid capacity to ground, C » was ~3§ pF , giving a value of
load capacity, ‘Ce , of 82 pF . This led to expected ﬁoise figures of-
about 500 electrons rms for the case of bipolar sHaping, and about 360 for
thé case of unipolar shaping, by use of expressions (A2.7) and (A2.8) of
Appendix 2.

The disagreement between the predicted and observed figures is a-
little diﬁappoihting, especially in the case of bipolar shaping, andjit is
not;ponéible to find -an explanation’ by taking into account the thermal
noise from the biasing resistors (the biasing resistors were 22 MQ to each
half.ef the cathode, and contributed no more than about 165 electrons rms:
see Appendix 2) and flicker noise, for either mode of shaping. It may be
that the greater disagreement between resuit and prediction in the bipolar
case is in part due to poor electrical isolation or shielding, because the
results were taken at different stages in the work; however, these éffects
are théught to be very unlikely to be responsible for the remaining
discrepancy.

Correlation Coefficient. Given the values C = 32 pF and CC = 66 pF

for the 0.5mm-pitch GD cathode, expression (41) (see section (ii) above)
yields a value of rab.= - 0.973 for the correlation coefficient.
However, the end-capacities to ground, C/2 (see figure 57b), must strictly

be considered as being modified by the preamplifier static input capacity,
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Ci , which, for the Canb?rra preamplifiers, is about 30 pF. This
changes.equatioq (41) such that (C/2) is replaced by (C/2 + Ci) , and the
expected values of Tab beéomes - 0.875 . To test this, T,p “as
measured by the method described in Chapter 7 (see equation (33)), employ-
ing 1 hs‘unipolar shaping, and a simulation of the cathode, comprised of 
silver mica capacitors of appropriate values. Care was taken in consid-
ering the capacities of the leads and small housiAg—box necessary in this
experiment. The measured values of signal-to-noise ratio gave

2%

(dqssm) = 199 electrons rms and q, = 380 electrons, resulting in a value
for T b of - 0.863 , in good agreement with the expected figure. It was
assumed that the real grid would behave similarly.

Spatial Resolution Results. Having measured the electronic noise and

correlation coefficient of the system, the spatial resolution performance
can be predicted for a range of charge levels, given the uncertainty
expected from-other sources. The available‘experimental results were )
obtained when the measured noise charge was 786 electrons rms (bipolar case),
~ . the predictions of spatial resolution are therefore based upon this

ab =~ 1 , the front-end electronic

contribution to spatial uncertainty should be Op = (23.7/q0) um , where

figure. Using this value, and r

q, is the anode charge level, in picocoulombs, The beam verticality
was checked, and the other contributions to the spatial uncertainty were
therefore the same as the CR line measurements: o. = 65 um , op = 30 ym ,

oy = 40 ym , and op = 30 uym ﬁﬁSO gas, and no drift region), tofaliihg
approximately 87 um . Thus, for instance, the overall uncertainty,
including the front-end noise, would be QO um at q, = 1 pC , and about

480 ym at q, = 0.05 pC . Again fhe value of h was 6mm.

The experimental results'are coﬁpared with these predictions in
figure 63.' The overall agreement is quite good, but there are small
discrepancies: the turn-up of the experimental curve at high charge levels .

is almost certainly due to an increase in the importance of secondary



162

(o)
Q.
0)
HO
.0 O
0 0 ©
o o o
(o)
rms spatial uncertainty (pm)
Figure 63 rms spatial uncertainty (ym) vs. anode charge level. The full

curve is the expected total uncertainty, the points are the
experimental results, and the broken line gives the value of

0 alone,
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avalanches (see reference_43, and Chapter 6), but no explanation can yet
be found for the slight discrepancy at lower charge levels. Comparison
between these results and similar ones for the RC and CR systems would not
be meaningful at this stage, because of the unaccountably-high noise
value; however, an assessment of the noise performance of all readout
methods here discussed, assuming identical operating conditions, will be

given later.

v) Discussion

Comparison with RC and CR lines. Like the CR lines, then, a GD
system offers superior npise performance to that of an RC line, at the
cost of some linea;ity. Although its integral nonlinearity compares
well with that of the RC and CR lines, its performance is markedly poorer
in terms of differential nonlineariiy. It is also slightly inferior to
iﬁ% CR line in noise performance, but against these disadvantages must be"
weighed the simplicity and low cost of GD electrode production, and the
convenience of an "in-house" manufacturing process,

It must be remarked that these comparisons refer to the particular CR
and GD electrodes tested here, which are not necessarily optimised; it may
be, for instance, in the case of larger detectors, that the CR line noise
performance becomes inferior to that of a GD system (if the number of
cathode strips increases, so that the shunt conductance G increases).

It may also be possible to reduce the effective load of a GD electrode by
fgducing the wire diameter (see expression (47): incrgasing Se would be
more effective, but detrimental to linearity). Indeed, an attempt was
made to do.this, with a cathode whose Qires were of 8 um diameter. This
alteration should reduce Cc by a factor of ~2.3 , making thg load capa-
city, Ce’ about 45 pF, and making the expected noise (with 1 ys wunipolar

shaping) 230 electrons rms, instead of 360. The use of this particular
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grid, however, made normal operation of the chamber impossible (the energy
resolution was degraded), though an explanation for this has yet to be
found.

Like the CR cathode again, the GD cathode is not subject to the
angular localisation risetime effects which appear with RC readout, and it
may still be possible, therefore, to fecover'the position information
stored by angular localisation. The time unit fb which the pulse develop-
ment time must be compared is again C/G , with C and G as,definéd in
the previous chapter, and with the GD elecffode considered as an N-node

-1

’

CR line, with N=1. With C=32pF and G -4.5x 1072 MQ
C/G is about 700 us.

Application to Microchannel Plate Detectors. One area which may also

benefit from the use of GD electrodes is in the use of high-resolution
microchannel plate detectors, for which resistive sheets113.or crossed RC
grid§3§ %;ve often been employed, although capacitive charge division®% and
other:ﬁézhods have also been used. .Again, the prime advantages are fhose o
ot .gGuit-spatial resolution-and simplicity. - Research-conducted in :this
Depariment!1* has shown that operation with GD cathodes is indeed possible,
with similar performance.to that of an RC sheet system, and while further
wotk needs-fo be done in this field, it seems likely that the GD electrode
will be suitable for certain applications.

In connection with the subject of MCPs, one can mention the recent
development of some special progressive-geometry elect:o&es ("'wedge-and-
strip" electrodes), of similar design to the MWPC "backgammon"lelectrode
of Allemand and Thomas?> but giving two-dimensional information, by Martin
30,116

’

et al.llsf These designs supersede the previous quadrant electrodes

which produce large nonlinearities.
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CHAPTER 10

.

THE SUBDIVIDED GRADED-DENSITY CATHODE

i) Justification for Subdivision

General Comments. The factor which limits the electronic noise

performahce of the graded-density cathode is the size of its capacitive
loading: we have seen that the existing grids offer only moderate
linearity, for a capacitive load of 82 pF. - In order to impréve spatial |
resolution, it would be advantageous to reduce this loading still further,
and this chapter describes how this aim has been achieved, by means 6f
subdivision.

Before the particular method applied in this investigation is described,
the general concept of subdivision of a GD electrode will be examined.
"Sybdivision" in fact implies a caScading of two or more GD electrodes:
suppoce - Wwe have M GD electrodes, each‘having linear denéity grading, in
groups A and B , as described in .the previous chapter, and that.each is
of width 1/M , such that 1/M>>1/s (where s is the wire pitch). We
now connect the B-- group of the first electrode to the A - group of the
second, and repeat the process until all are joined together in this way.

The resulting electrode is of unit width and is an M-section graded-density
electrode. It has (M + 1) nodés, including the end nodes 0 and M .

We can now formulate expressions for the density gradings in the mth
section, from equations (37), using the coordinate x(0 < x s 1) for the

fractional position along the entire electrode. In the present discussion,

only full sensitivity (b = 1) is considered, and N is the total number of

wires in the whole electrode. At position x , in the mth section,
then,
Yy = N (m - Mx)
, (48)
and v, =N (Mx + 1 - m)
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If a charge is now induced on only the mth section of the electrode,
the charges Uy and q, appearing at the (m - 1)th and mth nodes

respectively are proportional to v, and vg Trespectively. The centroid

A

of these two node charges is

lap_,m-1)/M + g m/Ml/[a_+aq]

which can easily be shown, from equations (48), to be equal to x . The
charge a at the mth node will be, in the general case where charge is
induced on several sections, the sum of the B charge from the (m - 1)th

th

section and the A charge from the m In this case the above rel-

ationship can be written more generally
_ N M
X = Z mqm/M z q, -
o o

Signal Acquisition. One way of obtaining the centroid position

would be simply to connect each of the (M + 1) ’nodes to a preamplifier,
a proceéﬁre which would involve more complex ﬁrocessing, and would also
iiicrease the number of preamplifier noise contributions. The approach
actually adopted makes use of the large capacity which exists between the
two components of a GD electrode (or section). Because this is present,
the subdivided electrode can act as a capacitive divider and allow charges
to avrear at the end nodes, so that only two preamplifiers are necessary.
Thc loading on the preamplifiers is smaller than in the case of the
undivided grid, so that by subdividing a GD cathode and allowing it to
behave as a CR line in this way, its noise performance can be improved.
Once again, however, in order to gain this improvement, some linegrity has
been sacrificed; now that the system is operating as a CR line it is sub-

ject to the nonlinearity associated with that form of signal location.
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ii) Theory

Compensation for Nonlinearity. The CR-associated nonlinearity may

be counteracted to an extent, in the special case M =2, by exploiting

one of the advantages of the GD concept: if the systematic nonlinearity:

is knoﬁn, a specific nonlinear gradihg can be used to compensate for it.
Figure 64 shows a capacitive model for a two-section GD cathode.

Herg Cé is the inter-component capacity of each section; th¢ value of

p (see Appendix 1) in this case is given by .p = C/ZCE-, where C is,

as usual, the total grid capacity to ground. Suppose that the charges

received by tﬁe left-hand (A) énd the right-hand (B) components of the

first section are qy and qp respeétively, and that the charges delivered

to the end nodes 0 and 2 are q, and q, respectively. We consider

the case where all the charge is received by the first section. If all

gizdings are linear, ‘

q, = q, * qg-Cl/(2CL + C/2) =>-.

o]
9B . ,
q, = 9y * oy and similarly, q, = qB/(2-+p) ; - (49)
“therefore
q, 5
B Q= 163‘1523 = qp/ (295 + q,(2+P)) ,
ie. Q(x) is a nonlinear function.v In order to compensate for this,.

we need to replace qp and 'qB by qA and qé , such that

»
"

qp/(2ag + q4 (2 +p)) ;
in other words,

X = vp/(@vp + v 24p)) (50a) -

where VA and VB are the compensating nonlinear density functions.
The other constraint is that the total density should not be a function of

position, which may be written
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Figure 64 Capacitive model for a two-section GD'cathode. C is the
inter-component capacity of each section, and C is the total
grid capacity to ground. If the gradings are nonlinear, the

end-node capacities are slightly different from C/4.

0 1/2
uncorrected

0 1/2

corrected

Figure 65 Density variations for uncorrected and corrected versions of

the two-section GD cathode (see text).



Vot Vg =N . (50b)

Solution of the simultaneous equations (50) yields

_ N1 - 2x) _N@2+p)
v, = —(l—;-ﬁ-;i— and vp = —(1—:-%?)& , (51)

and replacing q, and 'qB in equations (49) by quA/N and quB/N
respectively, where q, is the received charge, we find that Q = x ,’
i.e. linearity has been restored.

Figure'65 shows the density variation with position for the A and

B components of both sections.  Note that the above analysis only'
applies to the first section, 0 gix é 0.5 ; for.the second section
(0.5sxc1), the above expressions for Va and Vg must be exchanged
and x must be replaced by (1 - x) , where x is once again the position
expressed asva'fraction of the total cathode width.

The real wire connections are determined in a manner similar to that
already described: the density functions (51) are integrated to give
cxpressions for n, and np o but this time the valqes of X\ and Xp
are ﬁéi to integer multiples, X5 of S s the wire spacing. The
component (A or B) to which each wire belongs is that which possesses
a value of n(nA or nB) closer to an integer, for the particular value of

X; concerned. The expressions for n are:

A and 1y

n, = gﬁ{(2-+p)zn(l-+pxi) - 2pxi}
and ng = EiﬁétE) {Pxi - 2n(1 +Pxi)} . (52)

Electronic Noise. In addition to the considerations of capacitive

load and correlation coefficient, another factor influences spatial resol-
ution: the total denominatotrsignal, 9, * 9,5 is position-dependent.

In the case where the grading has been corrected, we have,

AQoum = 9o * 95 = 9p (V4 + VgI/N
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and by inserting YA and Vg from expressions (51), we find that

Uy = qp/ (1 +px) . (53)

This variation with position may be expressed by altering equation (30),
such that Ax = D(x) .qn/qD , where now

D(x) = {1-2(1 +r°2) a- x)x}yztl +px) . (54)

For 0.5 < x <1, x is to be replaced by (1 - x)
The correlation coefficient, r02 , and the capacitive load; Ce ,

may be predicted from equations (A1.10) and (Al.11) of Appendix 1; in

this case,
r =- 2 cosh 2Y (55)
%2 (1 +cosh?2y) .
and ‘ .
€y = C(': coth 2y ¥p(1 +p/4) . (56)
vhere-coshY=1 + p/2 and p = C/ZCé . The noise charge, q, , may

be calculated from a knowledge of Ce and the relevant preamplifier

characteristics (see Appendix 2).

iii) Experimental Performance

Construction. The two-section subdivided grids were assembled in
.the same manner as the undivided ones, except that the copper strips at
each end of the cathode were divided in two, allowing the wires to be
connected into four groups. Two of these (the adjacent A and B-
components) were connected together, and the signals were extracted from
the two outer groups. Each of fhe three groups was fed from the drift

voltage supply via a large resistor (44 MQ).
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Table 14 gives the gradings for a linear subdivided grid (a)

and grids with gradings corrected for p =

0.65 (b) and for p =

0.44 (c) .

The grid with linear gradjng was constructed as a control and to allow

measurement of C'
c

of the "corrected" grids, could be determined.

using the Q-meter already mentioned: values of Ce

and C , so that the value of p , for construction

Capacities were measured

and C could be

obtained in this way, and consideration.of the capacitive model could then

give a value for C' , and hence for p .
c

"uncorrected" grid, then, gave C =

p.':

For comparison and prediction, numerical calculations

expected behaviour of the position signal were carried out.

0.44 .

32 pF and Cé

3

Measurements on the

=« 38 pF , so that

117 of the

A gaussian

distribution of charge was assumed (cf. Chapter 6) and the appropriate:

amount of charge injected at each wire position; the known pattern of wire

connections, and the various capacity values, could then be used to determine
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the A-type wires of the first

section, the 2's the 'B-type wires:
'of the second sect1on and the 1's

‘the remainingiwires (those forming

‘the central eIement ‘of the cathode).

(a) 11near grad1ng, (b) corrected

P = 0.44.

0. 65; (c) corrected for



Q for a particular source position, using the expressions developed above.

When Q had been calculated for several source positions, nonlinearity
predictions could be made.

Due to a mistake concérning the appropriate value of p for the
grading, the first corrqgtgd grid was constructed with gradings cdfrespond—
ing to p = 0.65 (see Table 14) , but it was felt that the linearity
would still be better than that obtained with the]uncorrected grid.

Integral Nonlinearity. For examination of these systems, the chamber

was again irradiated with the collimated X-réy'beam, which was moved in
4m intervals across the central 64 mm ( ~67%) of the cathode. The

position signal was recorded at each source location, the best-fitting

straight line\through the data points (x,Q) was calculated,‘and the

deviation, 6Q , of each data-point from the straight line was found. The

modular analog units were employed for processing, with unipolar shaping at

Ty =1 us , while the chamber gas was P50 and the charge level was lpC..

The 6Q results for the uncorrected and corrected (p = 0.65) cathodes
“are shown in figure 66, (a) and (b) respectively, and the definite improve-

~:;-r:nt in linearity achieved by correction can be seen. The continuous
curves are the theoretical predictions, based on a gaussian charge distri-
bution haviﬁg the same standard deviation (oi = 0.8h = 4.8 mm) as the
real distribution, and the agreement is rather satisfactory. The rms

vaiues of 6Q (the integral nonlinearity) are compared in Table 15, and

that for the undivided GD cathode is also given.

two-section
undivided uncorrected corrected

C, (pPF) 82 30 29
8 (%) 0.33 0.47 0.23

Table 15. Capacitive loading and rms
' nonlinearity for the single-
section and two-section GD
cathodes.

192



193

CD

CD

CL

CO

"o CN

Figure 66 Deviation, 6Q , of position signal data points from a best-
fitting straight line for the uncorrected and corrected
for p = 0.65 versions of the two-section GD cathode. The full
curves are theoretical calculations (see text).
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Spatial Resolution. Table 15 also gives the respective values of

Ce » the measured capacitive load on the preamplifiers. The great
advantage of subdivision is demonstrated, for the loading has been greatly
reduced; the expected rms noise charge, for 1 pus unipolar shaping, has
fallen to about 190 electrons (from 360).  The value of Ce calculated
from expression (56) is,not surprisingly, 31 pF.‘(for Cé = 38 pF and
p = 0.44).

The correlation coefficient was measufed in the manner previously
described, and found to be -0.5, in conflicf.hith the predictioﬁ, from
equation (55), that rdz = -0.81. It might be suggested that as the
capacities involved in the calculation of ro2 become smaller,‘the argument
developed in Appendix 1, which ignores the effect of resistances, becomes
less valid; but this is not borne out by later results, and the disagreement
is still unexplained.

~

It“és interesting that with these particular values, of T, = -0.5
anﬂ.wéi;;0.44, the expression (54) yields a value of D which is almost
independent of x : at x = 0.5, for instance, D(x) = 1.06 . This means
that as in the case of the undivided GD cathode, the spatial resolution
should have an rms value equal to qn/qD over the whole cathode width,
for this particular combination of parameters.

Finally, we note that as in the case of the undivided grid, the measured
electronic noise exceeds the value expected from the capacitive loading alone.
The measured noise charge, dn , was in this case 360 electrons Tms s SO
that the electronic contribution to the spatial resolution should be given
by the expression Ax = _(10.94)/qo um , where qd, is again the anode charge
level in picocoulombs; Ax should maintain this value over the whole cathode
width. |

The performaﬁce, then, of theAsubdivided GD cathode was encouraging.

The linearity appeared to be good, and the electronic noise charge was the



lowest yet obtained in th?se investigations. Note that the figure
quoted above refers to measurements for which unipolar shaping was used.
For a purely capacitive preamplifier load, the noise charge should in that
case be smaller than that obtained with bipolar shaping, by a factor of
1.38 (see Appendix'Z). AhThisAallows comparison of values of a, obtained

with either type of shaping.

iv) The Low-Loss Cathode

LY

Excess Noise Charge. As in the case of the single-section GD cathode,

then, the noise charge was larger than expected. A capacitive mock-up
of the detector was again constructed and examined, and once more produced
a noise charge value close to the predicted one; the correlation coefficient
was T, = - 0.47 , in good agreement with the actual value.

With regard to the noise charge figures, it is interesting to note that
the discrepancies befween measured and expected .values are afproximately
-~ the same in the preéent and single-section cases: for the two-section
cathode we have (360)2 - (190)2=;(306)2, while for the single-seézion grid
we have (460)2 - (360)2 = (286)2. The fact that the capacitive simula-
tions produced noise values agreeing with predictions leads one to suppose,
thcrefore, that the remaining contribufion, which is the same in both cases,
is attributable to the presence of resistances in the real system. When the
mock-up of the two-section cathode was accordinély modified to include the
44 MQ biasing resistors, the noise charge was found to be about 205 elect-
rons rms, implying that the resistance-associated noise was only partly
accounted for by these resistors. -

It was suspected that the remaining contribution was due to a non-zero
conductance between the various components of the GD cathode, arising from

their small physical separation. In GD cathode construction, all the

wire ends are.connected to the copper end-strips, so that the physical
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separation between the components in the araldite is only the size of the
gap produced by the punch when breaking the wire; and there are many wires. -
Presumably, over these distances the small conductance of the epoxy becomes
important.

These suppositions were upheld by measurements of the resistance
between the two components of a single-Section'GD cathode. Previous d.c.
measurements” of the resistance had yielded a value in excess of 1012q,
but when this was measured at the correct a.c. frequency (160 kHz: see
Chapter 8), a value of only 4 MQ was obtaiﬁéﬁ. " Insertion of this and
the cther appropriate values into equation (A2.8) of Appendix 2 gives a
noisc charge which is of the cofrect order of magnitude ( ~500 electrons
tms) io account for the discrepancies observed. A similar resistance
value must exist for the two-section grid.

Construction of the Low-Loss Cathode. In order to test this theory,

a cathode was designed and constructed!!® which would, hopefﬁlly, reduce

the losses through the various small conductances; this time the grading

was properly corrected (p = 0.44) . The assembly process remained the
samé, except that this time the A and C (edge) sections and the B
(central) section were mounted on two separate frames, all surplus wires
being removed from each frame (see figure 67). Small and flexible plastic
wedges were then placed between the inner edges of the end-members and

the wire planes, in order to raise the level of the latter; this ensured
that when the two frames were subsequently araldited together; the two sets
of wires became coplanar.

Of course, this process is rather unsatisfactory, because the two frames

must be aligned very accurately indeed in order to preserve pitch uniformity;

— .
made using a Kiethley Instruments model 602 Electrometer.
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Figure 67 The two frames of the low-loss cathode, separated to reveal
the gradings on each section.



however, since the experiment was chiefly concerned with reduction of the
resistive losses, it was felt that some degree of non-uniformity could ber
tolerated. The prototype low-loss grid also suffered from some deforma-
tion of the frames, and as a result gave a highly nonlinear readout. The
second version, though Etill suffering from some pitch non-uniformity,
was more successful, and was used in the experiments described here.

Attention was also paid to the value of the Biasing resistors. To
reduce leakage (due to surface defects, any grease and dirt, etc.), some
glass-sealed '"Morganite'" resistors of‘approxiﬁhte value 2 x 1090 were
employed t6 bias the cathode sections to the drift voltage. In this condi-
tion,‘the equivalent noise charge was found to be about 240 electrons rms,
a figure much closer to the expected value than obtained with the previous
design. The remaining discrepancy may perhaps be accounted for by extra-
neous factors such as microphonic or radio signal pickup, but improvement
beyond this performance is probably not possible without redesigning-the
preamplifier/detector interface. Further reduction of the capacitive load
would not otherwise be advantageous,-because of the remaining noisé contri-
buticns. .

Performance. Little attention was paid to the linearity of this
system, in view of the observed pitch irregularities; however, a measure-

ment of the rms integral nonlinearity was made in the normal way, and resul-

9o

ted in a value of only 0.34% . This shows how small local nonlinearities

are not exposed when integral nonlinearity is measured in this way.
Unfortunately, it was still not possible to find agreement between>the

measured and predicted values of the noise correlation coefficient, and in

fact for this low-loss grid, the value of r ., Wwas -0.2 . The fact

that this figure is further from the predicted one than is.the same figure

for the original twd—sectioﬁ grid; in spite of the increased value of the

biasing resistors, seems to refute any argument based on the inclusion of

the latter in the theoretical model (Appendix 1). As already stated,



this problem remains unre§olved.

Combining a knowledge of the noise chargé and éorrelation coefficienf
allows use of expressions (30) and (54), to arrive at a figure for the
resolution at the line centre: this is Ax = (6.89/qo) um , whefe, as
usual, qo is the anodemcharge level in picocoulombs. The additional
electronic contribution (the divider unit dgnomingtor—dependence, or) had
been reduced by further adjustment of the div?der unit, to a value of about
30 ym rms, and the total electronic contribution to spatial uncertainty
gives the solid curve shown in figure 68. vfbr confirmatory measurements,
a very linear portion of the grid was located, and the chamber irrédiatea
there‘with the fully-collimated X-ray beam. The chamber gas was P50, no
drift region was employed, and as usual, the anode-cathode separation, h ,
was 6mm. The signal shaping was unipolar (Ta =1 us) . The experi-.
mental data is shown in figure 68, and these uncertainty values may be
completytyvaccounted for by the various contributions (oD = 30 ym ,
°p = és}um > Oy = 40 ym , plus o and g@) , except at the higher charge
levels, where seCondary avalanches are thought to be responsible for the -
worsening resolution.

The range of high performance of a system equipped with low-loss two-
seciion GD cathodes is apparent from these measurements: the electronic -
contributioh to spatial uncertainty is less than 150 ym FWHM (i.e.‘

64 um rms) over a range greater than a full decade of charge levels. Fur-
ther discussion will be given in the next chapter.

Finally, we note that the present low-loss cathode structure was found
to be mechanically unstable: after a moderate amount of use (repeated
removal from and insertion into the chamber), the two frames began to
separate. | No Attempt has yet been made to improve on this design, but it

is felt that a suitable one may be found without great difficulty.
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o
(o] o

(o] o)

rms spatial uncertainty (pm)

Figure 68 Spatial uncertainty vs. anode charge level, for a system equipped
with low-loss two-section GD cathodes. The full curve gives
the total electronic contribution.



v) Differential Nonlineédrity.

Once again, the improvement in spatialresolution is achieved at the
cost of some linearity; and once again, the measurement of differential
nonlinearity reveals the extent of this sacrifice. The chamber was uni-
formly irradiated by use of the *“Fe source and helium column as before,
with signal processing by the Harwell 3769 digital system =1 ys);
conditions were otherwise as described above, except that a drift region
wasemployed, to improve efficiency. The cathode was the "lossy" correc-
ted grid (gradings corrected forp = 0.65). Figure 69 shows the result
of this experiment, with a disappointingly large nonlinearity of 21%, due
to the feature in the centre. If this featureis ignored, the rest of

the cathode shows an improvementover the case of the single-section grid

for the same value of h , with c < ~9%

Figure 69 Local sensitivity function for the corrected two-section GO
cathode.
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It is unfortunate thgt differential nonlinearity measurements are not
available for a properly corrected grid (p = 0.44); however, calculationstl?
suggest that the improvement over the case of p = 0.65 would not be great.
More effective modifications may be made,by increasing the number of wires .,

N , or the anode-cathode separation,"h .~ The following table gives
approximate comparison between the values of € for a single-section GD

grid, for totals of 190 and 380 wires, and for ﬂ =6 and 8mm, and
provides an indication of the improvements obtainable.. The figures for 190 -
wires are experimental results, while those’fGr 380 wires are the result of

the calculations employing a gaussian charge distribution.

N 1190 380
h (mm)

6 10.5 5
-8 8.5 3

~

Table 16. Differential Nonlinearity, (%), for a
total number of wires, N , of 190 and 380,
and for h =6 and 8mm.

It is more difficult to draw-conclusions from calculations involving
the subdivided grids, because of disagreement between the predicted -

differential nonlinearity and that observed. This presumably arises because

a gaussian charge distribution has been employed, rather than the real one
(see Chapter 6). |

Further work on this subject is required in order to find out whether
further reduction of the nonlinearity of the subdivided GD cathode is |
feasible. Such work is certainly justified in view of the potentially good

resolution.
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CHAPTER 11

CONCLUDING REMARKS

i)  Summary of Results

The results of the work reported in this thesis are such as to leave
several pathways to be explored, in attempts to improve the position-
sensing éapability of the MWPC. The programme has partially achieved
its initial objective, in showing that with further study it méy'be possible
to exploit angular localisation for position sensing; however, the addit-
ional developments méﬂe in the field of readout methods could prove more
significant, In this section, the major results of this work will be
briefly recalled.

Angular Localisation. To begin with, observations were made which

confirmed the presence and expected extent of angular localisation effects.
Measﬁrements of signal modulation firstly showed rough quéntitative agree-
aent with predictions®! (e.g. the dependence upon processing time constant),
- »nd secondly exposed the interesting effect of non-proportionality on the
ccllected charge, which occurs when the electron cloud divides between two
wires., Comparison between shaped pulse zero-cross time predictions and.
measurements also produced satisfactory agreement, except in respect of the
zero-cross time of the shafed pulses from the plain cathode grids.
These did not behave as expected, and were also in conflict with correspon-
ding measurements of pulse height ratios. However, the cqnclusion could
be drawn that angular localisation effects were present to roughly thé
expected degfee.

Measurements performed with RC lines, which appear to have been.the
first attempt to exploit angular localisation by use of a transmission line,
showed that these effects can actually be detrimental to‘detecfor perfor-

mance. While this is disappointing, it is useful information for any
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future work with RC lines, The importance of these effects appears to
depend upon the relationship between the charge collection time, t. s
and the line diffusion time constant, RC/w2: to minimise these detri-
mental effects, the relationship must bel00 t <<RC/72. (In fact, the
requirement is that themmajor part of the pulse development should occur
in a time much shorter than RC/72, but the definition of."major part" is
of necessity arbitrary, and it is therefore convénient to retain the -
rather severe condition given above.) Thus it should be that for larger
detectors with larger values of resistance fﬁén at present, such effects 
are negligible, so allowing proper exploitation of angular localisation.
.The true position-sensing potential of angular localisation was
demqnstrated by detailed examination using a high-sensitivity electrode,
when a position-sensitivity of more than 0.3 was achieved without optimi-
sation of processing time constant.

New Methods of Position Encoding. Two ‘position encoding systems,

hitherto untried in MWPCs and possessing superior noise perfdrmance to that
of RC line 'systems, were investigated, with encouraging results. Although
both suffer from some nonlinearity, neither is afflicted with the detri-
mental effects of angular localisation experienced by the RC line.

The CR line method is an extension of one already developed for micro-
channel plate cameras?%, and has been shown to have the advantages of much
reduced thermal noise and good local linearity. The nonlinearity which
does exist is a systematic variation over large distances, énd is by no
means prohibitive. However, as yet the physical structure is rather un-
wieldy, although this problem may be overcome in the future.

The graded-density (GD) catﬁodes are cheap and simple to construct, and
also show good 5patia1 resolution, Both the undivided and subdivided
forms have been investigated, and the genefal principles'whereby lihearity

may be improved (increasing the induced charge spread and reducing the
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cathode wire pitch) have been demonstrated. In the present forms, local
readout linearity is poor, and a certainramount of resistive mnoise exists;
but results indicate that these problems may be at least partially overcome.

The two-section subdivided GD cathode, acting as a series capacitance
line, can have its grad}pg adjusted so as to compensate for the nonlinearity
associated with its line behaviour. rkIt is possible to construct such a
cathode giving a very low noise charge (240 elect;ons rms has been obtained).

The very good spatial resolution obtainable with these devices may
prove to outweigh the disadvantage of increa;éa image Processing:for removal
of nonlinearities, especially in vieﬁ of the more stringent requirements of
future detectors. These developments, then, are rather important, and well
worth further study.

Drift and Diffusion. In addition to the above measurements, a study

of the diffusion experienced by an electron cloud during its drift towards
the anode yielded results which were in satisfactory agreement with theory.
-Ihwever, examination of the resulting interpolation between anode wires

.

‘Tovealed an effect which improves linearity, beyond that expected from the

. diffusion, by an amount which is independent of the diffusion occurring.

This discovery remains puzzling, although it is possible that the effect is
associated with the initiation of secondary avalanches by ultra-violet

photons.

ii) Performance Evaluation

This section discusses the spatial resolution and linearity capabilities

. of the argon IPC, in the light of the results gained from the work reported

here, especially that recorded in Part III.

_Comparison of Readout Methods. The performance characteristics of* the

various position readout methods examined in this work are compared with

those of an RC line in.Table 17. The spatial uncertainty has been
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NOISE, RESOLUTION AND LINEARITY FOR

VARIOUS READOUT METHODS (9.5 cm DETECTOR)

Readout Method g”* (electrons,rms) Ax. (ym.pC) 'Nonlinearity (%)

BIPOLAR UNIPOLAR value at rms * 6 6
edge centre value

* % *%

RC (250 kD) 1750 1270* 38.5 27.2 29.5 2.1 <0.7
(36.5) (25.8) (27.9)
CR 600 440 13.4 9.5 10.2 9.2 0.30
(500) (360) (12.7) (9.0) (9.7)
GD (single) 630 460 14.0 14.0 14.0 11 0.33
(500) (360)
GD (double) - 0.47
(unccrrected) 400 360 10.9 10.9 10.9
GD (double) (260) (190) 21 0.23
(corrected)
GD (double) 330 240 7.3 6.9 7.0 - 0.34
(low-loss) (260) (190)
Tab]l*. 77. Comparison of noise, resolution and linearity for the
various readout methods examined in Part III. q is
the equivalent noise charge, e is the (maximum)

i differential nonlinearity and 6 is the integral non-
linearity, taken over the central 67% of the electrode
width. For further discussion, see text.

Notes, rms resolution taken over entire electrode width,

from the work of Fraser et al.®°

estimate.
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quantified by the parameF?r éx.qo , the product of the front-end electro-
nic contribution to the uncertainty (with unipolar shaping) and the anode
charge level, and is given for the cases oflcharge injection at the elec-
trodée edge and at its centre, and as an rms value. The figures for
bx.q in brackets refef‘the RC and CR 1line figures to a detector length
of 9.0 cm, the figures for 9.5 cm being ‘inferred from these, The equiva-
lent noise charges are measured values, with_theAiheoretical values in
brackets, and are given in electrons (rms) for both kinds 6f pulse shaping
cdnsidered here. ' |

The three values of Ax.q, for each electrode show the effect of the
relevént correlation coefficients, Tp for examﬁle, although the CR line
has a larger value of Q. than the two-section GD grid (lossy version),
it givés a smaller value of Ax.q at x = 0.5 . For this table, the

experimentally-determined values of T have been employed,rather than

ab
those expected.

Comparison of the rms values of Ax.do shows that of these parti-
cular grids, the resolution obtainable with the CR cathode is inferior only
to that of the low-loss yersion of the two-section GD cathode, while the
differential nonlinearity of the former is only bettered by that of the RC
line. As already pointed out, however, the choice of readout system
depends on the constraints and requirements of the particular experiment.
It must be also emphasised that Table 17 refers to the specific electrodes

examined here, and must serve only as a guide.

Nonlinearity. It is useful to make some observations concerning the

definitions of integral and differential nonlinearities as used here.

An important point to note is that whereas the integral nonlinearity, 8§ ,

is an rms value (over a certain portion of the detector length), the differ-
ential hénlinearity, € , is a maximum value, based on the worst: deviation
figures (this definition appears to be that employed by Radeka and Boie®7).

It is felt that a better way of assessing the performance of the whole
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grid would be to quote th? differential nonlinearity'as as an rms value

(the rms deviation of the function dx/dQ(x) from its mean value). - However,

a complete conception of the nonlinearity can only be gained by observing

the entire function, as, for instance, in the photographs already shqwn.

The differential nonlinearity is the more demanding.figure of merit of the

two: it may be thought of as being associated with the fluctuations of the

deviation of the position calibration function, h(x) , from its mean value
5 . It is thus a second-order differential, rather than a first-order

one, and is therefore a more sensitive paraméfer.

Detector Scaling. Some attempt was made, in Chapter 8, to assess

the éffects of increasing detector size upon effective load capacity, Ce .
It is more advisable to consider specific cases than to apply -any genera-
liscd rules, in view of the number of variaBles concerned. The particular
relationship applicable to the readout methods examined here is that given
in appendix 1, equation (Al.11); which may be used -to examine eitﬁer CR or

) ~athode scaling properties:

C, =C; coth YN vp(1 + 1/4) .

As detector size increases, the available resolution and linearity both
tend fo degiade. It is possible to maintain either quantity at some cost
to the other; for instance, Cz/C may be held fixed (where Cz = C /N)

to preserve linearity (see Chapter 8), but if this occurs Ce will inevi-
tably increase. ”Conversely, if Ce is held fixed by adjustment of C,
and N, the ratio C2/C must fall, as detector size increases.

If it is decided to accept a degree of nonlinearity in order to main-
tain the resolution performance, one is ultimately faced with the dependence
of spatial resolution on sensitivity (see expressions (30) and (32),
Chapter 7); furthermore, as Cl is decreased the signal charges qp and
q fall, reducing the signal-to-noise ratio even if Ce can be maintained

at a low value.
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jii) Specimen Resolution Performance

—

Conditions. We shall consider in this section the hypothetical case
of a MWPC of the present design equipped with low—los§ two-section GD
cathodes, and examine the various factors influencing the spatial resdlutién.
In the investigations so far carried out it has not been possible to vary
the X-ray energy; and it would bé interesting to examine how energy varia-
tion affects resolution. The various contributions to spatial unﬁer—-
tainty are given in Table 18, together with the conditions whiéh produce
them. It has been assumed that the mean energy required to produce one

ion pair is 30 eV .

Table 18. Contributions to Spatial Uncertainty.

Contributions in um (rms) ; energy in keV.

02 =0'2*_2.”0_2_"02
ToTAL ~ %p * %D ¥ % 7 °r

28.3 E123 (see Chapter 7 and reference 107) ;

~ Photoelectron range: cp

.+ Centroid jitter: o] 73/VE ; Electronic (front-end) : gy = 20.7/E ;

b

 Electronic (divider): oL

30 (constant)

Conditions: P50 gas; d

25mm ; h = 61mnj q, = 240 electrons rms ;Ta =1us;

unipolar shapingj charge conversion = 1/3 pC/keV.

Energy Range. ~ The faétors which limit the useful energy range of a
MWPC are fhe window lower transmission limit ( ~ 0.1 keV) and the worsening
efficiency and image blurring at higher enérgies (2-3 keV). However, we
shall examine here the range 0.1 to 6 keV, assuming that the electronic unité
have sufficient dynamic range to deal with this.

The absorption efficiency for 25mm of P50 gas falls from 100% at

0.1keV to about 19% at 3.2 keV, the argon K-edge; at higher energies the
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~efficiency improves (to 8§% just above 3.2 keV) as K-shell absofption
occurs, but falls again to 20% at 6 keV. ‘ .

Associated with efficiency is a much more severe limitation on the
maximum X-ray energy: thi$ is the image blurring of an inclined X-ray
beam. Higher-energy X-rays have a large mean absorption depth, so that .
the rms fluctuatioﬁ in this is also largé. In turn, the fluctuation in
absorption depth causes a fluctuation in mean position, when the X-ray
beam is inclined. For example, in the present case, the rms fluctuation
in the absorption depth for 1.5 keV X-rays i; about 6mm; so for an X-ray
Beam inclined at 6° to the normal (a worst case for present minor

designs:‘w’”1

), the associated rms spatial uncertainty is 610 um! This,
then, ;ets an upper limit to the useful energy range of the detector, when
used, fof example, with X-ray telescopes; despite this, we shall continue
the disenssion for energies up to 6 keV, which may be of interest in appli-
cagio@%(?here parallel X-ray beams are used.

ded

~;§§§¢u$sion. Figure 70 shows the various contributions to spatial

uﬁ;értginty, for a vertical beam of X-rays. The front-end electronic
cqﬁtribu;ion is based on the vglue given in Table 17 for the low-loss cathode,
for a source location at the eiectrode centre, and all other contributions
are as listéd in Table 18. The photoelectron range contribution o_ has
been calculated by weighting the contributions expected for argon and me;
thane according to the relative absorption efficiencies of the two gases.

An interesting effect occurs above 3.2 keV: the spatial resolution
improves, because of the presence of two photoelectrons (see Chapter 7,
where a fuller explanation is given). It should be possible to test this
by means of a 55Fe X-ray source, by examining firstly the:photopeak events,
of which most should show this behaviour (5.9 keV), and secondly escape
peak events (2.7 keV), which should show a poorer resolution. Future work

may include this test.
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Figure 70 Spatial uncertainty as a function of X-ray energy for an argon/
methane-filled IPC having electrodes of size 9.5 cm . The

particular conditions are given in the text and Table 18.
The various contributions are labelled as in Table 18; the
effect of blurring due to inclined entry has not been included.
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It must be stressed that figure 70 shows a projected performance,
and is in some ways based on optimistic assumptions. - Nonetheless, it does
indicate how small the electronic contribution to spatial uncertainty has

been made, for this size of detector.

iv) Future Work

This section points out some subjects for future investigation, which
may be divided into three categories: particular probleﬁs encountered to

date; proposed extension of this programme; and associated work in other

programmes.
Outstanding Problems. There are three puzzling results of this
work which have not yet been explained. The first of these is the disa-

greement between predictions of avalanche angular spread made from pulse
height ratios and those made from bipolar signal zero-cross times (see Table
6, Chapter 5).-- It appe;rs that this may be associated with the large
. *telectric constant of the anode substrates. This is a view which is
jgﬁupported by the obsefvation of the peculiar up-down asymmetry déscribed
T.in Chapter 5, and by a more recent measurement which indicates that the
cathode pulse crossover time increases as the source is moved along the
anode wire direction, towards the substrate.
The second problem which requires further study is the discrebancy
between the sizes of the electron charge cloud inferred by the two methods
described in Chapter 6 (see figures 41 and 42 there).' It may be that a
further study of secondary avalanches will throw some light on thié'sub—
ject:.perhaps gas mixtures with lower quenching powef can be examined.
Finally, there remains the problem of the correlation coefficient of
the two-section GD cathodes. It is difficult to see how either the
results or the predictions could be wrong, but is suggested that a simula-

tion with a scaled-up capacity values, leading to the same expected Tob
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value, is examined. This would indicate whether stray capacities, for

instance, are having an effect.

Aims of the Present Programme. It is intended to continue the present
research programme, with two aims in particular. The first is to re-
examine the subject of angular localisation. By use of GD or CR cathodes,
it should be possible’ to observe some interpolation between anode wires
(see Chapter 5), and it is hoped-to examine the case where long time con-
stants (5 -10 us) are used. There should be more success this time than
with the previous RC line investigation. B

The second aim is. to examine more closely the btehaviour of the GD cath-
odes.- In particular, attention will be paid to construction probléms
(e.g. of low-loss grids) to smaller wire pitches for improved linearity, and
to theoretical and practical considerations of further subdivision, with a
view to oﬁ£;ining an optimum noise performance.

SuL§%§iary work will include some attempts to confirm the existing
models fof photoeleétrqn range in argon-methane miitures, by use of a high-
sensitivity electrode (Chapter 6), at Soft X-ray energies (1 -6 keV),
Besides this, it is hoped that a more compact structure for the CR line can
be designed, for use in systems where good local linearity is required, and
further work is also recommended to examine large-size CR line structureé

- for resolution -and linearity.

Associated and Other Work. Development of a Xenonvfilled IPC, such

as that under development in this Department -’"3

, is expected to result in
the reduction of the problem of image blurring, and should also reduce the
photoelectron range contribution to spatial uncertainty. Such chambers
are suited to higher-energy observations, and will undoubtedly succeed the

- argon-filled type in applications where X-rays approach the chamber at

“-- large incident angles.

The work which has already begun in this Department on GD readout for
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microchannel plate cameras is expected to continue, concentrating on
linearity and resolution as usual, but also on some problems particular
to this type of system (e.g. certain effects of the field around the grids).

113,115 will be made.

Experimental comparison between this and other systems
Finally, while some attempt to measure photoelectron range may be
made as the present work continues, a systematic study of this subject

(with particular reference to counter gases) by more suitable techniques

would be welcome.
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APPENDIX 1

SUMMARY OF CR LINE THEORY

i) Filter Network

Although the CR line has been previously dealt with by considering
it to possess uniformly-distributed paramete:sllo, the case of N sections
of lumped parameters, where N is large, is a truer representation of the
physical line described in Chapter 8. The case of discrete components
may be dealt with by filter network theory, a treatment which is simpler
than the line approach.

The CR line, then, may be represented by N w-sections, each of the
form shown in figure Al; the line is terminated by a load =z . From

T

standard filter network theory, the following results may be obtained:

a) The input impedance of

the line is ' Zy Fig.Al
—— f
zncosh YN + z. sinh YN
szinh YN + zkcosh YN
where 1z, is the line character-

k
istic impedance z, = zllv'p(l +p/4)

if p = zl/z2 , and Y is the line propogation constant, given by

coshy=1 + p/2 .

b) If the line is shorted, z..= 0 and

T
2N = %k tanh YN (Al1.1)
c) If iT is the current in the (short-circuit) termination and
i is the current input to the line, then

IN -

ip = 1IN/cosh,YN (A1.2)
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ii) Position Signal

Suppose now that a current i is injected at the node between
the sections n and (n + 1) . The current will divide in accordance

with the impedances seen in each direction, 2z, and z as follows

L R’

(see figure A2):
i = 1zR/(zL + ZR) ; ip = 1zL/(zL + zR) ,

wherey from equation (Al.1), 2y = 2y tanh yn - Fnd 2p = 24

| *' | i iR
b 1 n N-n (.= 2, ZRr
Fig A2

-The currents in the terminations éfe, from equation (Al.2),

i, = 1L/cosh Yn and iger = 1R/cosh Y(N - n)

Tﬁqse three pairs of expressions may be manipulated to give

. i .
. 4. _ Sinh YN(1 -x) N+1 _ sinh yNx
1/ = =mmaw and == SN

e e

where "x = n/N . If now the position signal is chosen to be

Q=1 /(io +1i. ) , we can write

Q = sinh YNx/[sinh YN(1 - x) + sinh yNx] . (A1.3)

iii) Position Signal for the CR Line

Now it is necessary to particularise for the case of the CR line.

Here the m-section is as shown in figure A3, with C, = ch and

1
a-= (C/C‘Z)/zZ as in Chapter 8, and with C, = C/N .

tanh YN - n).
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Now since p = zl/z2 ,

l/sC1

|
= LA

1 + sT

i.e. p= E?TE;7E;T s | Fqg.‘¥3

where T = CR .
2 1

and s 1is the complex frequency, as employed in Laplace Transform analysis

(s = jw here). Replacing C1 and C2 appropriately,

[y

a2
P=—(1+1/sT1) , (Al1.4)
N2 . .

- and also Tt = C/G-, since G = N/R1 . Because the frequencies of
inierest are usually such that st>>1 , i.e. Ta-<<r where Ta is the
processing time constant, we can say that p<<1l , since it is usual that

a2 << N2 ., Also, since coshy= 1 + p/2 , we can say y = vP , so that

-

)}
Yy =a/f (1 + 1/51)/2 (A1.5)
To a first-order approximation, then, YN = a , so that
Q = sinh ax/[sinh a(l -x) + sinh ax]

Not2 also that we can write the expression for i as:

N+1

IN+1 _ N+ _ sinh ax
i " q sinh a ’

yielding the expression (35) given in Chaptér 8.

iv) Electronic Noise

The electronic noise is determined by the preamplifier loading, so
that here we need to find Zyy 0 tO predict the noise charge.

Now since p<<1 , we can write z, = zl/vg',‘and so
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Z

ZyN —E-tanh a(l + 1/2s71) ,
e
taking Y from equation (Al.5). We can also substitute for p from
equation (Al.4):
2N = (l/sql)(N/a)(l - 1/2st).tanh a(l + 1/251)' (Al.6)
(remember that st>>1) . Now

[tanh a + tanh a/2st] .
[1 + tanh a.tanh a/2s7] ?

[N

tanh a(l + 1/2s1) =

since a <<2st , we have

n

tanh a(l + 1/2sT1) (tanh a + a/2st)(1 - [a/2sT]tanh a) T

R

tanh a + a/2st(l - tanhZa)

13

tanh a + [a/2st]sech?a

‘Suhetitution of this expression into equation (Al.6) gives, after some

At pulation,

N
2

iy = 1/sCa {tanh a + (1/2s1) (&= sinh-a cosh a}}’

cosh?a
i:e-5ZIN - tzghaa _ 1 ) sinh 2a - 2a , (AL.7)
L 452C21a coshZa
~f;guin ignoring terms in (1/2st)2. Here Cl'has been replaced by NCl.
If we now regard z;y s a parallel combination of a resistance Re
and a capacitance C, » we can write
= - _ <2p2c2
21N Re(l sReCe)/(l s ReCe) ,
or, provided sReCe >>1 ,
- _ 2p2c2
ZIN l/sCe 1/s ReCe . (A1.8)

Setting--(Al.7) and (Al.8) equal, we can say that

Ce = Cl.a/tanh a
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and R =4 a sinh? a
n e G° (sinh 2a - 2a) '

using T = C/G and aZ? = (C/Cz) . These two equations are equations

(36) in Chapter 8.

v) Correlation Coefficient

For calculation of the correlation coefficient Ty o the model is
simplified by ignoring the effect of resistance. Again, the line has
effective short-circuit terminations. We recall here that if YT& is

the line transfer admittance (giving the current at one end of the line resulting
from a voltage signal at the other), we can write

zINYTR = 1/cosh W s (A1.9)

and since the effect of resistance is ignofed, we may say that
2oy = 1/5C,_ and Ypp = SCpp » defining €, and Cpp .

- It is assumed that the dominant noise in the system comes from the

f?racitively-loaded-preamplifier;—-» The system is representedmin~"

figure A4, where'vnl - and TV, -are the noise-sources; and are uncorrela-

ted (vn.lvn2 = 0)

.Co

|
Té’

Vhf&i ghn -CHR V2

Fig.A4
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If Vij represents generally the voltage output at i due to a

noise source at j , we have

1/C.
vV ELL -v.. =0
4 v ]
11 1/Cin + 1/C°J ni
because the preampiifieg“input is a virtual earth. If, as is usual,
Cin >> C0 , then
v11 = ancin/Co ;
we also have
Viz = = VpaClrr/Co
Hence,
Ve =V Ve T O Cin t Vi B/ ;
and similarly, N
Vo = (VpoCin ~ Vi CrRY/Co

Tho products':v% and " v;v,; can now be formed, bearing in mind that
- = L. 2_= 2. - 2 . . s s .
V1 Vn2 0 and wr1;1ng ViE Vel T Ve, (identical preamplifiers):
2 2
:/; = V_z. Ei_n_.:_c;rB. and vv = - 2;—2 Ei‘_lﬁm
1 n 2 172 n C
C o
0
— 2C. C
Thus, T = (v,v )/vz = _M ,
12 12 n (CZ +C2 )
A in TTR
so that, by use of equatibn (A1.9), we find
r,, = - 2 cosh YN/(1 + cosh® YN) .  (Al.10)

The value of Y is available through cosh Y= 1 + p/2 , where, in this
- case, p = C,/C, , having set .z; = 1/sC; and Z, = 1/sC, . The expression

(A1.10) is valid for all values of N : in particular, we note that the

cases N=1 and N = 2 refer to the undivided and two-section GD
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cathodes respectively. Expression (41), in Chapter 9, is equation -

(A1.10) rewritten for N =1 .

vi) Load Capacity

The quantity Cin » the line input capacity, is obviously the same

thing as the effective load capacity, Ce . Now from equation (Al.1)

above, we find, by substituting for Zy that
zrN.= 2, tanh YN/Yp(1' + p/4) -,
so that | Ce = Cin = Cl.coth YN.Vp(1 + p/4) (A1.11)

which enables us to find the effective load for any N and P -

Examples: = a) the CR line.
Using the same approximations made in section (iii) above, namely,

YN = 2 and a2 <<N? , and recognising that in this case C, = N.C

2
and - szwa/N , we find that
C, = C,.coth a.’p
ignoring p?. because .p = a2/N2 . This expression may be rearranged

inte itz form already derived.

b) GD cathode (undivided).

Here N =1 , and using coshy=1 + p/2 ,
Ce = Cl(l + p/2)'=C1 + C2/2 s
or in the terminology of Chapter 9,

Ce = Cc + C/2 .
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APPENDIX 2
 THE EFFECTS OF RESISTIVE AND CAPACITIVE

'LOADING ON PREAMPLIFIER NOISE

In Appendix 1 it was shown that the capacitive line (see Chapter 8)
could be represented by a parallel combination of resistance and capacity;
and indeed the graded-density cathode discussed in Chapters 9 and 10 may
be similarly represented. A simple treatment of prcamplifier noise,

- showing the effects of such a load, will nowpcc given. Note taat this
treatment does not consider FET flicker nbise; nor the contribution of
thermal roise from the FET by the gate-source capacitance (see”comments at

the end of this appendix).

Current Generator

— Fg"— fittr - ampifier
A Jl>_ J—; Hlj) 71—
TR IR T

. ! |

Firstly, we consider the load as a current génerator. For the sake

of simplicity, the load capacity and resistance here are incorporated into
a total input impedance;, itself a parallel combination of a resistance

R, and a capacity, C_ . In the case of the current generator, C

t t t

is effectively shorted out because the point A is a virtual ground.

dii is the mean square thermal noise current generated by Rt . Thus

-9 . _
d;n'-° (2kTe/ﬂRt)dm ,

where k 1is Boltzmann's. constant and Te is the absolute temperature.

The mean square voltage across C is the same as dv2 , the preamplifier

- output mean square voltage, so that



— 2T, 12

2 - < _4

dv R wC ) duw
t (o]

The resultant filter amplifier output is then given by

-]

= _1 1 *T Jl HGw) |2d0

Yo Txr ez TRy T
S 0-- - .0
so that -
2KkT :
2 1 . e 1. . B
aj = A_z TR, [‘52 |H(Gw) |2dw , » (A2.1)-
S o

4

where As is the peak height of the filter step response, H(jw) is

the filter transfer function and q; is the preamplifier noise associated

with the resistive load.

Voltage Generator

—Q_l>——f— Hlj) _T—
dv2
|

In this case, we assume that l/mCt <<R£ , SO that we can make an

approximation by ignoring Rt . In this_case, then,

— 1/c, "2._2_
dvy = {(1/ct " 1/c0)} dv ’

o,

— 2kT
where_.&?i = _7FE' Rn<dm . Manipulation of these expressions shows
that
-]
2 1 KT, 2 ' 2 |
q, = A_2' —R_Cy I [H(jw) |? dw . (A2.2)
s

o
where q, is the preamplifier noise associated with the capacitive

component of the load.-

i

225



‘Bipolar Shaping. The specific filter-amplifier transfer functions
must now be considered. If a bipolar filter network is used, then
' . 2 1Ty
H(jw) = [jm 2‘01/1. ] .[ju)‘;-i- ?/T ) _‘ A )
. o a a’ -
so that -
(wT )"
[HGw) |2 =

(1+ (wr)?)3

This. allows us to perform the integrals contained in expressions (A2.1) |

and (A2.2), which give

q2_ 1 Zmé {w Tﬂ_ ' (A2.3)
1 a2 ™ 16 Rt
s
and ‘2 N
2 1 2kT Rn Ct 3n 2.4
q2 A2 ) L T * 16 '
s

By applicatiea of standard Laplace transform techniques, the step function

.respons¢ of the bipolar filter can be shown to be As = 0.231.
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Unipolar Shaping. In the case of-the unipolar filter,- the system.-.:

transfer function is

. jw 1/Ta
H(jw) = [jw + llTa] [jw n 1/Ta] ’

so that
(uT )2
[HGw) |2 = —

(1 + (uT)?)?

The integrals may this time be performed to give:

q2 -1 2kT, [1 13_] 7(A2 sj
1 A2 T 4. Rt » :
S
and 2
2 1 2kTe Rn Ct -
s a

| .
For the unipolar filter, AS is found to be 0.368 .
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Discussion. It is to be remembered that the quantities R_ and y

t

Ct occurring in expressions (A2.3) to (A2.6) are not simply the equiva-
lent load values. They incorporate also resistive and capacitive
parameters associated with the input of the preamplifier; for instance,

Ct = Ce + Ci + Co s

where Ci is the total input capacitance, and Co the feedback

capacitance, of the particular type of preamplifier. Similarly,

.

-1 _ -1
Rt = Re + (l/Rb + eIG/ZkTe) s

where Rb is the total (shunt) value of all resistors coﬁnected to the

input terminal, and the final term represents thé shot-noise in the FET

gate leakage current, IG . Besides these, the current generator

ré;resc:tétion shouid also include aﬁother-term, due to the transfer of

thermal noise ;nto’the'géte circuit via the gate-source Eapacity; Cgs
119

and having a value of about Rh.Cgs.wZ/S . However, because of the

presence of the factor w? , this term inay be more conveniently written

into the voltage-generator set of expressions, which is why it h;s not
been inclydgd in the expression for Rt above,

- One final noise contribution is that of the FET flicker noise;.at
present,hfew theoretical treatments appear to be available, and an
empirical approach is therefore useful. The flicker noise may be thoﬁght

of as édding to the value of Rn ‘(which itself represents the FET channel

. thermal noise),;so that one may substitute a term such as Rn + F/w for

R in the noise expressions, where F is to be determined from experi--

P

ment. When all these factors are considered, the following expressions

are found:



2 1 2kTe 3 Rn 2 ) - Ta 1,
T 0.2snz T T, Gt M/3CGI rer_ tafG | (27
~ (BIPOLAR CASE)
and ‘
2 1 el Ba 2 2 7 Ta 1 2 ”
T 0.368)2 " 1% imt +1/3C) *z‘fz*‘;l’ct , (A2.8)

(UNIPOLAR CASE)

where the parameters Rn s Cgs » F and all the contributions to. Ct and

Rt s except C; and Re , are characteristics of the particular
preamplifier in question. The’expressions (A2.7) and (A2.8) have
. previously been developed by Mathieson et al,77, whp also give magnitudes
of the various preamplifier characteristics for the case of the Ortec .
model 118A preamplifier.

Some example figures are now given, as a rough guide to the relative

marnitudes. In many cases, Rb and I_, are such that Rt = Re .

6

- The capacities: Ggs and Ci are usually ‘about- 30 pF, while -Cb i§
usually about 1 pF. The equivalent resistor R, is of the order of a
fé& téns of ohms, while F is of the order of 50 MQ/s . The interes-
ting consequence pf these observations is that each of the three terms in
tl:e szbove expressions are of similar orders of magnitude.

The above expressions will serve to predict, with moderate accuracy,

the equivalent noise charge resulting from a particular load.
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POSITION SENSING IN A MULTIWIRE PROPORTIONAL CHAMBER
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ABSTRACT

Several aspects of X-ray position location in an imaging multiwire
proportional chamber (MWPC) are examined in this work.

Experimental confirmation is obtained of existing theoretical pre-
dictions which take into account the presence of avalanche angular loca-
lisation, An attempt is made to exploit the effects of the latter by
means of a position-encoding RC transmission line, revealing that the
variations in signal risetime caused by angular localisation are detri-
mental to linear operation of the line. Other results indicate that
successful exploitation by different means is possible.

A brief study of electron diffusion effects in MWPC's is made, giving
some agreement with predictions, but also exposing an effect which degrades
resolution and improves linearity in one sensing direction only (that per-
. pendicular to the anode wires). This effect has yet to be explained.

The series capacitance line is examined in the context of MWPC opera-
tion, and is found to offer superior spatial resolution {(though slightly
inferior linearity) to that obtainable with an RC line.

The concept of the graded-density (GD) cathode is introduced, and an
experimental study shows that the device can be fully competitive as the
encoding cathode of a MWPC. Once again, the spatial resolution is superior
to that obtained with an RC line, although some small local readout non-
linearity mars the present performance.

Finally, the cascading of two such electrodes to form a single "sub-
divided'" GD cathode is studied, In this case the cathode behaves simi-
larly to a series capacitance line, and the facility for partially compen-
sating for the resultant nonlinearity, by adjustment of the density gradings,
is demonstrated.



