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ABSTRACT

This thesis describes a study made at Durham University of a new

type of particle detector, the drift chamber. The device is a develop-

,ment.of the multiwire proportional chamber but has a superior spatial

resqlqtion and requires less electronic channels per detecting area,-

Two types of drift chamber have been built for investigating
various operating chéracteristics, and the specific design and con-
strucfibnal details of each is described.

" The main part of the work deals with an investigation into the

o behaviour of a specific gas mixture, argon + 100 methéne, with regard

to its suitability for drift chamber application. . Measurements have
been made of output'pulses, detection efficiency, spatial resolution

and electron diift velocity, and their variation with operating conditions,

including the angle of the particle trajectory to the chamber normal.

Particular emphasis has been placed on the behaviour of chambers
in strong mégnetic fieids, as this fepresents a common practical operating
condition. Test chambers with this gas mixture have been successfully
operated'using a simple compensation techhique,'on an accelerator beam
at'Dafesbury Laboratories, at ﬁagnetic fields up to 13,5kG.

Comparisons with other gas mixtures are made, using data obtained

iduring this work and the experimental and theoretical results of other

workers.

The results have indicated.that argon # 1q% methane is entirely
applicable to practical drift chamber use and its behaviour is well des-
cribed by simple theories. As an example of a practical application, the
design, construction and testing of a third type of chamber for use in a |
high energy physics experiment“involving non-uniform magnetic fields,'ié

~

described.,
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CHAPTER ONE

INTRODUCTION

" There are many areas of scientific study in which the detection
of elementary charged particles or ionising radiation forms one of the
major sources of experimental data available. This is particularly
true in high energy muclear physics and cosmic ray studies, but it
also applies to certain branches of astronomy and medical physics.
Thus‘fhe particle detector represents a powerful and versatile experi- -
'mental technique; andifhose detectors which depend oﬁ,a process of -
electron multiplicétion in a gas for their mode of operation cons-
.titute one of the largest groups of such devices.

| The subject of this thesis, the drift chamber, “is a recent
addition to this group, and it will be helpful here to discuss the
bdevélépﬁent of the device in the context of_bther detectors within

the group.

»

1e1 Classification of Gaseous Detectors

"’There afe‘many possible subdivisions of devices within this
group but probébly the most basic is that between the primary, or
continuously sensitive detectors such as the Gieger-Muller counter
44and the proportional counter; and the secondary orbtriggerable
detgctof such'és the spark chambervand thé streamer chamber, iﬂ
which the operating voltege is applied in the form of a pulse only
_ whéﬁ triggered by the passage of a particle. A11 detectors within
this group have the same basic mechanism however in that a charged

particle incident on the sensitive volume causes ionisation of the

gas of the detector. The resulting electrons are accelerated in an

electric field until they havye

jonisation within the gas an




electroﬁé gccufs. It is from this étagé thaf thé differences
between the processes in various detéctors occur. In the primary
detectors the applied electric gradients are kept relatively low
so that the electron avalanche only occurs very close to a cathode
wire, where the field becomes locally very large, and is detected
electrbnically in the form of a pulse on that wire, (In an ion-
‘

isation chamber the . field does not become large enough to induce
. any multiplicétion so that the final pulse is simply due to the
initial ionisation). In secondéry detectors the applied gradients
are much larger, (and‘hence one reason for them being pulsed is to
avoid'spurioué breakdown), causing avalanching to dccur very close
to the initial ionisation;ﬁd resulting in a visible discharge.

‘Thus in general the secondary deteétors give information on
" the p031t10n of a partlcle as it passes throuvn the sen31t1ve
volume, (the exception being the flash tube, in which the dlschaxge
is allowed to spread throughout the detector volume and many closely
packed t&fes are ;equired”td define position). This ability to
locatevthe parficle's positipn within the detector is extremely
-desirable in many instances, for example in plotting trajectories, .
determining beam profiles, and combined with magnetic fields, in
-giving a:measﬁre of particle type and energy. Furthermore, in many
applications, particularly for energy measurements, the information
obtained is dependant on the positional accuracy of the device, so
that much of detector developmenf has been directed towards'improving
this aspect of their operation.

Up until 1968 this provision of pbsitional data separated-

the secondary detectors from the continudusly sensitive devices,

which were used almost entirely in a ‘counting' mode,with positional

accuracy merely the dimensions of the detector, and were thus unsuitable

for many experimental applications.




1.2 The Multiwire Provortional Chamber

The first major step towards producing a continmuously
sensitive device which would also ﬁrovide accurate positional
information; was made in 1968 with the publication by
Charpak.et al (1) of a paper déscribing the operation of a
detector having the basic principles of the proportional counter,
.Vbuticonsisting of a plane of sense wires between two plane elec-
trodes instead_of the more usual cylindrical arrangement., This
was to be known as the multiwire proportional chambér (M.W.P.C.)
and a cross-section of guch a chamber is shown in Figure-1.1. The
céthdde plane is either a grid of wires or a metal foil and typical
: dimensibns a;e L = 5mm, S ;‘me, the seﬂse wire diameter for such
. spacing being 25 pm. The equipotentials in such a chamber are
.shown in Figure 1.2 and it can be seen that the region around the
sense wire-is.similar t§ the conditions in a cylindrical counter,
and staqdard proporfional counter behaviour can be aéhievedf That
is elect?ons from the ionisation caused by the incident particle
are accelerated towards the nearest sense wire until the field
becomes sufficiently'high to cause Townsend avalanche to occur.

Thé applied voltage is kept to such a value that the avalanche does
not saturate, so that the final numbér of ions produced (and hence
the pulse height) is proportional to the number originally formed
by the incident particle.

The novei feature of this chéﬁbef however is that each sense
wire is independent and has its own amplifier. Thus when a particle
passes through the chamber orthogonal ' to the sense wire plane,
only the nearest wire will produce a pulse and the particle%
position will be known to an accuracy of : s/2 (i.e. typically t 1mm).

These chambers soon began.to displace secohdary detectors (particularly
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spark chambers) as particle locating devices, since as well as -
providing positional information they also had several operational

advantages, three important ones being:-

i) The lack of intrinsic recovery time-results in
unimpaifed operation at high counting rates
( 105 pulses/ﬁire/sec (1)), or:in high background
environments,

ii)» The device ié continuously sensitive, and so the
need for fan triggers and high voltage pulsiﬁg
circuitry is removed:

iii) The output pulse height can be proportional to the

| energy deposited in the chamber by the initial

particle.

The spark chamber however still retained the advantage of

‘superior spatial resolution, a typical figure for wire chambers

being O.Bmm,'(depending on angle of'incidence of ‘the initial particle

(2)), and for solid electrode or 'plate'-chambers, accuracies of

~ better than 0.1mm were quoted (3). In order to compete with spark

chambers in this aspect, attempts were made to increase the accuracy
of M.W.P.C's, mainly by reducing the sense wire spacing. Chambers
with fmn wire spacing have been built and tested at N.A.L.(4),
C.E.R.N. (5), and by the author at Durhem, whilst a 'scaled' chamber
has.been built (6), with a wire spacing of 0.5mm and. all other dim-
ensions scaled down from.the standard 2mm chember, even the mean
free path of the gas molecules in the detector. Although such
chsmbers do have resolutions approaching those of spark chambers,

there are constructional problems involved in producing small sense




wire spacings, and the fact that eaéh sense wire requires its own
amplifier and associated electronics makes the cost of covering
even moderate areas prohibitive. With referénce to this latter
problem, methods of reducing the>numbers of electfonic channels
have been investigated (7),(8),.invoiving the use of délay lines,
Othér nethods éf improving the resolution of M.W.P.C.'s have

included the following techniques:-

i) The application of the Qelay;line principle to . .

| determine tﬁe coordinafé.along the anode wire (9)

ii) The ﬁse of elecﬁronegative gases to restrict the
isensifive volume of the detectors to-a region close
to each sense wire (10), (11). v

iii) The fact that the initial electrons formed take a

finite time to reach the sense wire-depending on how

far they have travelled.

- It is this third technique which forms thé-basié principle

of the drift chamber.

1.3 The Drifit Chamber.

It was noted in the original work on_M.W.P.C's (1), that the
'tiﬁe of arrival of an aﬁalanche at the sense wire varied with the
distance of the inifial ionisation from tha? wire, This was

" referred to as tﬁme‘jitterJ and was largely considered merely as the
féctor which limited the time resolution of the device. Even at
thié stage however, it was realised that this effect might be of
some.falue; to quote from.Charpak's paper (1) 'The variation in the

delay with the distance from the wire may be exploited to give the




position of the particles between the wires'

This led to the development of a chamber which depended on
. this variation in time (the electron drift time) for its operation,
and the first such chamber was described by Bressani et al (12),
and later by Charpak gt al (13). Figure 133 shoWs-a section of
the chamber, this being a2 standard M.W.P.C. to which a drift region
has been added. A particle passing through the system causes a
zéro time pulse from the scinfillator S, and produces jonisation
along its path. The resulting elecfrons drift in the electric field

maintained by the anode A3,'pass through the grid A,, and are then )

o
detected in the M.W.P.C. region in the normal manner. The time
'befweén the zero time pulse and the pulge from the M.W.P.C. is
‘méésured and from this the position of the initial pagficle may be
caiqulated,'assuming that the arift velocity of electrons is known
for the appropriate conditions., The gas used in this first chamber
was 97% Argon_— %% Propane, and spatial resolutions of between

t O.1mm and i.O.me were -quoted,

Although this type of design was}utilised'in some experiﬁental
deteétors (see Chaptef 8); a differentnbasic design was developed.by
»a_groﬁp from Heidelburg (14) which has had more widespread application, .
In fhis design the structure of a standerd M.W.P.C. is retained (see
figure 1.1) but the separation of the sénse.wires.is increased by a
1arge factﬁr (usuélly:>10),vthus reducing the number of electronic
channels required to cover a given area. The location of é particle
as it passes through the chamber is detgrmined from the drift time of
the ionisation electrons to thé nearest sense wire,and the address of

that wire. Gases used in preliminary tests were 90% Argon-10f% Methane,

and pure ethylene, resolutions of O,2mm being quoted.
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Suchvchambers as these howevet, have a major disadvantage
in that the electric field in which the electrons drift is non-
uniform, and is in fact zero midway between adjacent sense wires.
Curve'A on figore 1.4 shows the relative field for a hypothetical
chamber with S = 48mm, and L = 6mm. Since the drift velocity of

electrons is in general a function of the electric field, partic-

‘ularly at low field values, this would seriously complicate the

performance of the detector, and to rectify this the Heidelburg
group introduced a 'potential wire' midway between the sense wires

and maintained at the cathode voltage. This produces the field

shown by curve B on figure. 1.4, from which it can be seen that

whilst the zero field region has been suppressed, there still exists
and extensive non-uniform field region. Methods for compensating
for this region involved either careful choice of gas, application of

non—linear electronic timing systems (15), or modifications in the

" data analysis (16),

In order. to increaso the drift field uniformity further, a
chamber was designed at C.E.R.N. (15) in which the cathode plane
consisted of wires parallel to the sense wire plane and held at
increasing negative potentials out from the sense wire to a maximm
-above the potential wire. A section through such a chember is shown
in figure 1.5 and the systém results in a controllable, relatively
uniform field, as-:shown by curve C on figure 1.4. The effect ot

removing the potential wire is shown by curve D, It should be noted

here that the curves of figure 1.4 are intended to indicate general

effects rather than precise field values, as they vere obtained by
assuming unrealistic H.T. values, (17), and more accurate values for

fields in drift chembers will be calculated in chapter 4.
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4These‘adjustab1e field drift chambers (A.F.D.C.) have

| recently been extensively developed, particularly at C.E.R.N. and
herg'at Durham, because of their potentially high spatial resolution,
their construétional similarity with standard M.W;P.C's, and their
versatility, the basic design allowing for variation of drift field,
 sense wire sepérgtion and a simple method of COmfensating for the
effects of strong mggnetic fields. It is this-type of cﬁamber which

provides the subject of study for this thesis,

1.4 Pfesent Work .
The present stﬁdy of drift chambers was instigated for several -

reasons. At the time of starting the work, although many drift

chambers had already been built and even used in expefiménts, there

- was a lack of detailed results or theories concerning the various

processes which were involved ip their operation;’ It was felt that

‘ .réséarch in this area was neededlboth for the understanding.of

existing detectors, and to aid the development of future devices..

"~ Also at this time Durhem University‘were asked t; prbv&de some

speéialised'drift chambers to be used in an experiment at C.E.R.N.,

apd although the specific development of these chembers is the |

_ subject of another work (18) it wés realised that a simultaneoué

stud& of more general drift chamber properties would be of bengfit

to such development. Finally it waslthought that zny data on the

behaviour of electrons in gases unaer the influence of electric and

_maghetic fields such as would be obtained in fhis study, would be of

general interest to many workers not hecessarily connected with drift

chamber developﬁent.' For example,-a‘study of_drift chambers appears

to bé one of the most accurate.methods of determining the drift velocity -

of electrons, which is'relevantito many branches of physics.




At the beginning of this invéstigation it was decided that

- a suitable gas would have to be chosen for the major part of the

study, although the effects of various gases would be examined at

.some stage, and it was clear from the literature available at that

time that many factors were important in determining the suitability

of any gas.3 These factors will be discussed in greater detail in -

appropriete chapters, but some of the more basic. .will be listed

briefly here in the context of necessary requirements for a drift

chamber gas.

i)

ii)

iii)_-

iv)

v)

vi)

The gas mst fulfil the normal proportional chamber
requirements so as to give adequate output pulses on

the sense wire (19).

The attachment coefficient must be small enough to

allow a small numbér of electrons to drift over the_
required drift length.

Electfon drif't velocity should be high enough to avoid
long resolution times, and low enough to avoid proh-
ibitively fast electronic timing systems.

A drift.velocity thet is largely independent of
electric field, particularly'at“high fields, is en.
advantage in that it results in a linear driftitime/
4rift distance relationship over the whole chamber.
The ratio of eléctron diffusion coefficient to drift
velocity should be small, as this governs the spatial
resolution of the device due to diffusion of -the .
original drifting electrons. |

The effect of magneticAfields on the ebove pérameters

should be a minimum,
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From this list it was realised that the choice of any
-pérticulaf gas would involve some compromise, but it.became
apparent that the mixture of a noble gas (usually argon) with
certain molecular gases (such as ethylene, methane, isobutane)
possessed many advantages. Cne of the earliest such mixtures
recommended was argon'+ 10/% methane (14), ahd investigation
vshowed that this mixture was available in Engiand ready mixed

and at a very low cost. Those properties of this mixture that
B were already known seemed to indicate its possible suitability,
and it ﬁas decided‘to study in detail chambers containing this’
gas even if other more sophisticated mixtures were shown elsewhere
to 3e superior, éince if its properties.could be shéwn to be sat-
isfactpry, then its simplicity of use and price.would»make it

én attractive choice in many applications.

| Since the start of this work however, othef detailed drift

chamber étudies have been undertaken, notably at C.E.R.N. under
Professor Charpak, but their work has been concerned primarilly
‘>with chambers uéing argon—isobutane‘gas mixtures: Two~important
features of this present study then ma& be considerea as the inves-
tigation of argon/methane as a suitable drift chamber gas, and the
_comparison of the operating characteristics of such_chambers with
those ﬁsing other mixturés. | _

In order to do this, all the results preseﬁted here have been
grouped under general headings of: basic properties including out-
put pulses and'chamber efficieﬁcy; gspatial resolution; drift
velocity measurements; effects of magnetic fields. This has
hoﬁever resulted in data being presented out of temporal sequence,

and in fact data from the same series of tests being presented - -




1.

- in separate chapters, although of course the conditions under
which any particular set of data was obtained will always be

described.
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CHAPTER _TWO

CONSTRUCTION AND OPERATION OF DRIFT CHAMBERS

2.1 Introduction

As a preliminary to examining the results obtained from the
~operation of drift chambers it will be useful in this chapter to
describé some of the mechanical and electrical properties of the
chambers used 1n the tésts; This will inlclude general design con- .
siderations of our chambers and a discussion of thelelectric field
within the active volﬁme, .as this is one of thé principal factors
influencing drift chamber operation.

A brief description will aléo be given of the re thods of -
processing the basic information from the chambers i.e_a. measurement
- of the delay time of the pulse on the sense wire.

. The information in this chapter then should provide a comp-

rehensive background to the 'analysis_ of the operationsal results

presented in later chapters.

| \
2.2 Cremter Design R e -
As stated in section 1.3 it was decided to study the o ..

Adjustable Field type of drift chember as described by Charpak et al

(1), largely because of its; close constructional similarity with the
M.W.P.C. which had already been extensively stuiied at Durham (2),

a.nd in fact the first drift chambers built at Durham we're merely
| convérted M.W.P.C.'s, - It soon became apparent that there were some

practical problems involved (3)_.‘, and  that such a technique did not

represent the bestv possible design for drif t clembers: It vas

decikd therefore to design éh_a.m;bers specifically as drif t chambers,

and furthermare to standardise on those dimensions which would affect

the. performance uf the devices so that results from various chambers
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éduld be easily correlated,

Thus during the course of this study, several different
clé.mbe rs were used in various teéts, the differences however e ing
basically dnly in the design of tle suppo;'t st;c'uctl_lres: ox;'in methods
‘of making elect‘rical connections, necessary to meet any specific
‘sp.atia'l requirerents, and in all chambers the actual oonfiguration~

of the wire planes was the same,

. 2.2.1 Wiré plane conﬁguration;

| Figure 2.1 shows a section through part of the wire plares

- of one of the Durham chambers. The two outer wire plenes are of

120 um dizmeter copper berylllum wires vhich act as the H.T. or
cathode planes pmv:.dlng both the electron amplifi catlon field around
‘the sense wire and the lateral drift field throughout the rest of the
..cha.mber.- The sense wires are 20 um tungsteﬁ, g,ola plated t.facilitate
; -sol&e»ring, am in the same plane, symnetrically between tlem, are the
potential wires (120 p.m Cu/Be) whlch malntaln the unlform1ty of the
f"dmft fleld. The vnlume between two adjacent potentlal wires is
}defnmd as a unit cell of the chamber, ‘and variations in the width
of thls cell (dlstance between potential w:.res) constltuted the only
.di-f:_t‘-erence in wn'e_' conflguzjatlon be tween the various chambers used.

‘ 'fh‘us two of the clamber designs used comprised a single unit cell of
width 56 mm, and therefore a maximum drift length for e€lectrons of
28mm, whilét another was made up of many adjacent cells (i.e. having
al?tema;te sensé and potential wires in the central plane) with each
ce_l‘l"bein’g 28 mm vide. For most of the laboratory tests, the single
ce’ll‘ types of chamber were used, 'these havingvonly one sensé vire 'a.ni
fthérefore requiring only one channel of timing electronics. The
“multl—cell chambers were ‘the prototypes of the expe rimental detectors

requlred for the g~2 experirent at C.E.R.N. and were used mainly for
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--some of the.tests in the accelerator beam at the Daresbury
: Léboratory. ‘The .specific design of the sé latter chambers will be
' described more fully in Chapter 8. |

Probably the most critical dimension in the chanber, apart
from 't}e actual positioning of the sense wires is the spacing
between sense wire amd cathode plane, as this determines the
applied voltage necessary to provide a suitable electron multi-
plication field around the sense wire. As this dimension is reduwced,
the voltage required to give a fixed multiplication is also reduced,
with obvious advantages as regards spurious electrical breakdown.

At the s:;me time however, the actiye thickness of the chamber is

also reduced, with correspondi ng decrease in the average number of
ioﬁisi ngA collisi ons made by a high energy particle traversing the

_ chamber. Since the actual number of collisions is statistical in
nature, such a reduction in ‘thickness could even affect tle detection
efficiency of the device., The chosen value of 3 mm was considered a |
suitable compmmise,_resulting in an operating voltage (len) of

_ about 1.5 kV (for argon 9%, methane 10%), whilst maintaining a
theore;c’ical detection efficiency of ~ 100% (see section‘ 3.3), and
allowing a high packing demitj of chambers along a particle trajectory.

It is also important that the sense wires are posi ﬁ.oned exactly'
midway between the cathode planes, anl that the cathode separation is
accurately maintained in order to have unif;)rm electric fields .through—
out the chamber. This will be more difficult to achieve for smaller
values of cafhode éeéaratl on.

The importance of this effect was illustrated when difficulty
was experienced operating clambers in which the sense wire - cathode
plane distances were 2.8 mm and 3.2 mm (due to faulty construction)
because. internal elecfrical breakdown oécurred arourd tle sense wire

at voltages lower than the required operating voltages.
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© 24202 Mecﬁanical‘Construction

| For the laboratory tests at Durham? gene;ally using
radioactive sources, and not requiring operation between the
péle'pieces éf a magnet, a 56 mm cell wid th, single cell chamber
- was désigned and constructea to fulfill certain requirements.
The overall thidkness of the chamter was kept down to
‘ 25 mm to allow the positiqning of the source (or collimator exit)
ani zero time counfers as close as possible to thé wire planes,
' This‘was desirable in view of the range and.scattering properties
Qf the fadioacfive decay-ﬁartﬁ:Les..

The main freme of the chamber was machined from a single
A'piece of 'Perspex' so as to minimise the possibility of air lealding -
: ihtg the chamber, this having a detrimental effect on the drif ting
and'avélénching of the electrons. Also fbr»ﬁhis reaon a large flat
aréa of framngas made available for the window sealing surface. .
The windows.theﬂselves were made of "Melinex' sheet (in most cases
aluminised Melinex was used as it has useful electrical shielding
N properiies) and in order to keep tﬁé amount of's;attering méterial
in the:particle path to a minimum it was necessary o find tﬁe
minimum practical thickness of Meiinex for this application. This
was found to be 120 um, thinner material termding to crinkle along
the seal as the windows bowed out on filling the chamber with gas.
3A mofe compiex'seéling-system may have solved this:problen but it
‘was considered important that the Chambers be simply deﬁountéble
to gain access to the wire plenes. The windows were sealed down
to the frame uéing IM's double-sided pressure sensitive fape, 120 1m
thick, and this systen ﬁaé féund to be léak-tight:to-within the .
sensitivity of ﬂne‘ gas‘.flow monitors (2%) whilst still permitting

relétively Simple removal,
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T#e wire planes were positioned so és to -allow quick access
to any plané for repair purposes, ard to facilitate external
comnnections. These connections were made using specially etched
copper clad printed circuit boards and figure 2.2 shows a section
through the chamber frame illustrating the design used. As these
' chamﬁers were not to oﬁerate in magnetic fields and thus did nothl
- require tle slanting of the electric field described in Chapter 7,'
opposite wires in the top and bottom caihﬁde planes'were comnected
together (figure 2.2), as were wires equidistant from the sense wire
in each half cell,: These latter comnections wére made externally by
" means of é ribbon cable and this is seen in figure 2.3. which shows
a view of the complete chamber, |

| Also shown in'figure 2.3 are the {4 resistars of tk H.T,
distribution ngtwork.conﬁected directlj between the H.T. wire contacts;
the‘sogkef (centre) connepting to the sense wire; ~ the socket (leff)
for the H.T. supply; theeéithed;f shiel ded window; amnl the two gas
ports, |

The'position of the cathodevwires was fixed by . reference to
the prihfed'circuit connection board. This wés manufactured fo ﬁave
: i.mm copper strips with 2 mm pitch. The éathodelwires were tlen
-soldered to the cgntre of each strip, as judged b& eye. : Any slight
'ﬁariétion in position would only marginally affect the.drift field. _
The position of the sense wires however must.be known to & much :
greafer accuracy (better than 0.1 mm) with respect to somé external
reference line, as thisidirectly affects the spatial resolution of
the de&ice. In our clembers this was done by trial and error, the
© - position of eaéh sense wire being checked with a travelling miéroscoﬁe

and relocated if necessary until the required accuracy was achieved,
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Figure 2,3 - Single cell drift chamber for general

- laboratory tests.
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2.3  Application of Drift Field.

Figure 2.4 shows the method used to maintain the drift field
' within the chembers, which was achieved with a single H.T. power
supply and a resistor network. Using this system tle appiied
voltage gradient, and hence drif t'field, is varied by altering the
final resistance to earth (Ry) of tre retwork and then adjusting the

S
the sense wire is kept at a suitable value. At C.E.R.N. (4) two

supply voltage V., so that vmin’ which determines the field around

. supplies are used for this purpose. Vmin is earth potential, one
.su.pply'. f ixes a positive voltage on the sense wire and hence controls
* the :amplification field, and the o‘?ner maintains Vmax and hence the
drift fiel.d.' This disposes of the need to vary ény resistance vaiues
in ‘order to ehange the drif t field and results in lower absolute
values of vmax’ alfhough we have always found the s;'mgle supply —
w}ariable resistor method simple and effective.
In practice the value of RE was varied by moving the earth
- ‘conn‘eétion along‘ a resistor chain (seen to the left of figure 2.3)
'» ,al%heﬁgh it may have been better tt; ‘have a calibfated potentiometer
S Ao fulfll% this function., All the chambefs described here md -
'resi's‘tﬁzcr networks with RS = 10MQ, RN = 3.3."-@ and table 2.1 shows .
seme of the voltage gradients obtained with various.values qf V. and

S
RE such that vmin is maintained at approximately 1,5kV,

RE VS Vma.x Vmin ‘Voltage Gradient
M| k| KV KV V/em
25 | 4.9 | 4.3 | 1.5 995
45| 3.4 3.4 | 151 ] 555
5| 2.6 | 2.4 | 149 | 326
175 | 2.00.1.9 | 151 | 144

TABLE 2.1




Rs Safety resistor

H.T. Supply

S Vmox

 _FIG_24 Method of applying drift field
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It will be shown later however, (section 3.3) that the optimum
ope}rating volt_age Vmin depends on the magnitude of the applied
drift field; and hepce VS must bé set with reference to éfficient
operation of the chambers. It should also be noted that the
calcu;tated voltage gradient will not represent the value of the
drift field throughout the whole chember. For instarce figure

2.5 ‘shov}s .the equipotential lines fo:é half of one cell of a chamber,
calculated by a numerical Ielaxati;)n methpd, for an applied voltage

- gradient of BQO V/cm, end figure 2.6 ‘shows the value of the
'el-ectrié field along the central plané of tke chamber. From these
it can be seen that the drift field is equivalent to the voltage
gradient_ over much of the chamber, but rises in the region of thé

.- sehéé wire due to the effect of Athe‘ multiplication fiéld around it.
Tt will also be shown later (section 4.3) that the extent of this |
_non—uﬁiformily increases as the applied voltage gradient is -

' redﬁcedo | |

Other factors may affect ’ché_ drift field, for example the

| proiimity of an earthed plane to the H,T. w:Lres This occurred
durihé many of the tests, when .earthed, metallised windows weré used
to avoid -external electrical interference pmducing‘ spurious pulses,
. Such'variai_:ions in drift field have been investigatéd ‘thearetically
(5), and figure 2.7 from this reference shows the variation in field
with d, the distarce of an earthed piane from the H.T. wires for a ‘
cell of half width 25 m. In our chembers d'= 9 mm and it can be

' Aseen ;that this results in a reduction in field‘ of about 2% from the

value of the voltage gradient with no earthed plane.




FIG 2.5 Simplified plot of equipotentials for an applied field
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2.4 Drift time measurement

In order to achieve the potential optimum resolution of
drift chambers it is necessary to be able to meésuré the drift .
time -of thé electrons to a correspondingly high accuracy. Aiming
at a possible resolution of 100 pm and assuming an electron drift
veldcity in the regioh of 30 - 50 mm/p.s',ec. requires timing
resolutions Better_than-é or 3 nsec. The techniques available for

meking such measurements can be divided into 2 mein types.

2.4.1 Analogie Techniqueé
In this method the drift time is converted to a corresponding
voltage ampli‘mde, usiﬁg a commeréially availeble modnle, the time-to-
amfliﬁld.e convérter (T.A.C.). The T.A.C. works. on the principle of‘
cha'rging aAcafa'citor from a highly stable current scurce during the
time interval between the start amd stop pulse. The resulting
voltage on the capacitor is amplified, shapéd and presented at an
output socket. This is then recorded using an analogie to digital
converter (-A..D'.'C.), whichA for many of the tests, was in the form of
‘a pﬁl:s.e height analyser (P.H.A).

" The resolution of the T.A.C. is quotéd-'as better then 500psec
with a différential nonlinearity of less than 0.5%,. whilst the
resoiution of the P.H.A. dere nds on the nmnb_er of channels and ﬁe
renge being exemined. (e.g. 2 nsec for a 512 ctennel ar.aly'serllooking
at--11024 nsec or approx. 40 mm drift distance). |

| The disadvantages of the T.A.C. - A.D,C. system are that the
use of a P.H.A. virtually restricts its use to one-'sense wire at a
time (although the A.D.C. need not be in the fom cf & P.H.A.')', and
the long procéssing time (several mici‘oseéonds) needed to oonve;-t |
| the ahalogue signal. Héwever, the advantages of simplicity,A

versatility, indeperdance from computer interfacing, and the visual
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presentation of the data in the fom of a time distribution
histogram make it extremély attractive, particularly for laboratory
testé' uéing radioactive séurces and single chambefs.

The analogue system can be compressed into a single
component, a time-to~digital gonvertér (.T.D.C.) such as the CAMAC
'T.D.C.- mamufactured in various forms by LeCroy: Electronics Ltd,
‘Multi-channel T.D.C. modules are manufactured so that events
i‘esultiﬁg in output from several chambers can be readily analysed.
Long conversion times are still a disadvantage and a computer
i'nterfa‘c.e is now required to read out the data presented by the
T.D.‘C's. Neverthe-less this system was used successfully for tests
on arrayé of chembers using the accelerator beam at Daresbury
4 Laboratéry wheré CAI*IAC, small ccmputers, and T.D.C. modules were
more readily available,

TheA analogue system is not restricted to the testing of .
chambers however, a T.A.C. - A.D.C. sef-ﬁp having been used in an
_opératic;nal enviromment at Sag:_l/ajr' o lbqalise high energy particles (6).
2'4‘2. Digital Téchniques

Probébly the most suitable method of measuring drift times in
opefational chambers is one in which, in its simplest form, the zero-
'_ time (or start) pulse starts a fast clock, the pulse from the chamber
A (dr stop pulse) stops it, and the number -of clock pulses is ret::orded
via a scaler.

To achieve the necessary resolution of about 2 nsec however,
requires the clock frequency to be 500 MHz,end whilst such systexs
hove been successfully tested (7), they are likely to be expensive
and difficult to achieve. In view of this; two methods have been

devised to allow the same resolﬁtion with lower clock rates.
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One of these is 'time stretching' (8, 9) in which the drift
| time is e;ﬁpanded by a known factor before measuring it by a digital
method. This is done by discharging a capacitor for a time equal

to the drift time, at a high current i,, then allowing it to charge

1'

“back up to its original value at a low current i The charge time

5
is then i1/i2 times t_ﬁe drift time and can be measured using slower
electronics, | |

~ The other method is a vernier fechniq_ue (7), in which the
start and stop ’pulses are synchronised with the clock pul.ses by
routing thfough various delays, thus effectively subdividing the
time between .tw‘o ciock pulses.
An additionsl advantage of the digital method is that |

'variétions of drift velocity across the chamber may be compensated
for by uSiﬂg é 'non linear clock', as described by Schurlein et. al
(10-). .rThié is a technique in which the time separation of the
clockfpﬁlsés is directly linked to the drift velocity. Thus if the

| drift velod ty decreases with distance then the frequency of the

clock is‘reduced with time so that the'number of ‘clock"pyllses counted

remajlr‘é proportional to the distance drifted by the electron;,'_rather .

than to the drift time,

2.4.3 Operational Systems

It is often necessary to have, | in addition .to the basic .time v
| ‘measuring sys;cem, a supporting data -handling system, in order to
realise the full operationzl potential of a drift chamber array
. containing many sense‘w,ires. | | |

As an example of a practical drif t chamber data system,
figure 2.8 chows the princ_:iple of a "Digitmn' scineme (11), aiso
" more fully described by Verweij{7), which handle's all the data from

a set of éense wires (8 in this example). The system records the
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drift time and wire address corresponding to a paftiqular event
-and is capable of recording multi ple events within a chamber, Tﬁe
basic operation of the system is as follows. .
The start pulse activates all the time measuring.systems

(e.é. starts écalers counting clock pulses) and also enables the
first chemnnel stop line and wire number indi cator. The first stop
pulsg/fromlthe chember then, after beiﬁg amplified, shaped, and if
nééessary synchronised to the clodk pulses,. $tops the first clannel
of the measuring system, producing the'dxﬁft'time, and in parallel
sets thé wire number indicator to>recbrd the appropriaté wire, At :
the same timé it enables fhe second channel stop line and wire mumber
iﬁdicato; ready for any second stop Signél. Thus the mmber of
chiannels required is equal to the maximum expected muitiplicity, so
3 that the re méy well bé less timing~chahﬁeis than the number of sense
,.Qires, with 6bvious savings in cost. At very high e#ent?‘rates
however it méy be advanfageous to have a systgm with séparate measuring
chanﬁels on eéch wire.' The éctual timé measuring system used in these
scﬁeﬁe; may be either clock and scaier, T;A.C.-aﬁh,A.D;C., or T.D.C.,
| and the.resulting data may be'read into an independant buffer.of:vig
CAMAC into a"cﬁmputé.r. |

- In a short revieﬁ, Sauli (12) bas examined the resm ctive merits
of various systemé, includiné»those described ebove, in tenmsaof
accuracy, efficiency, and ability to deal with mu;[ﬁple event s. In
partiqulér he has compared the poténtial reéolution obtainable with
analqgﬁe and digital methods. Assuming tle timing error with an
analogue system is a fraction p of the time t, -an&';' stardard deviation
’féfié digi%éifsysteﬁ ig'é'= O;46-$,«whefé T is the clock perioa,-we..; K

- have the overall accuracy for analogue systems given. by

gh(t) = i) + ()°
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ard for digital systems by:

L
() = o’(t) + (0.461)°
where o (t) is the intrinsic standard deviation associated with

tre electron drii‘ting-.process.' Figure 2,9 shows values of 0’a and

o, plotted for various conditions, with o;' bei ng calculated from

d
experimental 1y measured accuracies (obtained from ref. 1). Frow
this figure it can be seen that digital systems of fer more uniform
vaccurac"ies', with obvious advé.ntages for long drift times, and also .

" that a 4 nsec digital system offers approximately the same per-

formance as a 0.5% analogie sys tem.
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CHAPTER THREE

SOME GENERAL FROPERTIES OF DRIFT CHAMBERS

3.1 Introduction

7it is intended in this chapter to examineAthose aspects of the
behaviour of drift chambers not specifically connected with the electron
drift ﬁrocess; In particular it includes a study of chamber putput pulées
and efficiency, and fheir dependence on various operating parameters, ffcm
both a theoretical and_experimental viewpoint, |

A knowledge of this behaviour is of importanceAinlsetting up
operating conditions such that optimum perfdimancé of the chaﬁbers can be

realisedf It is also essential that the more general chambef properties

ere understood Befbre attempting.to interpret results pertaining to thé

electron drift mechanism,

It may be noted here that from a study of the equlpotentlal lines in . -

| a drlft chamber (see for 1nstance figure 2. 5), the region around the _sense
'w1re more closely resembles a cylindrical proportional counter than a
‘MW.P.C. Thus a general'description of the processes which occur in this
J4 xfegion ma& be fbund in any of the litér;;ure concefﬁing proportionﬁl |

' - counters (1).

3.2 . ‘Pulse Formation

The output pulse size from a drift chamber, as in a »roporticnal
chambe? ér counter, is largely determined by the final emount of charge
-Iproduced by the electron avalanche process around the sense wire, and this
' in.turn isvdetermlned by the number of electrons incident at the avalanche
_region; and the subsequent degree of multiplication which occurs. Further—
more, the first~of these factors will be given by the mumber of electroms

resulting from the initial ionisation caused by the incident particle
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" 3,2,1 Initial Tonisation

The total number of ions fomed by the passage of a charged particle
(for a'fixed distance in a given gas) is related’fo the energy lost by the
particle in collisions with atomic electrons of the gas, whichlin turn is
related to the fype of particle and its énergy. Thé theory of this energy
loss héé been extensi%ely reviewed, for instance by Roséi (2) and ‘Bethe and

Assin (3), and leads to the following expressions for the rate of energy

- loss for various particles having velocity Be in material of atomie mmber

Z, mass number A,

‘4B 2 Dmc2 L. nzimc?)z . L .
-== = —_2—' In 23/2 2-;.' -a : (3-1)
dx B - (1-8°) 1°(z)
for positfons ard electrons, and
dE 2 Dmc’z° _ 4(nc®)? g 2
- = —'—2—'—" In 2.2 .2 - ZB (302)
dx B” (1-89)° 1°(2)

[N

for other heavier particles of charge z

"In-these expressions m is the electron masé, a is 2.9 for electrons

~ and 3.6 fdrApositrons. D is related to the electron density of the part-

icular gas by the expression

D = 0.152/4 & 'ea® S (3.3)

’

:.Because of the difficulty in dealing separately with all the possible

energy losses for the various processes which could occur.on collision,

these have been combined in a single term I(Z), the average of all ion-

.isation and'excitation potentials, which is then determined experimentally

or expressed empirically (4).




28,

The rise in energy loss for very high B particles (shown by the
1-82 term) does not contimie indefinitely however, due to the density of
. atoms restricting the influence of the expanding field associated with
.pertiéles of increasing B.

Fiédre 3.1 shows the energy loss against partdcleeenergy calculated
from the above‘expreésions, for electrons and muons in afgon (from -
Dimcovski (5)). Also shown is a eurve for electrons in.methane, drawn
by assuming a similar relationship and using a value of energy lcns of
1.5 KeV per cm for 1.3 MeV electrons (6) Thus the energy deposited in
d.one of our 6 mm, argon-methane chambers is-expected to be about 1.5 KeV -~
fof 1 or 2 MeV eieetrons (e.g,_from e-Srgo source) and about 2,5 KeV for
i"1 or 2 GeV electrons and positrons (e.g. from the accelerator beam at the
"Dafesbﬁry Laboratories)o

Thls energy loss may be used to give the total number of ion pairs .
(Np) produced by a particle by introducing Ep, the mean energy required
to create an ion pair. Experlmental values of Ep are quoted by Palladlpo‘
end Sedoulet (7) and Jesse end Sadaukis (8) and from these we have a value
-'of -about 26 eV per ion pair for argon + 10% methane,‘g1v1ng values for Fp
-of 55 and 95 for the two cases mentioned above.. |

The energy loss (and hence the total number of ien pairs e;eated)4
'is however statistical in nature, due mainly to the prﬁbabilit& of a eiGSe'
.coliision emitting a highly ionising atomic electron (delta r&y);

' Severel distribﬁtioné have been derived to describe the energy loss process
' the first and most famous being by Lendau (9) in 1944. Figure 3.2 shows.a .’
Landau distributibn compared to a Poisson ' distribution for the-sameJt |
| number.of events with the same most.probable value. Uhder,certeie

conditions it has been suggested (10) and demonstrated (11) that the actnal

 distribution obtained will be even wider.
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The number of collisions made by the incident particle on
traversing the chamber (this is much less than the final number of ions

produced, Np, as the electrons from each collision often have sufficient

énergy'to cause further ionisation) is subject to simple Poissén;

statistics, thus allowing the inherent detection inefficiency to be

calculated. Values of the mean nmumber of collisions (or primary ions)

are ggain given in reference (7 and give a minimum value of approx-

imatély 16 for our standard chembers. Thus the inefficiency of the

chamber as given by the probability of no collisions occurring in the

chamber,‘islgiven by exp(-16), and is obviously insignificant. There

will however'be 2 more significant probability of having a reduced

number of collisions (eg ~ 2% for 8 or less collisions) and the resulting

-reduced pulse heighfs may be the cause of chamber inefficiency,.

3,2.2 Avalanche Mechanism.

.Assuming no loss of electrons during the drift process, the

- electrons from the initial ionisation are accelerated by the electric
) field near the sense wire until‘they gain sufficient energy to cause

lfurther 1onlsat10n of the gas. SuccesSive ionisations result in an

electron multlpllcatlon process, described by the parameter nown as

Townsend's first coefficient a. Thls is deflned as the fract1onal

increase in the number of electrons occurring during a.1 cm movement

in the direction of a uniform field E, hence

e o | - (3.4)

"and the mulfiplication factor or gaihf(n./h )} after a distance x is
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n, .
= = exp(ox) (3.5)
(o} .

'

In a drift chambér howevér, the multiplication takes place only in the
high field region éloée to the sense wire where the. equipdtentials‘.am
concentric, and thus the electric field E is not constant but varies as
‘"1/x, the .distance from the centre of the sense wire. Now the gain in .

. going from X, to x,must be given by

1

n X1 ‘ | '
= exp f a (x) dx (3.6)
o] ] X . v

5'_

0

where a varies with E and hence x.
~ Fortunately it has been shown by Palladino and Ssdoulet (7) that

even though E v;aries so strongly with x that equilibrium of the avalanche

" may not be achieved, it is still approxlmately correct to use the values

. of a for various values of E as obtained under constant field, equ::.l:.brlum

‘cOﬁditions.i

Thus figure 3.3. shows.the exnerlmental vamatlon of a m.th E for
V 90% argon 10% methane (12) obtained with constant BE. The variation of E .
with X in our chambers was evaluated by assuming the region aréund the.
.sense wire (up to a radius of the cathode sense wire spccmg, 3 nnn)
approx:.mated to the space inside a cyhndrlcal proportlonal counter

' operatlng at voltage V w end using the expressmn

v

E = m . . o (3.7)'

where T, is the sense wire radius and r2 is 3 mm,
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Combining this data, for a Vmin of 1.5 kV, and the data from
figure'3.3, figure 3.4 was plotted shoﬁing the variation of a with x.
Intsgrating numericaily from the onset of significant multiplication
to theISense wire surface (x =10um), and substituting the result in

' equatioﬁ 3.6, gives a value sf 107.for the electronic multiplication.
. This value of gain willldepend on the value Of'vmin used (and also as
~ will be shown later on the variztions in the amplifying field as a
result of the applie& drift field) and although many expressions have
been derived to describe "the gain . for proportibnal counters, (as
rev1ewed in (7) and (12)) it seems generally accepted that the main
variation is w1th exp (V n)' |

"The gain does not increase indefinitely however, as at higher
gains the dens1ty of  charges in the avalanche may become. suff1c1ent1y

. AnoH\eP e%cl— 1§ the
high to cause 51gnif1cant space charge effects, »eswhbéwz=twme tendency

_ due bo modfication of the charge densiby on He Sense wire, '
for the pulse heights to saturate an effect noticed by many workers
| w1th proportional chambers (see for instance (6) and (13)) Using the
‘ this s number
crlterlon that spsse:ah&egs effects 2me significant when the dsmessty of
charges in the avalanche is of the same order as the charge density on
“ the sensé wire, it has been shown (7)'that the effect should be seen
: 'whsn there.are about 2 x 108 ion pairs ia the avalancha.

The electrons and ions formed in the avalanche immediately begin
to mova}in‘their respective directions in the electric field, and it is
this motisn throughlﬁhe field which induces a ﬁulse on'the.sense wire.
.‘As mosi of the ionisation takes place within a few microns of the.sense

wire, the highly mobile electrons are rapidly éollected, giving the
-pulse a sharp rising edge, whilst ths slawer positive ions moving.back
through almost all of the field, contribute to the bulk of the pulse,

- which may extend for several microseconds as shown in figure 3.5. The

" time development of output pulses has been studied by Wilkinson (1) for
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cylindrical'counters and Charpsk et al (6) for multi-wire chembers. As
the usuél practiée'is however to observe the output pulses using a
differéntiating»circuit of soﬁe sort, only the first fast rising part
of the pulse.is used (i.e. mainly the electronic component). The form

of the output pulse after differentiation is also shown in figure ‘3.5.

3.3 Pulse Height Measurements,

' 3.3.1 Variation with Voltage

The firsf attempts to examine the pulses from drift chambers con-

sisted simfly of coﬁnecting the sense ﬁire of a 56 mm single cell chamber -
'(as described inisection 2.2.2) to the input of a vertical section of a .
fast gscilloscope (Tektronix 7704). -Argon-methane, supplied premixed;

from Britiéh Oxygen Compény was continuously passed thré&gh the chember
vhich wés‘ifradiatéd} using a collimated 10 mCi strontium 90 source.
Uhforfunately the B rays from the source were‘accompaﬁied by a considerable
flux of ¥-rays produced by Bremstrahlung losses as the B rays passed through
- the material of the source‘and holder. Enclosing the éource in a low
contaiher;(Perspex) did reduce the vy ray flux but.a.significant numbef'of
the chamber pulses were still reéulting frbm Y ray conversion.

In order'to observe only the B fay pulses; the systém‘shown in
figufe 3.6 was used. The delay wa; adjusted to compensate for the drift
time_of the electrons in the chamber so that output puises frop apy‘
'particuiar part of the chamber‘could be displayed with a very fast time~
base. _Due to-the spread and scatteriﬁg of the B rays however tﬁere was
always a range of_drift times for any source position and the pulses were
displayed at vérying times after the oscilloséope had been triggered.

’ This is seen in figure 3.7'which'shows the displayed output pulses for
va:;'iousv chember operating voltages '(vmin) ranging from 1.42 kV to 1.58 ky

for an.applied.driftyfield of approximately @SSO.V/cm and a mgaﬁ drift

" distance of 10 mm,
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Figure 3.7 ~ Drift chember outpﬁt‘pulses' (inke 502) for various
| operating voltages. | .
(a) 1.42 xv.
(b) 1.47 XV,
(¢) 1.51 xv
(a) 1.54 xv
k (e) 1.56 ¥V
| (£) 1.58 kV’
Calibration for all traces:-
Vertical - 5 mv/div

Horizontal -~ 20 nsec/div
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There ﬁiil be én intrinsic rangé of pulse heights for the same
] éonditions, due to the range of B ray energies emitted from the source
'-‘and the statistical nature of the energy loss.and avalanche mechanisms.,
,.Figure 3.8 éhows é typical pulse height distribution from these tests
obtained with a.P.H.A.after linear amplification of the. pulses, and the
‘vheights quoted in this chapter are estimated as being the most probable,
from aﬁ examination of thé oscilloscope traces and P,H.A. outputs, -

| :The variation in pulse height with vﬁin is shown graphically in

'figure 3.9-for three different values of drift field-and there are three

features to noté:' |

| ,i) Tﬁe chambers operated at‘all times without electrical
breakdqwn up to the values of voltage shown by the extent
of the curves showm in figure.3.9. The actual point at
vhich breakdown began is not. included however, as~this'variea_
considerably, particularly between Aiffereﬁt chambers,

ii) ~ The shape of the graphs (exponential rise of pulse heights,
flattening out for higher voltages) is in agreement with the
theory and results mentioned in sectlon 3024 2. |

 iii) The value of the applied drift field has a marked effect on
the pulse heights. For example there is an order of magnitude
différence between the_pulée heights obtained with the same“
operating voltage for applied fields of 930 V/cm and 140 V/cm;
The explanation can be seen by réalising that in thié design V
of_chaﬁ%ér the accelerating field around the sense wire, and.
the drif; field in the rest of the chaﬁber'are not independent,
eaéh causing a distortion of the other. ‘(This is separate |
from the slight interdependence due to u51ng a common supply

to- prov1de both flelds)
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Thus figure 3.10 shows the equipbtential lines in the region of

the sense wire for three applied drift fields and the same vﬁin of
1.5 kV. The data is calculated by the method mentioned ihibhapter‘Z ;
.and small distortions around the cathode wires are ignored. From these
diagramslit canvbe seen that although Vﬁin fixes the multiplication
‘ . field in the z,direction; the Tield gxperienced by the drift electroqé
(i.e. in the x direction) is strongly affected by the drift field., To
.illusfrate thié figure 3.11 shows the value of the elgctric‘pptential
at a point 3 mm from the sense wire iﬁ the x plane. Thus the drifting
elecfrons expefience a muitipiicétion field which rises approximately :
- linearly with drift field and hénce the variation of pulsé.height with
drift field‘for constant vﬁiﬂ (as shown in figure 3;12Afor«Vhih = 1,42 kV) E
~ is similar to the pulse height égginst vﬁin relationship of figure 3.9,
with 600 V/cm.change in drift fiéld has the same effect orn the pulse
"~ height as a 100 V change in Vmin'

. Note that from figure 3.%; a‘drift field ‘of ‘éﬁou’t‘f/oo V/em.
.-pfd&uces the most symmetficai multipli¢atiqn_f?gldwf5r a ?ﬁiﬂ-cf‘ﬂwﬁ kﬁ,

. {,e. the closest approximation to cylindrical chamﬁér conditions,

32,2 Variatiézi with drift distance.

It waslnoticed during the tests desgribed ebove that the piulse ,
heights froh'the chember varied with the position of the source abové'the.
;“éhambe;. To study this effect,Athe collimated source was mbved aéross the
éﬁamber in measured steps apd the resqlting pulsé heights recorded, after ‘..
amplificgyion, on a P.H.A. The amplifier'uséd for‘fhese and all.subSQQQent
tests (unlesé specified) was designed af C.E.R.N. by.H;_Verwgij; having
an input impedance ofIZOQ and a gain of 10 mV/uA {or 7500).

The effect ;f this amplifier can be éeen in figire 3.13 which

shows some typical output pulse affer.amplification and which can be
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.compared with figure 3.7. To clarify fhe rising edges of the pulses,

the ampiified‘pulses for the same conditions were displayed on the
:oscilleecope via a linear gate which was opened with a pulse from the

» scintil}ator (figure 3.6). The pulses were then displayed coincidently
"as shown in figure 3.14. (Note that the gate attenuates the pulses &nd
also seturates.at less than 1 volt). |

The 'variation in pulse height with drifi/distance is shown in

flgure 3,15 for a drift field of 950 V/Em and V = .41 kV, Figure
3,16 .ghows the .same results using 5. 9 KeV X rays from a collimated iron
55 source. There is good agreement w1th s1m11ar results which have _.._
' sinee been published'from C.E.R.N. (14) for chambers containing argon—-

. isobutane-~ methyiai (67.2% - 30,%5 - é.S%)'as shown in figures 3.17 and

3.18 for electrone and X rays respectively. h
' . The reduction in pulse height close to the sense-nire can be
explained_as being due to some of the primary ionisation occurring within
the.mnlfiplication field so that the resulting electrons do not exnerience
the maxinun multiplication process. The effect would be sign;ficant et
' distanées for which tnere was a reasonable probabil{ty’ef-secondary ion-
isation naking place; (i.e. even for very low values of a),‘possibly np‘
to 1 mn fromw the wire, and its extent would increase with V.
Inperfecf collimation of the sources would also increase:the apparent’
.extent of the effect. | ' |

The rise in pulse helght across the full w1dth of  the cell

‘(partlcularly notlceable for X rays) is however more difficult to explaln.
Probably the most satlsfactory explanatlon 1nvolves the assumntlon that
under oondltlons of high gain, avalanches orlglnatlng from several
l adJacent electrons, will 1nteract and result in reduced multlpllcatlon.

- Charpak et al (14) have assumed that 1nteract10n between avalanches occurs

 when thelr separation is less than 220 um, which 1S»greater than the

separation of charges produced by the conversion of a 5.9 KeV photon (15).




Figure 3.13. =~ Amplified pulses from drift chamber for
Vmin =1.51 XV

Vertical scale 500 mV/div

Horizontal scale 20 nsec/div

Figure 3.14, - ~ The same pulses displayed coincidently (with
some attenuation and 'saturatior;) -

Vertical scale 200 mV/div

tal )
Horizonsdd scale 20 nsec/d;v
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Thus electrons produced by an X ray inéident near to the sense wire
will cause avalénches which interaét considerabl;, and give corres-
pondihgly low pulse heights, The electrons from the same event at a
.greater @istancé'from the sense wire however, will have time to
diffuse as they_drift, and so the resﬁlﬁing avalanches will not
interact to the same extént.

Such an explanation would also account for the rise in pulse
height with distance Being more pronounced for larger values of
operating voltage (by increasing the extent of.avalanche interaction)
.as shown in figure 3.18.

For B rays or high energy particles where the dispersion of the
'prhnéry electrons.is larger than for an X ray pulse, the effect would
not be expected to be as significant. In such an event waever,‘the
timé spread‘of avaianches from a éingle track may cause pulse height
variation, especially when differentiating type circuits are used to -
oﬁsérve the pulses. That is there will be a.gfeater time differgnce
~ between the arrival at the sense wire of electrons from the centre, and
.egtremities, of a track near tﬁe senseu%ire than fofia tréck further
- away, for purely geometrical reasons. Thus although the total charge
. mo§ement'may be the same, the initial rise of the pqlse q}ll be slower,

resulting in lower pulse heights after differentiation.,

3;3.3 _Variafion with particle energy

‘Although in principle the pulse height from a drift chamger should
‘be proportional to the energy deposited in the chamber by an incident
particle, the results of the preceding section indiecate that this is
not stfictly true. In particular, proportionality breeks down between .
X ray pﬁotons and other more energefic particles because of the iﬁcreased‘

avalanche interaction for X ray events. Thus the difference in energy
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’ deposited by the B rays (.,2 KeV for our chambers) and 5.9 KeV

- X rays is not reflected in the respective pulse heights obtained
during these tests,

. Préportidnality is maintained however for similar events,

~ Figure 3.19 is the'pulse height spectrum (obtained with a PH.A,) for

the chambéz-<irradiated with‘an iron 55 saurce,.showing the main peak

 at 5,9 KéV and the smaller 'escape' peak due to only one of the two
photoelectrons created by the photon conversion ionising within the
chamber. The energy resolution as shown is of courée affected by the

"variatibn in pulsé height with distance and the divergence of the

- radiation from the soﬁrcé. The energy proportionality was further
investigated by>irfadiating theAchambef vwith several different energy

X rays and recording the resulting peaks of the pulse height sﬁectrums.

The results of these tests are presented in figure 3.20, which shows

good linear agreement between energy and pulse height,

3.4  Efficiency Measurements

Thére are two reasons why a parficle passing through a drift
chambef hay not be détected. Either it doés not produce ionisation ‘in
-the chamber or the output pulse produced does not trigger the detecting
:electronics. The probability of a high energy charged particle not
"causing ionisation in our chambers has been shown (section 3.2.1) to be
insignificant, althoﬁgh this does not apply to X'ray or y ray detecfion,
B where the probability ;f an interaction in the chamber depends on vhoton
énergy,'chamber éas, and chamber dimensions., As an example, figgre
“3.211 shoﬁs the probability of a photon intefacting in a 6 mn chamber
filled with a mainly argoﬁ mixture, for varying photon energy (16).
This has neglected the transpareﬁcy of the chambef windows, whiéh'will

| reduce the detection efficiency.for lower photon energies,
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The efficiency with respect to high energy particles was
ic#estigated using cosmic reys and the system shown in figure 3.22.
The T.A;C. medule was fcund to be useful, for measuring efficiencies,
'as ; start signai‘generates a 'valid start' output ana then disables
. the start input for a time set by an external control. -This tine was -

‘set to be greater than the maximun expected arift time, and if a stop’
Apglse ar;ives during fhis time a 'valid stop' output is generated. " If
no stop pulée'arrives there is no 'valid stop' signal and the start
- input is enabled again., Thus the ratio of valid stops to valid starts
givee the efficiency of fhe chamber, |

The‘results frcm.this system are presented in figure 3.:23

.showingithe #eriaticn in efficiency with operating voltage for the

different discrimination levels and a constant drift field of 330 V/cm.

. The dependence of efficiency on pulse height is demonstrated by the

increaéed efficiency (below saturation) as the discrimination level <is
ﬁlcwered. Unfortunately this level cannot be lowered indefinitely
: becauee of electrical interference problems and the practical minimuﬁ
was found to vary between 100" mV and 400 mV dependlng on the experimental
: env1ronment. Even at hlgh dlscrlmlnatlon levels, maximm efflclency is '
V;.Stlll attainable merely by operatlng at slightly higher voltages.
The fact that the efficiency dees not saturate at 100% is '
.aftributed to three possible factors.A
| 'i) The efficiency is measure& over tﬁe whole chamber, tﬁet is
including the region around the sense wire, where it is
known that pulse heights are reduced; To demonstrate the
effect of this on efficiency, flgure 3.24 shows the
varietion of efficiency with position around the sense wire, -
This data was obtained from tests on a milti-cell chamber
(described in section 5.2) ﬁsing 600 MeV pcsitibnS-in the

test beam facility at the Daresbury Laboratory ddring the
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testing of prototype expenimental chambers,
ii) = The experimental system itself may not be stringent
._énough to allow 1OQ%Aefficiencies to be measured (due
possibly to non-vertical cosmic ray showers). For
example in the system shown in figure 3.22, removal
of one of the coincidence scintillators reduces the maximum
measurable efficiency to 8%%. Referring to the Daresbnry
tasts mentioned above, detection éfficiencies of above
99% were measured using a coincidence system comprising
five scintillztion counters (17).
iii) There ma& be an intrinsic loss of efficiency due to the.
statistical nature of the initial energy loss mechanism,
i.e. abnormally low number of collisions rroducing a
raduced number of ionisation electrons and hence a lower
pulse helght which may not exceed the dlscrlmlnatlon level.
The dependence of efflclency on pulse height is further illustrated
in figures 3.25 and 3.26. The former shows the varlatlon in efficiency -
’ for three drift fialds and constant diaorimination lavel (400 mV). Tne a

operatlng voltage necessary to malntaln a 50% efficiency can then be

" . plotted agalnst drift field (flgure 3 26 Tull llne) The crosses-on thia

flgure show the operatlng voltage required to malntaln a constant Uulse
Theight for various drift'fields-and_good correlation can be seen. .-
’ | | .

3.5 Conclusion

" These te ts have shown that the gas chosen for our drift chambers
hes the requisite‘properties for producing observable pulses.after the
| - passage of an ionising particle. It is also apparent that using the |
‘output pulse height to provide 1nformat10n about the incident particle
shouyld be attempfed with oaution as this pulse height depends on many -

factors., It is not only related to the particle energy (this dependence
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beiﬂg statistical) but also to operating voltage, applied drift field,
disfance of pafticle track from the sense wire, and éngle of track to
the sense wire plane (see section 4.5). |

These variations of puise height with various parameters are
however, adequatgly explained and appear to be in good agreement with
: reéults from workers using other mixtures. From our tests using another
_popular gas mixture, argon + 3% isobutene, during drift velocity
'investiéations, it wésifound that this mixture operated successfully at
operating voltages about 20% higher than for argon + 10% methane, and

was able to withstand higher voltage gradients without breaking down.
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CHAPTER FOUR

MEASUREMENT OF ELECTRON DRIFT VELOCITY

.4.1 Iﬁtroduction_
- Since in a drift chamber it is the drift times of electrons which
-are difectly measﬁred'to give the location of the initial ionisation, it
i-' is obyiéuély of prime imbo;tance to know accurately the velocity at which .
‘ £he electrons drift in the gaé used in the chamber. Furthermore fhis
- drift veiocity»w, mﬁst be known for any of the conditions which may
exist inside a practical chamber, with particular regard to- variations
in electric field, To obtain 100 um accuracy over drift distances gréateg
than‘1 cm requires that the drift velpcity be known to better'thanj1%loverj
the whole drift length.

Also, to ensure successful operation of drift chambers, a gas must
be chééén such that the drift velocity fulfils certain cogditions. Two
'-far£iéular properties with respect to drift veiocity were considered as
basic fequiféments for our chambers, |

| i) 7 The magnitude of the velocity must be such that the necessary
_épatial resolution could be. obtained with relatively simple |
Atiming systéms (analogue or digital) over the drift
'distanceé involved. | | | -

.'ii) The drift.velocity must be relatively.indeﬁendent of electrié

o field, at ieast over a certaiﬁ range -of operating conditions;

so that the'drift time—distance'relationship will bé linear
across the whole éhambér, thus avoiding the need for nonl
linear timing systems or complex soffware.v As it has already ..'
been shown that the electric field risesAsharply in‘theArégiOE
of the sense wire, it is of particular importance that the |
Qelécity éaturates at high fields. It is also an advantége

if local variations in the drift field due to constructional

defects do not affect the time-distance linearity.
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It was with regard to these points that the electron drift
veiocity in argon + 10% methane was investigated and compared with

results for other mixtures.,

4.2 Experimeﬁtal System

Uhleésvspecified éll the results in this chapter were'obtained
at Durham using the experimental system shown in figure 4.1. The basic
| mechanical parf of the system consisted of .a rigid aluminium frame having
three separate>horizontal p}atfonns, each adjustable vertically. The top -
platform suﬁported the drift chamber under test, and the lower platform

included a system of secondary collimators positioned above the zero—time

scintillation counter. ' : o e
The soufce-was 2 nCi of strontium 90, emitting B rays up to 2.27 MeV ‘ |
" positioned behind two thick steel blocks with a 0.25 mn x 50 mn slit between

them, ﬁhich bdth collimated the P rays and absorbed many of the gamma rays

- radiating from the souréé. Even with this dégree of collimation,

scatterihg of tﬂe béaﬁ was stiil a p;oblem, so that the chamber was

.pbsitiqned as close as poséible to thé“collimating siit. -As a further aid,

a secondaQy collimating s1it (~ 4 mn wide) was 1bcatedbabove the

"séintillation counter in order to feject the more severely scattered

_par?icles, although this also had the effect of substantially reducing -
.the good event rate. Dufing the. experiments the upper and lower slits
were agcﬁrately positioned to be in the same vertical plane and théir ‘ | :
platforms clemped in position,

The centre platform was adjustable along two horizontal rumners,

movement being controlled by a lockable screw thread attached to the
'Cplatform and passing through the main frame. The rélative'position of the
platform was measured by means of a scale attached to one of the runmers

~and a vernier attached to the platfonm, with a resultant accuracy of 0.1 mm. ot

| | I
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4.3 Result for atgpn + 10% methane

4.3,1 Drift time-distance relationship
| Using the syétem described above, the variation in electron drift
tiﬁe with position was meaﬁured for several different”aﬁblied drift
fields, using our standard gas mixture in the chamber. The results of
these tests for fqur of the drift fields used are shown in figur§.4.3'
and.two main-features are apparent. Firstly the'time—diétanCeA
‘relationship is linear ¢ver most of the cell, with'the velocity beiné
léwer for higher-applied fields. Secondly there, exists a.region near -
to the sense wire where the drift velocity tends to a uniform value’
independent of Ea.‘ The relationship in the vicinify of the sense wire
| 'ié shown in mofe detail in figure 4.4. ‘Note that mést of the expérimehfal
. points haveibeen émitted from this region for.clarity, h
Using figﬁres 4,3 and 4.4, the position of the sénse wire can be
accurafely estgblished,‘and data from both sides of the cell can be\
combined to draw figﬁre 4,5, an accurate picture of drift time against
- drift disténceo
_ Frpm a study of the numericaily\évaluated equipotenfial plots
déscribédlin chapter 3 for various appliedifields, it is-fdssib1e to .
éélcﬁlate-the variation of electric field along the central plane of a
chambef. This .is shown in figure 4.6 for four values of Ea’ and-again
'in‘figure.4.7 in terms of. percentage diétbrtioq'of the applied field.
.'. Referring to these figures we see that the linear sections of figure 4.5 -
cérrespond to those regions in the chambef where E is indevendént of B
position and equal to Ea' Hénce the inverse slopes of these,sgétions
" of figure 4.5 were plotted against E_ in figure 4.8, to show the

variation of drift velocity in a uniform field against'tpe value of that

field.
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The behaviour of the drift veloéit& 6vér the whole chamﬁer is now
eiactly explained by combining the information from figures 4.8 and 4.6,
’ Thﬁs the rise.in E hear the sense wire, and the saturation of drift
velocity at high E, predicts the regioh of uniform, low, velocity indep-
endent of.Ea, afound the'sense wire, Furthermore, for lower applied fiélds,
‘this distortion of'velocity will extend fﬁrther from the sense wire as E_is
distorted at greater distances from the wire (see figure 4.7). 'The mag-
nitude of the ﬁelocity distortion is also increased at lower applied fields,
| as the variation of drift velocity with E is more marked in this region,
For higher fields the distortioh of the drift field is reduced,‘-and~
as thé velocity is tehding to saturate anyway, the velocity remains constant
. over the whole chamber. The fact that under.theée circumstances the time |
distance cufve remains linear right up to the wire implies that the driff
felocify curve of figure 4.8 is saturatéd up to much higher fields than

those shown,

| 4;3.2 ﬁrift veloéity and éhamber operation
" It can be scen from figure 4.8 that the two basic requirements for
" the behaviour of drift velocity mentioned in section 4.1 are satisfied for .
' Gur éas mixture, | i _ .
- .The value of drift velocity at saturation, a 30 mm/usec, is weli
.éﬁitea to small chamber operation. For instance digital ¢iming at 250 MHz
wouid yield a pétential resolution of 4 nsec or 120 ym. For the aﬁalogue'
syétém used in these tests, the 1 psec.range on the T.A.C. enables dis- -
tances up to 30 mm to Ee measured, to &n accuracy of better thaen 5 psec
~or 150 pm (maxiﬁum non—lineérity~of.0.%%). i

| The saturation of drift velocity at high fields éppears satisfactoﬁy;
"jthe.#elOCity change with field, above sbout 800 V/em being less.than 1%4per
100 v/cm. Thus it is clear that operating the chgmbers-at high fields -

{say :> 1kV/ém) offers many advéntages, such as linear time distance
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calibration and.stability agaihst local field vgriafions.

To illustréte these advantages further let us consider the
| calibration of chambers. It .is obviously desirable to assign one drift
&elocity to the whole chamber, and figure 4.9 shows how the error
introduced by this assumﬁtion~varies with applied field. This érfor was
foﬁnd.by extrapolatihg the linear sections of figure 4.5 back to the
distance axis and measuring the negative intercept. It can be seen from
figure 4.9 that constant drift velocity may be assumed (for the general
'. testing of chaﬁbers) only for high fields; and that for use in the S
accurafe-lqcétion of particles or at lower applied fields, the
correétions indicated by-the figure may have to be considered.

1N

4.3,3 Comparison with other results

bThere is quite a large variation amongst the pﬁblished data for
electron drift velocities in argon + 10% ﬁethane, and included in figure
.4.3, éhowing fhe results of this work, are three curves by other wofkers.

‘The best agreemént is with the\;ésﬁlts of Engiish énd Hanna (1)
"whicﬁ were bbtained'using a grid iénisatidn chambér and an a particlé
, .:source.' The drift veiocity was calculated by measuring the rise time of
the pulse dﬁe to the collection of electrons from an a particle track of
known length. The tests were carried out at atmospheric-préssurg and an
accuracy of about 106 was quoted. |

Curve B comes from Bortner et al (2) who measured thé time of

arrival of ionisation electrons at two proporfional counters situated a
' knbwn distance apart in a constant electric field. ItAis not.clear at
what pressures-these tests were carried out. |

Carve C is Trom Charpak (3) with no information on the me'thod.of

" measurement although it is referenced as having been collected from a

-Thesis by Waienta (4).
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‘It is difficult to explain the quite large discrepancies involved,
other thén by variations in gasAcomposition, pressure, electric field
measurement etc, between different experiments., The results of .this
work havg howe%er.been found to describe consistently and accurately the
operatidn of our chémbers, and have been verified by the results of
several conseguent obser?étions obtained with our chambers under various

operating conditions,

4.4 Results fbr other gas mixtures
| It was decided not onl& to study the electron drift velocity in our -

'T standardvmixfure, but-to investigate its behaviouriin 8 range of possiblé
vdrift chamber gases.

| 'Thus the drift velocity measurements were repeated for various gas
mixtures, ébtained by mixing gas from cylinders via calibrated 'Rotameter!
flow méters. The drift velocity was allowed to stabilise between each
A different.gas mixture, which sometimes took severdl hours particularly
ﬁhen'the actual gas Qas changed,vas distinct from merely varying the
':ﬁercentage-compbéition. . . ) —

Thé most obvious first choice was to in&estigate érgoﬁ methane
mixed in pro?ortions other than 90:10, as this would also give an
indication of the stability of velocity in the standard mix to flucfuations
o inAgas éomposition. As it was @ifficult to obtain small concentrations 6f
~ﬁethane_using a simple two flowmeter system with argon and Qethane,‘the

same effect was achieved by mixing argbn with argon + 10% methane from the ‘

" premixed cylinder.

The results of this series of teéts are presented in figure 4.10,
Dﬁfing'the‘testé, 4% was found to be the lowest ﬁractical proportion of
methane which ailowed saﬁisfactory operation of the chamber, less methane
- resultiné in severe electrical breakdown présumably due to lack of discharge

‘quenching and to secondary emission.
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Also shownion figure 4.10 are curves for 'pure' argon obtained from
;references 1, 5 and 6. These resultslindicate the sirong effect on drift
veiocity caused by the presence of impurities in a gas, as the difference
between curves marked T and II is that the argon of curve I was only
‘V'commerciélly' pure (99.6%) compared with the specially purified afgon of.
cﬁrve iI. Enélish and Hanna (1) were avare of this during their fests,
but fgported that the effgctslof any original impurities Become'negliéible
after fhe addition of even small amounts of a molecular gas (~1%),

The rise in drift &elocity with percentage of methane in %his range
~ is seen from figureA4.1O to be constant in the‘region of velocity saturation,
“and eqﬁélrfo 1.50m/psec per 1% of methane. Thus at TQ% methane, the ;
velbcity.varies by about 5% per 10f> variation in methane content,

Further tests indicated that this depeﬁdance on metﬁane content is
reduced for higher methane concentrations (tc less than 1 mm/hsec per'1% of
méthane) andAfigure 4,11 shows the results of the tests carried ocut on argon

' +‘5d% mé%haﬁe and 100% methene. Reasonable agreement is seen with results

f(;f 10085 methane from English and Hanna (1) and Hurst et al (6), both shown
. inAfigu;e'4.11; Considerable discrepancies do exist'héwever, and results
from o£her’sources give a meximum value of w in methéné of 100 mm/psec (seej'
'for'instéhce references 3 and 7) compared with ogr‘value of 135 mm/hsec.'
'.Disérepancies apart it appears egreed that pure methane is a 'fast’ gas and -
»'_aé such is well suited to drift chambers with long drift distances, such as
the oﬁeé used at Saclay by Saudinos et al (8). Methane may also bé'uéeful_in
Ynon—drift' gaseéus déféctors, in order to reduce time jitter. |

| The behaviour of drift velocity in other gas mixtures, specifically:‘

| those containing isobﬁtane, was investigated using a simpler technique.
1_Using a éhamber with a smaller unit cell width (28 mm) 50 that higher
A drift fields could be achieved for lower Vﬁax’ the position of‘the

" jonising beam was set at 1 cm from the sense wire and the‘correspondiﬁg_'
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drift time measured fqr various fields; The drift velocity was then
calculated by assuming constant véiocity over the whole length, although
as shown previoﬁsly this will introduce some error, particularly at low
fields or where the velocity does not saturate.

: Figure 4,12 then shows the drift velocity obtained in this manner
for three different propdrtions of isobutane in argon, It can be seen
that for high isobutane content (~ 25%) a region of velocity saturation
exists at fields above about 1000 V/bm, The form of these curves is in
good agreement with similar curves from Charpek et al (9) although the
absolufe values seem about 15% higher, (one curve from reference 9 1is
shown on figure 4.12 for comparison).‘ The discrepancy appears system-
atic and may beidue to our less stringent méthodvof measurement, an error
‘in the'posifioning of the source for instance would result in such a
.constant pefcgntage error in all results,

| 'The effecfé of multiple component gas mixtures yere investigated
by repeating #he previous tests with various mixfures of argon +
‘ _methané % isobutane, some of the results being presented in figure 4.13.

Compafing these results wifh those fof“argon—iéobutaﬁe,'bdth from theseA

tests (figure 4.12) and from Charpak et al (9) (figﬁre 4.14) considering.
_ thé_probable 15% discrepancy, it would appear‘that in the three part

mixture both methane and isobutane have similar modifying effects on

eléctron drift yélocity. Thus the -curves of figure 4.13 approximate to

these for argon—iéoﬁutane if total hydrocarbon.content in figure 4;13'is

equated to isobﬁtane content in the other figures. The effect is further
' demonstréted>by Observing fhe close similarity of the curves for argon

+ 7.9% methane (figure 4.10), 7% isobutane (curve D of figure 4M4), and
‘-»G% méfhane + isobutane (curve D of figure 4,13).

" The acéual mechanism of electror drift in gases and the effect of

. gas additives will be discussed in detail in Chapter 6.
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4.5 Effect of angled particle trajeétories

The tests on drift velocity described in the prededing sections
were all carried out fortParticles traversing the chamber approximately
orthogonally to the sense wire plane, The first electrons to reach the

_avalanéhe region will be those created nearest to this plane, as this

: ifeprésents the shortest possible drift path. ‘This. will not be true

“however for pérticles_crossing'the same wire plane at the same point
- but at an angie © to the normal to the plane. Thus a different drift

time will be recorded for the angled t;ack due to. the change in the
'shortest drift path although w remains unchanged. Calculation of the
- shortest drift path by.geometrical megnS‘sﬁould then explain variations
in measured drift times for angled tracks.

| In ofder to determine these pathé it is necessary-to now thé

distribution of electric field lines within a chamber, and figure 4.15
.shows'such-a distribution from Charpsk et al (9). To simplify calcul-
.'ationg they have assumed that the shortest drift path is in a direction
perpendicular fo the ‘track where possible, or else coincident with the.
cathode plane. -Referring to figure 4.16, showing three tracks at angie_
'g-crossi#g>the sénse wvire plane at S1, Sz‘and 53; the corresponding
shortest paths would be taken as PA, 4, and RQA. Expressions for the B

shortest path, d, for a chember of half thickmess g are then

e S SO (i
d=Scos@ for Sq{sin 5 05 0 (1)
and
d = h

sin © ‘cos @ gin & cos 8

S () for sy —E— (D)
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These expressions £it the results of Charpsk et al for drift time
g against_S; for tracks at 420, as shown in figure 4.i7, vhere the line
through the expefimental 420 points represent the expressions above.
_Hdwever results thained at Durham for constant s and variable
9 disagrée with this theory, and in fact if variable angle tracks are
" considered we see that the theory leads to the anomaly of different
drift paths from the same point in space. Figure 4.18 shows the results
of the Durham tests in which drift times were recorded for particles |
passing through a chamber at various angles but-at the same position in
the sense wife plane., This was achieved by pivoting a chamber, between
a fiXedlsource and scintillafor, atout an_axis parallei to the sense
’wires énd in the same plane. Also-shoﬁn in'figﬁre'4.18'as curve A is
- the théofetical vafiation given by equations 1 and 2 above, and here
 the fit. is poof; par%icularly-in the region whére 1 is replaced by 2
(afound 240).' Better agreement is obtained with a different theory,
aésuming a éimplified field aistribution as shown by figure 4.19,
Electroﬁs drifting from an angled track will have-their path lengths
' reduced by # tén_@, but increased by }AZ + x2 - A’; where x is the
, vaiiabie-éhown on the figurg. | |

The net reduction, R, in path length is then given by:

R = xtan6 - [A2+x + K - (3)

’

The value of x for maximum R, and hence shortest path is given by diff-

erentiating. For constant O and tan © = B we have:
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For maximum R

B = X
A2 + x2
AOI‘
) _
2 A ) -
x = — , (4)

(1/52 = 1)

Thus x for the shortest path is found and substituted in 3 to find-the
- reduction in-path'length against angle © remembering that B, and hence
x, are both functions of 6.

The relationship will break down for a track which enters the

i

'radial' field region, to be replaced by:
d = Scos®
as before. The}full relationship for angled tracks is then given by:

d = Scos® forS-ALgtand - (5)

and

-7
it

S -(xtan o - ,}Az P A“':') for S—A)é tan @
where x is giveﬁAby 4 above, with'a maximm of x = g.
Assuming a value of 3 mm for A, values of’expected drift time
against 6 were calculatéd (for S = 8 mm) and showmn on figure 4.18 as
Cufve B showing good agreement with experiment. Exﬁressions 5 and 6

also fif the data for angled tracks'at4variqus distances such.as that

shovn in figure 4.17.
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There are two points fo note wifh respect to the use of the
above expressioné howevér, the first being that the value of A should
change with the applied drift field, reducing as the field is increased
(see fdr.example figure 3.10). Secondly it may not be obvious in an
experiﬁéntal system at what angle an& particulaf track is incident, and
two or more chambers aloﬁg the barticle path may be necessary to define
approximate track angle before making the drift time cprrections above._

One useful ?roperty to emerge from the above work is that eicept
very close to the sense wire track angles of up to-20o can be accepted

without correction if errors up to 200 um can be tolerated, . L

4.6  Conclusion
The work described in this chapter has indicated that the behaviour
- of thelelecfroh drift velocity in argon + 10% methane is suitable for -
succeséful utilisation in drift chambers, particularly when high drift
.fiélds are aéplied to thé chambers, The behaviour of drift velocity, w,
Afof an applied field of 1 kV/cm can be summarised as follows. .
’(i) _ A_?alue of 29 mm/psec can be assumed over the whole chamber, this
» involving a maximum overestimation of distance of less than 100 um.
| (ii) The stability of w with drift field is 1% per 100 V/em
' '(ﬁi) Thé stability of w with gas content is 1_% per 2% variat.;i.bn m
‘methane propbrtion (i.e. + 0.2% methaﬁe) |
:(iv) :The stability of w with temperature was not measured but is not
| ekpectéd to diffef significantly from other results (9) for argon
+ 30% isobutane, guoted at 0.4% variation per 14°C.
(v) -Tracks traversing the.chamber at an angle do not affect w; but .
do introduce errors in the éstimated particle position which may

be corrected for by the éppropriate expressions. .Tracks at angles.

: up‘to 15 however will.introduce errors of up to 100 um only.
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Comparison with érgon + 306% isobutane, the standard gas mixture
used at C.E.R.N},indicate that argon + 10% methane has the advantages
of siﬁplicity_(no mixing systems required) and lower drift velocity
(o 30 m#/ﬁsec agéinst ~ 50 mm/ﬂsec) resulting in the use of less
stringent timing systems. The isobutene mixture however has a slightlyA
béttervétabilit&\of W wifh apﬁlied.field, and much better stability

with isobutane content (9).
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CHAPTER FIVE

MEASUREMENT OF SPATTAL RESOLUTION

Introduction

The primary reason for the development of drift chambers as

~ particle detectors is that they offer the best potential spatial

accuracy at present available in a relatively simple, large area device.

Hence in the study of a practical chamber, or in deciding the suitability

of a new gas mixture, the investigation of the resulting spatial resol-

ution is particularly relevant,

In an early paper on drift chambers, Walenta (1) discussed the

various contributions to the overall accuracy of a chamber, defining o

as.the

events.,

(1)

standard deviation of the location inaccuracies measured for many

' The distribution of the primary ionisation (U&). The drift length

-fmeasured}is-not the shortest distance to the particle track, but

the distance to the nearest ion pair created by the particle, and

‘the possible error thus introduced depends on the density of ion

pairs (or as quoted by Walenta, the density of ionisation clusters
containing several pairs). The number of such 'clusters' is not

expected to be less than the number of primary ion pairs created,

" which was shown in chapter 3 to be about 16 (or about 27 per cm)

épd the resulting contribution to inaccuracy is then o, ~ 40 um,

(i1)

The diffusion of drifting electrons (oa). The theory of this
process is discussed in chapter 6, and it is this contribution
which gives rise to the variation in resolutionvfor different gas
mixtures. Walenta's calculation of the value of this contribution

for his gas or argon + 9% methane + 7% isobutane was oy = 80 ym,

for drift distances less than 1 cm.

The contributions to o relevant to our chambers are listed below.‘
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(iii) Measurerent of drift time (o%). The errors involved in the
.various electrbnic timing systems were discussed in cﬁapter 2,
~and the contribﬁtion to o would not be expected to be greater
‘ﬁhan 50 um for the tests described in sections 5.3 and 5.5,

. (iv) Y,Estimation of drift velocity (o;), Dﬁring the resolution tests
| ;a;linear'drift tiﬁe - distance relationship was assumed over the
1’whole_chémber and this will have some effect on the total o3 The
.fact that the actual velocity is only estimeted to within 1%.wi11
- also be significant_and the combined contribution of these effects -
“,is~estimated at 50 pm,
‘ (i) LMechaniéal tolerances (oﬁ). The total displacement of a sense
" wire ffom its expected position will not affecf the width of the
- distribution of location inaccuracies, although of course it will
~ cause the absolute positién of the incident.particle to be wrongly
i‘éstimated. Non parallelity of sensé wires in an array of
"chambérs'due either to constructionai defecfs or misalignment of
:échambers,‘will however contribute to on The actual magnitude of
;vsuch.a.contribution is difficult‘to eétimate ‘as it will be unique
'1?ta‘any'particular array of chambers. For the system described in
;séction 5.3 a maximum estimate of‘U; = 50 ym seems reasonable.
A :Taking into account all the rather simply estimated .contributions
 -a5ove,£fhe‘quadratic sum for thé overall o~is in the order of 130 pm, and
‘hence this is the sort of result expected in the following tesfs 6n
. r'esolut‘-ion‘;
if'should be noted thatAof the contributions listed above only (i)

- and (115 aie aétually inherent to drift chambers, i.e. in theory the other
effects could be reduced to an insignificant level. Thus it is important
.-fé differentiate between the inherent resolution and the contribution from

" the system as é'whole, althéugh in any resolution tests it will be the

combined effect of both which is measured. It must also be gstressed that
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'oh and o; represent maximum estimates only. For any particular test
‘_system, merely by chance the drift velccity may be estimated exactly
and the wires aligned perfectly. Such a series of tests would discover

a lovwer overall o ( ~ 110 um),

522 . Preliminary results
During thé inveétigation of drift velocity described in the last
" chapter, the raw data was in the form of drift time distfibutions
 ?05tained from drift chembers (see fof example figureA4.2) and the width
~of these_distributiops obviously gives a measure of tﬁe resolution of

- the system. Unfortunately in this systém there is a contribution to the

' épréad“of'driftvtimes not mentioned in 5.1, this being that the positions

of thé.ionising tracks are only poorly defined. This is.due in part to .
the géémetrical divergence of.particles emerging from the collimating
‘ slit (proportional to d, the distance between the slit and the sense wire
‘_plane)’but mainly to the ﬁultiple scattering of the relatively low energy
electrons. This latter contribution introduces a possible spread of the
'pérticie»ﬁeam gpproxbmately proportionai to d2 for-%he irdtervening air,
-plus a fixed'éontribution from the Melinex window,.
When the full width at half the maximm (f.w.h.m) of the drift
time‘distributi;ns for identical conditions was measured for various
."values of d, the points of figﬁre 5.1 were obtained., The full line on
the figure givés the theoretical variation of.beam width calculated by
’.considering the combined effects of the gedmetrical divergence and
scatterﬁng. A qseful approximation to the anéular spread of an electron

: beam'after-travelling distance d through air, due to multiple scattering,

- is givéh as (2),



oL- | | _I,u‘l
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FIG 51  Width of drift distance distribution versus  separation
' of sense wire and collimator (circles ), compared
to theoretical spread of 10 MeV electron beam.
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| vhere k is the electron energy in keV. The resulting widening of the
' beam was added to the geometrical spread, the actual line bn figure 5.1
'being calculated for 1.0 MeV electrons emerging from a slit 50 mm long
and 0.25 mm widé, assuming the Melinex window to be equivalent to 20" mm
of air. From this sort of agreement it was obvious that the resolution
of the system was completely masked by the dispersion of the beam, and
Vthat to investigate the locational properties of drift chambers would
require the use of much higher energy ionising particles.

Fufthér investigation of resolution was continued using the test
beam facility at Daresbury Laboratory, which provided a mono—-energetic
(i 1.QZ), collimated («/t 2 cm) beam of positrons with selectable energy
in the range froﬁ 200 MeV to the maximum operating symchrotron energy
(usuaily 2 ; 4 GeV). Details of the test beam are described elsewhere
(3), and figure 5.2 shows the main features of the beam line with respect
to the electron synchrotron.,

These resolution studies were carried out as part of the tests on
28 mm multicell chambers designed for use in the g-2 experiment (see
chapter 8),~and are more fully described in the repdit of these tests

-'(4). The‘main points and results will however be mentioned below.

The tests wére made usiné one multicell chamber, -several scintil-
~ lation counters to define the beam, gnd a T,A.C, - P,H,A, system of time
measuring. A plan of the whole system is shown in figure 5.3 where the
acceptable beam through the chamber is defined'by the overlap of
scintillators‘s3 and S4, vhich were both mounted on movable platforms
controlled by microméter screws. Figure 5.4 shows some P.H,A. outputs
for various overlaps of S3 and S4. All these results ﬁere,taken with an
applied field of 756 V/bm, argon + 10% methane, and é sensitivity of
8.75 nsec/channel (or 0.27 mm/channel). An overlap of 0.25 mm was

found to be a practical minimum, mainly because of the background 'plateau’

of drift timés seen in figure 5.4. The plateau was thought to be due to
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FIG 5.4  Drift time distributions for various defined beam  widths




61.

the.triggering of the system by a showér rather than a particle passing
throﬁgh the overlap, and the stop pulse coming from one of the shower
components being detected in the chamber., In fact even with S3 and S4
separated slightly, the 'plateau’ was still observed, and assuming it
was caused by stop pulses from the whole of a cell (maximum drift

length 14 mm), the width of the plateau corresponded to a drift velocity
of 31 + 2 mm/ﬁsec (i.e..excellent agreement with the results of chapter 4
which give a corresponding value of W = 30.5 mm/psec).

The resolutibn of the chamber as measured by this method was still
masked by ﬁhe uncertainty on the position of any particular particle
within the beam, and the best resolution measurable was a f.w.h.m, of
~1 mm for a beam width of 0.25 mm (see figure 5.5). This figure also
éhows~fhe vériation of resolution with drift distance, showing the time
distributions'bbtained by positioning a 0.25 mm overlap-at various
bositibnsAin the chamber. The sensitivity is egain 8.75 nsec/channel
and the distances of the beam centre from the sense wire are given,
Within the errors imposed by the systgm, it is seen that the resolution
"does not vary significantly with distance.

At.this stage it was realised that the only valid method of
\sfudying resolution would be to use én array of chambers to define
particle tracks (preferably straight) and thus deduce the mean locational

errors,

4

5;3 . Tests with an array of multicell chambers.,
5.3.1 Experimental System.
The basic system used is shown in figure 5.6, wﬁere the three
. chambers were mounted on a flat rigid baseplate and alignment of the
sense wires was achieved by means of externally scribed reference lines

on the chamber frames. During chamber construction the sense wires were -
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affached so as to be- parallel to this line and at set distances from it.
The chambers were mounted on the baseplate so that the lines were
coincident with another fiducial line running the full length of the
baseplate, and the final system was surveyed Qith a theodolite to ensure
_paralleiity of-the sense wires.

The gas (érgon + 108 mefhane) was supplied, from one cylinder,
to the chambers connected in parallel‘with a flowmeter.monitoring the ‘
inﬁut and output to each chamber to ensure that no leaks developed
(smali amounts of air entering the chamber would be extremely detrimental
to the drift process).

" The drift field in all.chambers vas maintained at 600 + 10 V/em
»givingla drift velocity of 33.8 + 0.2 mm/usec. Preamplifiers were
connected to one sense wire in corresponding positions in each chamber,
~ via a short (~30 cms) length of miniature co-axial cabie, all the
‘remaining electronics ﬁeing mounted in a nearby rack.

The timing was carried out in one Quad T.D.C. module manufactured
by LeCroy Electronics Ltd. This module was in the form of a CAMAC
component, so that its operation could be controlled by méans of a
prograﬁme'in an associated small computer.(Digital Electronics P.D,P 11).
The output from the T.D,C's was stored in the computer and could be
either displayed on a Visual Display Unit, or sent down a permanent
link into the main 1abora£oxy computér (I.B.M. 370) via an I,B.M, 1130

as iﬁterface. This gata handling system is also shown in figure 5.6.

5.3.2 Computer Control

Two programmes were used to control the data taken' during the
course of the various resolution tests although they both performed
basically the same function. As an example the flow diagram for the
first progfamme used, written in CAT 11, a form of 'Basic' specially

written for CAMAC control purposes (5) is shown in figure. 5.7.
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The programme was started by means of a manual command entered

. via a keyboard terminal-(bottom right of figure 5.7). After setting up
cénditions for data taking the programme entered a loop to await an
interrupt signal. This éignal was generated, via an interupt register
from thé scintillator coincidence ana thus signified that a valid event
had occurred.: This cauéed the three T.D.C. channels to be read, the
data to bé stored in the computer as one event, the system to be reset
and the wait loop re-entered. The process was repeated until the avail-
able core was almost full whereupon the data was transferred into one
arraj for convenience and then transmitted down the link (as one block
of n evenfé) to the IBM 370 where it was stored on disé.

The data obtainéd from these tests was quickly transferred to
magnefic tépe storage for later processing, thus freeing.the discs for
further data-taking.

' During.setting up procedures, and at times during an experiment,
it was convenient to display the recdrded'times.on a V.D,U. in the
experimenféllarea. With the first programme this was achieved by
deleting the 'send' command'and inserting one to display the‘values
stored iﬂ the arrays. In the second of the programmes (written by
P. Ridley, Daresbury) sepafate start commands were used to specify

display or send modes of operation.

5+.3.3 Data processing
The method of determining the locational errors in the chambers
from the three recorded drift times can be explained with reference to

figure 5.8, showing the predicted occurrence of ionisétion in 3 chambers

at X, Y and Z, for corresponding drift times T1, T2 and T3. The estimated

trajectory of the particle was constructed through the mean values of T1

and T,., and T2 and T (points A and B) and a deviation D defined as the

2 3

difference between the measured location and the estimated track. This
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mefhod results in equal deviations in each chamber (D1 = D2 = D3)'
Using a least squares method of determining the best estimated
tfack wquld result in deviations given by D1 = D3 =n (0,5 D2 and the
ToM.Se averége of these three is only 4% lower than the equal deviétions
of the firét method. Thus the equal deviation construction was
" retained for the determination of chamber resolution in order to
simplify calculations.
It should be noted that the true deviations on figure 5.8 are
D1 cos O etc. where © is the angle of the track to a line through the
sense wirés, but the collimation of the test beam and acceptance angle
of the systenm wére'suéh that © was alwvays less than 1° (6), so that
cos 6~1
o Deviétions were only calculated for those events which were-
recorded as three significant drift times, any events containing a zero
time or a T.D.C; range maximum (indicating no particle detected within
that time) were rejected from fhe analysis, |

-

5.4 - Results from multicell chamber array

_Thé deviations for each experimental Tun under a certain set of
conditions were arranged in the form of a histogram, where the widths
of such distributions give a measure of the resolution of the chambers,
Two typical histograms obtained with a 2.5 GeV beam are shown in figure
-5.9. The most immediate feature of the distriﬁutions is that they.are
not centred about zero. This was attributed to a slight displacement
of the chambers in the horizontal plane and is not expected to.affect
fhe eétimétion of o, which comes from the shape of the distribution only.
It was realised that this shape could be analysed more simply if the
histograms could be approximated by Gaussian distributions and so a

. comparison was made,
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It can be shown that the equatibn of a Gaussian distribution
may be expressed in terms of its mean (X), its height (h) and its

width (T) as followsi
e =nom [ (%)2] BRNCRY

where o is a constant, and if T is given by the f.w.h.m. of the
distribution (W) then @ =4 1n 2. Also shown on figure 5.9 are
Gaussian curves calculated from 5.1, using X, h and W from the data
histograms. The correlation betweenAthe data and the fitted Gaussian
curves (for these and-other runs) was considered adequate to allow the
‘use of. appropriate Gaussian expressions to estimate 0'values‘for our
data.- A ﬁéeful relationship can be found by equating expression 1 with
the more usual equation for the probability function of a variable

defined by Geussian statistics and having a standard deviation o

P(x) =—1 exp |-~ (5.2) -

v

Comparing the exponential terms of 1 and 2 gives

T W

T= o T 2.3
i.e.‘standard_deviation o= 0.425 x f.w.,h.m.

Applying this method to several runs (at high beam energy tb
minimise particle scattering) a value of o°= 100 + 15 ym was obtained
‘fof the spatial accuracy of the chamber,

The effect of scattering on the measurement of resolution at low
beam energies is demonstréted in figure 5.10 showing drift time dis-

tributions obtained with various beam energies,
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The use of f.w.h.m. to estimater'is not so valid at low beam
energies as the Gaussian shape is lost (the diétribution being now
partially due to non-straight tracks rather than just locational
errors). A more general'analysis of the data is presented in figure
5.11 whiéh shows the percentage of measured deviaticns which are in-
cluded befﬁeen given limits on either side of the mean, for various
energy runs, Thus at 2.4 GeV, approximately 70% of the deviations lie
within + 3.5 nseé of the mean value; at 0.6 GeV the figure is down to
60%; and at 0.2 GeV less than 40% of data lies within these limits,
It would aﬁpear from these curves that above 1 GeV the scattering of
particlés hés é Qery small effect on the distribution width.

Three furfher points shouid'be noted with respect to the curves .

of figure 5.11.

(i) As the displacement of the distributions from zero is assumed
to be due to'system misalignment, the deviation distribution
for one chamber would be expected to have a mean value of zero.

- Thus for the example above, 0% of 2.4 GeV particles would be
Located to within 3.5 nsec (118 um) of their actual position in
any one chambef. If rapid display of deviation histograms were
possible it may be feasible to align arrays of chambers by care-
ful adjustment until the distribution for the whole system is

- centred abbutlzero. |

(ii) 'For a Gaussian distribution, 68.3% of data is expected to lie
within + o of the mean value, and this gives anothef me thod of
estimating o for our data,particularlybat high Beam energies.
For the 2.4 GeV run, 68.3% of the data (marked on the axis) lies

within + 3.3. nsec, indicating a value of o= 110 um. The

agreement with the estimation from the f.w.h.n. is supporting

evidence for the Gaussian approximation.
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(iii) The percentage of data plotted is a percentage of all data
(calculated from the raw data réther than the histograms),
including deviations so large that they would almost certainly
be Que to non-valid events, e.g. shéwers or random background
stop pulses (c.f; the 'plateau’ of section 5.2). Consequently
the estimates of ¢=from these curves will include. this small

extra contribution.

5.5 = Measurements with an array of single cell chambers

Some further information on resolution was obtained from tests
on an'array of single‘cell chambers on the Daresbury test beam, The
system was designed to test the operation of chambers in strong mazgnetic
fields and ﬁili be fully described in chapter 7, but some preliminary
data taken wiﬁhoﬁt the magnetic fields is relevant here;'

" The experimental system, data handling and data processing were
all basically the same as in section 5.3 (see figures 5.6, 5.7 and 5.8),
élthough the method of mounting the chambers waé different (see section
7.4) and in consequence ﬂ1é sense wire alignment may not have been as
.‘accurate;

‘Runs were carried out with high energy particles (~ 2 GeV) for
two spplied drift fields, 500 V/cm and 900 V/cm, the drift velocities
: being 37 mm/ﬁsec and 29.4 mm/usec fespectively. Figure 5.12 shows a
déviation histogram for each field., The doublé peak was attributéd to
a lateral displacement of one of the sense wires combined with a beam
" which passed through both sides of the chamber. Thus for a track passing
on one side of the‘displaced sense wire the drift timeé will be reduced
résulting in a constant negative deviation supeiimposed on the distrib-
ution, whilst the opposite will occur for tracks on the other side.

Limiting the analysis to particles in one side of the chember only, the

distributioné of figure 5.13 were obtained, which include values for o
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calculated by the two techniques (68% éf data and f.w.h.m.) described
previously. The results show good agreement with those calculated from
the multicell chamber tests,

The values of ¢ calculated up to this point have been derived
from thé combined results of tracks at all possible distances from the
sense wire and it was decided to investigate the variation, if any, of
¢ with drift distance.

The data from one side c¢f the chamber then was divided up
according fo the drift time.recorded in the middle chamber, and the
corrésponding distributions from one run (at 500 V/bm) are shown in
’ figufé 5.14. Uhfortuhately the procedure for selecting only tracks on
one side of the sense wire does not appear to have been stringent
enouéh énd a sﬁall secondary peak is evident. (This is a good ‘example
of the trouble caused by the so-called L-R ambiguity in drift‘chambers
which'will be. discussed in more detail in chapter 8). Subtracting the
effect of this secoﬁdary peak by eye, values of o for fhe foﬁr distrib-
utions were calculated uéing the '68% of data' technique. The results

 and similar ones. for a drift field of 900 V/cm are presented in Table 5.1,

Drift time o (500 _V/cm) o~ (900 V/cm)
nsec pm ) $m
50-150 122 + 4 109 + 3
150-250 125 106
| 250-350 120 109
350-450 127 - 106

Table 5.1 -~ ¢ versus drift time for two drift fields
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"FIG- 544 Deviation distributions for different ranges of drift times

_ (a) 50-150, (b) 150 -250, (c) 250-350 {d) 350-450 nsec.
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The values of ¢ at 500 V/cm’are'higher than those calculated
préviously for the whole range of drift times, although a slight change
~in the proportion of»randbm~background events between runs (possibly
“due to changes in beam parameters) would be sufficient to cause such a
small effect. Of more significance is the uniformity of o across the
range of drift times, Within the limits of the method of calculation
there was found to be no change in the resolution of the chambers for

drift distances in the range 1-16 mm.

5.6 Conclusioﬁ

The'final value for the spatial resolution (G‘of the error
distribution) of the Durham drift chaﬁbers using argon + 10% methane
and fhe timing system as described was estimated to be in the region
of 110-120pm, which shows egreement with the rough predictions of
section 5.1. The experimental values do correspond to the lower limit
vof the predictions however, suggesting that either the system contrib-
utions (éarticularly o; and oh) were lower than expected, or the
intrinsic accuracy (particularly oa)for our gas mixture is lower than

| that calcﬁlated by Walenta, This latter point is investigated in the
next chapter.

Thesevvalues for resolution compare favourably with results by
other workers for various gas mixtures, indicating further the suitability
of argon + 106 methape as a drift chamber gas; For instance figure 5.15
shows Athe resolution resulté by Charpak et al (7) for their mixture of
argon + 30f: isobutane + 2.5 methylal, including data for tracks inclined

- at 420. The rise in d;near'to the sense wire ié attributed to the
- increased effect of oy (section 5.1) in this region. For example for
é track incident on the sense wire, the uncertainty'in position will be

- equal to half the mean separation of the primary ionisation, P. (i.e.

P/2~ 150 pm) |




) 5 10 5 . 20
' ' S‘(mm) Co

o _' FIG 5.5 Resolution versus . drift distan;e,(s), for hrgon/ isobutane

from Charpck et ol (7).
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The.decreased accuracy for tracks at 420 to the normsl as
indicated on figure 5,15 can be explainéd by reference to the con-
.t.ribution of 0. Using the model for inclined tracks shown in figure -
4,19, we see that for a track in the 'parallel field' region, inclined
at an éﬁgle 0 to the normal, there will be a pOssible spread_bf
measuredbdrift lengths given by gsmo. This is in addition to the

_ othér contributions to o which should remain constant. For 9 = 420,
Ppsin © will be approximately 200 um,

» Results from;fhe tests on angled tracks at Durham using a
radioactive source, and deséribed in section 4, indicate that the
resolution for angled tracks varies wjth the direction of tilt as well
as angle. Figure 5.16 shows the full width half maximum of drift time
distfibutions (converted to distance) for two independant runs. As
the field>in the drift chambers is symmetrical about the sense wires,

“the effect is presumablyAdue to the divergence of the beam of particles.’
Taking the meanAof the data from both-runs and both tilt directions
gives the variation of resolution shown in figuré 5.17. A slight
worséﬁing of resolution with angle is seen, although once again any

. effeéts'afe swamped by fhe uncertainty on. the particle position.

Other meaéurements of resolution in argon + 3¢5 isobutane have
been méde, for instance by Sadoulet and Litke (3), and Bateman and
Connolly (9). Sadoulet and Litke obtained the values shown in figure 5.18,
with a chamber having single voltage cathode pianes 8.5 mm apart,'and
potential wires, The field appears to have been about 700 V/cm. They
claim their results represent the intrinsic accuracy of the chambers,
other. errors being accounted for in the analysis. Bateman and Connolly
have réported o= 190 pm for drift distances of 1 cm, although this is
-thought to have been limited by the scattering of the 1 GeV/c n+

particles of their beam. Saudinos et al (10) working with pure methane




(o]
15 ) : . "A 3 Q 3
FWHM. 5 A A _
N 10 ¢ ° °
~ {mm)
05 ¢
| 0 4 'l i A - A a i
30 20 _ -10 0 10 20 30

Trajectory angle | {deg)

FIG, 516 Resolution versus angle of . track to nomnal.

s R
EWHM. ¢ ¢
10} ‘
{mm) '
05 |
0 . S _ .
0 10 20 30 40

Trgjectory angle  (deg)

FIG 517 Resolution  versus track angle, cxvczraged- over 2 ruﬁs
and 2 directions of 'tilt. ‘

150

~ Resolution . o +

4 100F, -
A(u_m') + ;
50 t fF fF'_
R LI

'Drift distance - (mm)

FIG 518 Resdution versus crift distance, from Sadeulet 'qnd'Litke,

1




71,

iﬁ'differently designed chambers have quoted o= 170 um for 7 cm drift
lengths; going to 0= 550 um for 50 cms. 350 um was the overall
resolution of large (4 m°) chambers described by Cheng et al (11)
using argon + BQ%'ethylene, but again this is thought to be due to

scattering of their beam (160 MeV protons).
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CHAPTER SIX

THE ELECTRON DRIFT PROCESS

6.1 Introduction

| The mechanism by which electrons mcve through a gas under
the iﬁfluence of an applied electfic field is the process which
directly determines the operating characteristics of a drift
chamber. The two pa;ameters of particular importance which can be
derived from a sfudy of this mechanism are thé electron drift
velocity.w, and the diffusicn coefficient D, whichllimits the
intrinsicAspatial'adcuracy of such devices.

This chaptér attempts to describe and explain the factors
affectiﬁg these paraﬁeters and thus predict actual values for
"various éases, particularly argon + 10 methane, This will be
achieved by the application of simple classical models combined
‘with experimentally determined felationships.

A much more rigorﬁus and mathematical treatment of the whole
' theéry of eiectron drift and diffuéién is presented by Huxley and
Crompfon (1) who have also collected experimental data on various
" transport éoefficients for many gases. Their work and that of
Palladino and Sadoulet (2) on the same subject, have provided the
basis of much of the theoretical work included in this and the next

’

chapter,

6.2 - General theory of electron motion in electric fields

A free electron in a gas with no external electric fields,
mdves with a velocity A in thermal equilibrium with the gas molecules,
undergoing elastic collisions with them, as shown in figure 6.1(&).

Kinetic theory indicates that under these conditions there will be
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a definite distribution of electron velocities (Maxwellian
Distribution), and correspondingly of electron erergies. The mean

velocity, ¥, at temperature T°K is given by
tnv = % 0 (6.1)

where m is the electron mass and k.is Boltzmann's constant. At
15°C this gives ;o'v 107 cm/sec and the corresponding electron
energy as approximately 3 x 10-2 eV,

Note that from figure 6.1, there will be some spatial dis-
plécement of the eiectron from its .original position after & time
t seconds. This constitutes the principle of electron diffusion
which will be dealt with in section 6.4. -

In the presence of an electric field E, figure 6.1(t) applies.
Thaf is the electron still exhibits its random motion but with a
new velocity v, and due to the accelerating force exerted by E there

is a net drift>velocity w superimposed on the motion. - This velocity

describes the overall effect of the field, and at no time is the

electron actually moving at this velocity. Typical values of w lie

between 105 and 107 cm/sec, and are usually functions of E. The
diffusion effects are still applicable to this motion end so w
represenfs a mean value of drift velocity for a single electron.or
alternatively the~velocity of the centroid of a group of electrons.

A useful conéept in considering the motion of charged particles

in electric fields is that of mobility, p, given by,
W=k | | (6.2)

For the motion of ioms, u-is virtually independent of E, at

least for &alues of E/p up to about.20 V/ém torr, where.p is the gas
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pressure in mm of mercury (torr). The first simple theory of ionic
mobility was put forward by Langevin (3) in 1903 and gave a value

of ‘
o= = | ' " (6.3)

where A is the ionic mean free path, M is the common ionic and
molecular mass and e is electronic charge. . The theory made many
éimﬁlifying assumptions and several more rigorous theories have
sincé been devéloped although 21l indicate w a E at low E/p. A ‘e
comprehensive review of these theories, including Langevin's
original is presented by McDaniel (4).

| Unfortunately the picture for electron mqtion}is more complex
and the concept of mobility must be used with caution, as in general
n for electrons is a function of E. The main reasons for the greater

complexity of electron motion are summarised below.

~
[

(a) The mean fractional energy loss Q, by a particle of mass m,

in collision with a particle of mass M, is given by,

= —-@-2— (6.4)
(1)

For ions, m~M and Q ~ %, so that ions do not gain much energy
from an electric field, For electrons however M > m and Q reduces
to 2m/M whiéh is very small. Thus electfons even gt very low values
of E/b rapidly acquire energies far in excess of thermal energies.
The Townsend energy féctox-h,is defined as the ratio of the mean
eiectron energy to the thermal molecular energy, and figure 6.2 from

Healey and Reed (5) shows this energy factor for electrons in neon
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and argon., Thus electrons in argon-at E = 1000 V/cm and atmospheric
pressufe may be expected to be at 250-300 times thermal eﬁe;gy,
(i.e. 7-9 eV), and therefore random velocities will be ~ 17 times
‘vo. .The effect of inelastic collisions (with larger Q values)
prevents 7} from increasing indefinitely and also lowers it for
molecular gases;

(b) Whereas ions in the electric fields which we are considering
rarely attain sufficient energy fo cause excitation of the gas
' molecule;, S0 thét all their collisions ére elastic, this is not

tﬁe case with electrons. For instance in argon, the threshold for
electronic excitation is 11.5 eV (6) and this energy will be
>attaine& by increasing numbers of electrons as E is increased above
a féw hundfed volts/cm. For such inelastic collisions, Q is
inéreased, effectively limiting the mean energy of the electrons

and thus distorting the shape of the electron velocity distribution..
The effect is more pronounced in molecular gases such as methane,
where ineléstic collisions due to vibrational and rotational

excitation are a significant process at energies below 1 eV.

(c)_ - The process of electronic elastic scattering is not so
stréightforward as.is predicted by simple classical theory. This
'states that the mutual pntential energy of an electron and molécule
Cis proportionél to r74 where r is their separation, and that the .

cross section for elastic scattering is therefore inversely prop-
ortional to electron velocity v. Simultaneous work by Ramsauer (7)
ahd Townsend and Bailey (8) discovered that for certain gases,

, notébly the heavy noble gases, there exists an anomolous region of
low cross section for low electron energies (w1 eV). Figur§.6.3

shows the variation of scattering cross section for noble gases,
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collected and averaged from many soﬁrces by Brode (9). The

' explanatioﬁ of the effect requires the use of quantum theory, and in
particular the method of partial waves. It can be thought-as an
intépference effect involving the major component of the incoming
wave (electron) and the deep, narrow potential well representing the

gas atom,

(a) _ Because of the effect of inelastic collisions and the complex
dependence of cross section on electron energy, the distribution of
electron velocities f(v) is no longer necessarily Maxwellian, which
is derived by assuﬁing only elastic collisions and a cross section,
q, proportional to v-1. A different distribution was:derived by
:Dfuyve§teyn (10) again assuming elastic collisions, but this time
"with q independent of v. The form of the velocity distribution is
obviously relevant in calculations where averaging is performed over
all electron velocities, although the difference introduced in the
final results of such calculations merely takes the form of a
diménsionless 'averaging' factor. ifhe value of tLis féctor is dis-
'f.cussed-in Appeﬁdix I, In general because of inelastic collisions,
the form of the distribution is not necessarily dependent on q(v).
It is found however that most practical situations can be described
' by assuming one of the distributions mentioned above, and by selecting
e suitable value of r, such that 'é a v—r, from experimental data.
‘in view.of the points listed above it is clear that the
rigorous analysis of electron drift is a complex problem, particularly
when'the gas invelved is a mixture of noble gas and molecular gas and
several mechanisms will be competing. This is indicated from the

measured drift velocity in our mixture of argon + 1Q% methane .
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(figure 4.8) when aboveIZOO V/cm, w 1s decreasing with increasing E,
'>'ooﬁtrary to the conventional concept of mobilit&.

In the following section the above points will be applied to
estimating w fof argon and methane and then by combining parameters
| ln the appropriate proportiops, the behaviour of w for argon methane"

mixtures may be explained,

6.3 Drift velocity for specific gases

| 6.3.1 General
| " The method of calculating the variafion of w with electric
field, used'in this section is to first derive a simple expression
for w, which includes terms involving meen electron velocity v,
mean free path A between collisions (a o—1) aﬁd aoeraging constants,
This can then‘be solved for aﬁy E using experimentally determined
dafa for mean.electron energy and collision .cross secfion. An
alternatlve technique has been used by Palladlno and’ Sadoulet (2)
based on a theory flrst developed by Morse et al (11) , Thls 1nvolvesA
solv1ng, by numerical methods and u51ng experlmental .CTOSS sectlon
.data, expressions based on.the Boltzmann.transport equstlons. _This
allows‘both ﬁ and electron energy to be dete;mined theoretically;
and fufther reference to this work will be made later.

The expression for w derived here comes from simple eQuaﬁions
of ﬁotion. Ve consider an electron\after a collision ﬁith a‘gas :
molecule in a field B, having a velocity v at angle © to the field
direction x. The distance covered-by>the electron in the x directicn ,

- in time t is given by,

={tvcosO+7%. ig £2 . - {6.5)
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if we assume the elastic scattering cross section is isotropic then

averaging over many collisions

d =+ i?i £2 (6.6)

In order to find the mean displacement in the x direction (d) between
collisions we replace 1t by tc the time between collisions and then

averagé over the distribution of tc. This distribution is given by
1 ,
g (t,) = 7 exp (-t /p) (6.7)

where T is the mean free time between collisions, = X/v where A is

the mean free path. The mean of the tc2 distribution.is thus given

by,

£ 2 = 272 .  (6.8)
Thus

= _ eB .2
d = =1 . (6.9)

For a hypothetical electron with constant velocity v there are 1/T

. collisions per second and hence the net velocity in the x direction

(i.e. w) is given by
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or

eE A :
—~ 3 (6.11)

& (%) o '(5.12)

it can be shown that equation 12 is only valid for the special case

of constant T, and that in general

(6.13)

=

1l
I

|m
B &
——
< 1”71
g S

~where kx deperds on the variation of A with v. Even more gererally

we have’

I .
wo=k =2 . (6.14)

>.where k now also.depends on the pafticularl'mean? value of v.used and
"on the assumed electrénAvelocity distributiéﬁ f(v). The evaluation

.of k is discussed in Appendix I but.as an examplé table 6,1 shows the

j ﬁalue of k for Maxwell and Druyvesteyn distributions, for A «a vr, and

a value of v obtained from mean electron enérgy measurements (i,e.J ;2)

T

1 0 -1
Haxwell 138 | 0.92 | 0.46
Druyvesteyn 1.24 0.82 o.41

Table 6.1 = Value of k in equation 14 using ’ ;2,
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To solve equation 14 we need to know the value of the mean electron
velocity,'usually determined from the mean eleqtron energy € and

its variation with E, A useful parameter in this context is the
characteristic energy'€k,‘which is closely reléted to the actual
mean-energy'€. It is defined as the ratio between the diffusion
coefficient D and mobility p, and is readily determined experimentally.
(12). The diffusion coefficient D is discussed further in section 6.4
| but it is relevant here to mention that it was first given by

Townsend (13) as

\5
D= —— 6.1
3 (6.15)
From eqﬁation 14, _ <
W = -Kﬁ A v | ‘ ~ (6.16)

and so we see that the ratio D/u is proportional to m vz/é, thus,

.

D _F 4 =2 .
L =S Tav _ (6.17)
= €k in electron volts.
or o
— [ 2€
7 =5 , )

As with k, the value of F is dependent on A(v) and f(v), and is

discussed in Appendix I. -Table 6.2 shows F values for A « v as

before,
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r
1 0 -1
Maxwell 0.44 | 0.66 | 1.33
Druyvesteyn 0,51 0.76 1,52

Table 6,2 - Values of F in equation 17,

In the.following calculationé the value of v used to solve equation
14 comes from Gk measurements. Thus our value 6f k in equation 14
is the product of the k of table 6.1 (because we are using j‘%é) and
?J?;ifrom equation 6.2 (because we are using Sk rather than 6). The

‘resulting constant is tabulated in table 6.3

T
01 0 -1

Maxwell .92 .75 .54
‘Druyvesteyn .89 .71 )

Table 6,5 - Values of k in equation 14 using

.v obtained from Gk measurements,

6.3.2 .Argon
1 | Figure 6.4 shows the variation of BkAwith applied electric
figldf -Thé curve-is drawn from Pailadino and Sadoulet (2) and
rebfesents both the experimental data of many authofs (12) and their
o oﬁh‘theéretical predictions. The fgriation of Gk are as expected,
that is high ek even at low fields because of the low energy loss
g peijcollision, and Gk rising with E until part of the electron dis-
'. tribution reaches 11.5 eV, the threshold for excitation, when the

large energy loss per collision.keeps ek reletively constant,
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' FIG 6.4  Electron energy’ versus electric field.
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Figure 6,5 shows the accurate variationAof momentum transfer
cfoss section ap with electron énergy from Frost and Phelp; (14).
The parameter ay differs from the total collision cross section Qg
- in that it includes a factor to account for any noﬁ-isotropy of
scattering. 4F01v' isotropic scattering qp =9, and the results of '
Massey and -Bﬁrhop ( 15) show that for electrons the two values agree
Glosely at low electron energies (10 eV) and that 1y >a, at higher
| ene;’gies. : It is however the value of dy which is more relevant in
~.calculations of drift velocities, The corresponding value of mean

free path A is found from

A =T
NqD

where N is the number density of gas molecules ( 2.7 x 1019cm"3 at

) N.T,P.). Using values from figures 6.4 and 6.5 equation 14 can now
- be solved for any value of E, but the following discussion will
“indicate the general form of the variation of W with E.

.

- From equation 14 we have
v oo E.X.'v-r o S _ (6.19)

For E between 100 and 2000 V/cm we see that €k is between 2 and 8 eV,

Assuming €k~ €, then for this range qp & € and therefore A «a €-1

1
As v.is obviously proportional to €2 we have

W ge 0 ~ - (6.20)

. .45

Figure 6.4 shows that for E1000 V/em, € « E'"’, and therefore.. - :

w @ B2, For E>1000 V/cn € is approximately independent of E and

therefore- w o B,
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FIG 65 Momentum +transfer cross section versus
electron  energy. '
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Substituting experimental values of A and v into equation 14

- gives the actual values for w, and the results of these calculations
‘are shown in figure 6.6, compared with the experimental variation of
W‘de#ermined by Nielsen (16). The shape of the experimental curve \
is accurately predicted and the best numerical agreement is obtained
* by assuming a value of k~0.7 as shown in the figure,

Figufe 6.7 showing experimental data for w in argon, collected
-from many souiceS'(Z), shows that the simple modél is accurate over
. several orders of magnitude of E,
16.3.3‘ Methane N

We ~can make the éame predictions for methane, using the energy
versus B variation from figure 6.4. The solid line répresents the
experimental ﬁariation found by Cochran and Forester (17) and the
" “broken line is the theoretical predictiﬁn of Palladino and Sadoglet (2)
The pVerall:eleqtfon energy is much lower than for argon because of
‘:“thé:possibility.of large energy loss collisions causing moleculsar
Ia'vibrations which occurs in methane 5elow about 0:4 eV.— The energy
'?does:rise steadily with E however as the actuél cross section fof
these'éollisions is smali.. (5% 10—17cm2(2)).

Unfortunately the overall momentum transfer cross section is
difficult to accurately establish below abogt 1 eV, and in figure
_6,5'£he qb curve in this region is drawn by éssuming a similar shaped
cur#e to argon and adding the constant 5 i 10—17 cmz.due to inelastic
collisions."Thé vériation of w with E was calculated as for afgon,
~-and the results are shown in figure 6.8, compared with our experi--
menfal.dafa taken from figure 4.11. The fit aé shown was obtained by
- assuming a value of k = 0.8, The agreement here is worse than for

~:argon,»presumab1y due to the imﬁrecise values of collision cross

-section below 1 eV,
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6.3.4 Argon-Methane mixtﬁres

| The main problem here is in estimating the variation of
eléctron eneréy with electric field. Calculations of electron
erergy for argon isobutane mixtures by Pélladino and Sadoﬁlet (2)

. . ‘
_indicate that fof 10% hydrocarbon content, €k is given very

'apprQXiﬁately'by €k (mixture) ='J[EL(Argon)€k(iso.). Applying
this to argon + 10% methane, and meking adjustments to give the
best final fit to the experimental values of . w, gives.the estimated
variation of'€k shown in figure 6.4, where'ek'is approximately
‘proportional to E'C,

The ﬁet cross section was obtained simply by adding the vaiues
for -argon -and methane in the appropriate proportions. The resuit is
-. shown in figure 6.5. ' L

The effect of the methane additive in argon is seen to be a
slighﬁ?'fillipg'in' of the Ramsauer minimum and a éignificant lowering
of the electron energy, such that at about E = 200 V/bm it corresponds
%o the minimum value of cross section. For E less than 200 V/cm,
K/vfiS“éithe:“constant or proportional to " whére n is less than
-O;B;rénd so w rises with E. Above 200 V/cm A/v becomes proportional
“to E" where n is greater than 1, and so w falls with E. Above
,..806 V/cm'the value of n is only slightly-over 1 and so ﬁ reduces very
 slowly with E.

Substituting actual valueé into equétion 14 allows the vari-
-'a£ionf6f w to be calcuiated, and the resulting curve is shown in
.figure 6.9, comparediwith our experimental values from chapter 4. A
valﬁe of X = 0,6 was assumed in the calculation, although-good fits
'cbuld be obtained for k between 0.5 and 1.0, depending on the precise
position of the estimated €# versus E curve. Because of this strong

- dependence on the estimafed €k values the preceding calculations for

argon-+'1q% methane should;be thought'of as providing an explanation
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of the experimental variation of w with E, rather than an exact
prediction. |

The form of the w versus E relationship is however quite
accu;ately described by the theory, as shown by figure 6.9,
except that‘the.predicted value for the peak of the curve is
appfoximately'twice és high as iﬁ practice. VAs this peek corres—
ponds to the minimum of the cross section curve, it may be that
‘because of the finite width of the electron energy distribution,
the actual minimum value of qfnever represeﬁts the cross section
for any particular distribution.' That is, when ip equation 12 we - ..
average ovef the velocity distribution it would be more accurate
to also average over.thé corresponding range of A values. The
'abpfoxjmation.of using only the A value corréspondiné.to the mean
enefgy is valid unless the slope of the q versus C curve is sig-
' ‘nificaﬁtly non-uniform (e.g. at the Remsauer minimum).
The beﬁaviour of w in other‘coﬁposition argon methane
: mixiﬁres-can also be examined‘qualitatively, using thé same theory,
and by noting fhat increasing the proportion bf iydroéarbon in the
" mixture has two main effects, (a) the mean electron energy is
lowefed, and (b) the minimum in the cross section curve is 'filled in'

to a greater extent. These have the corresponding results

: (a)l ‘the peak of the w versus E curve is moved to higher values of
. _

v(bi | ‘the peak is broadened, i.e. the changé 6f slope of w versus
E from positive to negative takes place more gradually and'

over a larger range of E,
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These arguments apply equally to argon-isobutane mixtures,

" as isobutane has similaf electron scattering properties to methane.
Thus thevgéhgral points méntioned above are illustrated by the
results of Charpak et al for argon isobutane shown in figure 4.14,
our 6wn data for argon-methane-isobutane in'figure 4.13, and the
rigorous theoretical calculations of Palladino. and Sadoulet (2)

| Fpr 38% isobutane content, the w peak is so broad that above
E~1000 V/bm,w is virtually independent of E, It is this saturation
of w which is attractive to'drift chamber'designers. Note that the
séme effect, for lower values of w is achieved in argon + 10
methane fof a different reason, namely the ) dependence of w at

high fields, where m~0.1.

.6.4 Diffusion

As mentioned in section 6.2 the distance travelled by an
électron parallel to the electric field in time t will be given by
d + x,.where d = wt and x is a statistical variation due to the
random motion of the drift process. For a group;of electrons, w
can be considered as the velocity of the centroid of the group, and
x as due to the diffusion of electrons across a concentration
gradient. This concept leads to the definition of a diffusion
coefficient D as the ratio between the net.number of particles
flowing through upit area per second (J), aﬁd the density gradient
of fhe diffusing particles (VN)

Thus J = - D ¥ N (Ficks Law of Diffusion)

In 1905 Einstein developed arelevant formula pertaining to
particles in random motion. " Assuming No particles at the origin of

a three dimensional co~ordinate system at time t = O then the number

- density N at radius r and time t is given by
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N 2
N = (_——f—ggyz exp (-r°/aDt) (6.21)
4n Dr

where D is the diffusion coefficient as before. The root mean square

radial displacement is given by

-‘/E 2 : l6 Dt ‘ (6.22)
~and inAoné dimension

f;? fz—Dt_r B (6.23)

It:can be shown (see ref. 1, p 117) that equation 23 is applicable

]

to é group of electrons in an electric field parallel “to the x
direction, where J~§~2 represents the r.m.s. displacement from the
cenfroid. Uhder these circumstances howeﬁer, D must be replaced by
"I_I)L,I the coefficient of diffusion parallel to E, which in general is
ﬁot equal to D, Diffusion at right anéles to E is still described
by the coefficient D, The difference between DI; and D was first
‘7:noticeé experimentally by Wagner et al (17) and has since been
'invesfigated fheoretically by several authors (18—21); Assuming
bﬁiy.glasfié collisioﬁs anqu independent of v, most zuthors cal-
'culgte'a ratio of DL/bh‘O.S, this value increasing for q a v

and -decreasing for q a v+n. The effect is demonstrated by the

L
- methane, as shown in figure 6.10. The broken line on figure 6.10

experimental results of Wagner et al for D and D, in argon and

shows the estimated values of DL/h for argon + 10% methane,
Defining €L = QL/ﬁ, we have for our mixture, and an electric field
of 1000 V/em, €~ 0.6 eV (compared with €.~ 1.5 eV). We shall

assume for the range of E that concerns drift chember operation,

| that €i o €k o €, the meén electron energy,
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. FIG_6.10 Ratio of diffusion coefficients to mobility:

parallel {D.) and orthogonal {D) to drift field. .
- Broken line is D ju- estimate  for argon+10% methane.
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Thus to minimise the effects of diffusion ﬁe need to minimise €L/E
'(or €k/E) and‘we see that not only does the addition of hydrocarbon
‘to'argon'improvevits drift velocity characteristics but also
"improves its diffusion properties By lowering Gk. It is also clear
:thatﬂfor‘€k~a En where n is 1es§ than 1 (as in our migtﬁre for
exampie) that there will be an improvement in spatial resolution by

- operating at high fields.

6.5 Application to Drift Chambers

The o;,of equation 26 is not the final estimate of the con-
“triﬁution of diffusion to the spatial.accuracy of a chamber however.
-Thevp#rameter which is more relevant in this context is oa, the un-
‘certainty on the arrival time of the mfh electron out of a group of n
*ﬁhere-it.ié'the mth electron avalanching which tfiggers the timing
system. The value of oa depends on o&, m and n. If the system was

4

tfiggered by the centre of gravity of the group the the uncertainty

would be given by

°x - (6.27)

" ‘This represents the best value of resolution (i,e. minimum of oa) but

. is very difficult to realise electronically. A more fealistic example
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is one where the timing is triggered by the first electron to reach

. the sense wire. In this instance it can be shown that

o = | (6.28)

This,represents fhe‘worst value of resolution and although the general
cése,for the mth electron is not reported, it seems reasonable to
‘assume thafloa will decrease with increasing m. Thus there is en
advantage in not setting the discrimination leﬁel on the chamber
pulses at the lowest possible level.

. To calculate resolution in éur chambers it is necessary to
know both 0 and n. For a drift distance d = 1 cm and an electric

X
field of 1000 V/cm, 0. is given from equation 26 as

- = 2.x 0.6 x 1
=T 1000 -

345 pm

for argon + 10/ methane,

| The'value of n can be estimated with reference to figure 6.1
The éésumption is‘made that electrons are considered to effectively
' oriéinate from the same point if there is less than 100 pm dif-
-fer9nce.in their drift lengths, Thus in figure 6.11 all the
ionisation eleétrons formed in the distance y are considered to
‘arrive at the:sense wire with a time distribution characterized by
-b;. "For 4 = f cm, y~2 mm, and as there are approximately 100

felectrons/bm formed by an ionising particle traversing our chamber

.(see’ chapter 3), then n is about 20. Thus for triggering by the
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first electron oafis given by equation 28 as-

o = 0.520 =180un

~ For the centre of gravity of the group, from equation 27

The'exéerimental value of chamber resolution for these conditionms,

.. as described in chapter 5, was found to be 110 um, where the pulse

height discrimination level varied\between 200 and 400 mV, or about
10 to 20% of the maximum pulse height.

B Equations 27 or 28 show that any factor which decreases n will
ipcrease oa. Thus for tracks near to the sense wire, y.of figure.
6.11, and hence n, are reduced and so resolution is worsened. For
large d (= drift distance) the model for field lines shown in
figure 4.19 indicates that y becomes constant with 4, but note that
from equation 26 o will increase with Jﬁ: AﬁgIed trajectories
:_will-aiso result in less electrons having similar drift lengths so
>that for the same d, ) will be increased.

Note that using % instead of o; has to some extentAincor—

porated the effect of o of section 5.1 which was defined as the

error due to the spread of the initial ionisation.

6.6  Conclusion

| It has been shown in this chapter that it is possible to
" describe the behaviour of electfon drift velocity w, and diffusion,
by means of simple equations which involve values of mean free path

M\ and electron velocity v. Because of the complex variations of A

and v, no.general numerical formula can be applied to cover the
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variation of w and D with electric field E, and thus the original
equations must be solved using specific values of A and v approp-
‘riate to any pafticular value of E, Numerical constants appear in
fhese equations as a result of averaging over the free path and
velocity distributions, and these can have a significaﬁt range of
values depending on cénditions.
The main disadvantage of this technique is that the velocity

(or enérgy) distributions, and fheir variations Qith elepfrib field
are not. always well»defined'ahd in meny cases no experimental data
exists for them at all. An a;fernative procédure; using simulation h
techniques, which‘only requires knowledge of the mean free path

versus energy relationship is outlined in chapter 9.
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CHAPTER SEVEN
[}

- OPERATION OF DRIFT CHAMBERS IN STRONG MAGNETIC FIELDS

Totl Introduction

The pfactical application of drift chambers often requires.
that they be operated'in regions where strong magnetic fields are
preseﬁt. This may be intentional, as the accurate location of a
:particle'trajectdry in a known mégnetic field provides a good method

of determining perticle momentum, hence the application of drift

chambers_té high resolution~épectrometers. -1t may however, -arise
from the necessity of_positioning the chambers very close to equip-
men? involving strong magnets (é;g. écéelerator or étgrage rings) in
Which case they will be subject to stray, méyﬁe nonruniform,.fieldsl

As the operation of drift chambers involvés the movement of
electrons fhrough a gas it is to be expected that the existence of a
magﬁetié field over the drift region wéuld have a.significant effect.
~Consequept1y the beha&iour of chamber properties in magnetic fields
s an impoitant topic and one which will aff;ct the suitability of -
any paiticulér gas mixtﬁre for experimental applications. ¥Furthermore,
.concurrent with this study,:work was 5eing carrigd ogt at Durham on
theldéveiopment éf drift chambers fof‘én experiment at CERN {see
- chaﬁter 8) in which the chéﬁbers would have to operate in stray fields
frém.storage'riﬁg maénefs, up to a maximum gf 15 kG, and sé a
quantitative study of the effects of magnetic fields with fespect to
argon + 10% methane was vital for successful calibration.

in almost ;11 instances the brientation of chembers in magnetic
fields.is the same, and unfortunately this is the orientation in which
.4thé field has the maﬁimum effect on drifting electrons. In order to
detect the deviation of high energy particles in a magnetic figld B,

| the chambers are placed so that this deviation is in the drift
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direction, i.e. with B, parallel fo'the sense wires. Under these
" conditions the.effect on the drifting electrons is to tend to remdveA
them from the chambef. This is indicated in figure.7.1'showing a

plan of a chaﬁber; In a1l the following discussions and experiments

this is the orientation of chamber and field which applies,

T2 Basic ideas of megnetic field compensation

The initial thoughts (1), that the effect of a magnetic field
oﬁ'anAelectron having a drift'velocity w, could be represented by a -
; forcegéewfacting on the electron were soon_revised'in view of the
,_faét that w is onl& a net effect, the actual motién of the electrons
at:any time béing as described in the previous chapter.

'The actual effecf of B, which ﬁas first inveétigated by

T
directions of B and E. The drift velocity parallel to the electric

Townsend (2), is to impose a drift vélocity w,, orthogonal to the

field,‘wL, is alSO'modified. Thus the electrons drift at'ah angle A
@ to the direction of the electric field at an absolute velocity Wye
The te;m_wb is now used to represeﬁf the value of drif%‘velocity for
no magnetic field. These velocities are indicated in figure 7.2.

A megnetic drift velocity is also defined by

W,
Wy . % (7.1)
- vy .
and therefore
. B ' .
tan ¢ = Wy 3 (7.2)

The transverse displacement, By, of éleqtrons after drifting

“a distance d in the E direction is given by
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W, .
L o _w3
Ay = " d="M%d | | WJ)

Aséuming Wy~ wo (it will be shown later that WM:>WO), E = 105 V/cnm,
B = 1.5 Te;la, and L = 3 x 104 m/sec, then Ay~ d. For events vhere .
[&y:is greater than the chamber thickness (6 mm in our chambers)
electrons ﬁill tend to be removed from the chamber before reaching
the sense wire region and hence the event will not be detected. For
_l&y'less than this value, some of the electrons may still be removed
and thus the detection probability (i.es efficienéy) will be reduced.
Unléss resolved this problem would have prevented the use of drift
chambers with large drift spaces in strong magnetic fields,

An exceilegt method of counteracting the effect was suggested
iﬂla‘paper By Charpak et al (1) which involved slanfing the applied
electric drift field at an angle y, such that the resultant drift
velocity - was restored to a direction in the sense wire plane, This
is only exactly achieved of coursé if y = g8, whe;e‘¢ is a function of
4E‘and B, |

The simple way in which this*slant is réalised is one of the
1 ﬁéjor éd#antages.of the édjusfablé field type of drift chamber as
copsidered in_this work._ Fof;such chambers the voltage distribution
és.applied to one of fhe H.,T. wire planes is displaced by one or more
wires with respect to that on the other plane. Figure 7.3 shows the
equipotentials in a chamber with the drift field slanted by 3 ﬁire
spacings. The-values were calculated using the numerical relexation :
method méntionea previously. There are 3 main cbmments regarding the
form of the equipotentials
i)  Over much of the arift space the electric field is uniform-

and at an angle vy to the sense wire plane. The value of the

field E in this direction is given by
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B onliea |
E = —-BL-—COS - : (7.4)
ii) Nearer to the sense wire the field begins to become more

radial and’so the compensation effecf will be upset. However
in this region E is becoming much stronger and so the electrons
tend to follow the electric field lines in spite of B,
iii) Very close to the wire E is identical to the non slanted case
so that the avalanche process will be as before. The values
of voltage on the wires opposite the sense wire are’ however
now greétér than Vﬁin. In order to maintain similar operating .
conditions on slanting the electric¢ field then, the value of
fhe supply voltage must be lowered.
Note that no new voltages are required to achieve the slanted
fiéld, but also thét only certain values of Yy are allowed, i.e. for
6 mm thickness and 2 mm H.T. wire spacing only sngles of 18,5°,
33.70,'450 etc. are obtainable, Being referred to as 1, 2 ér 3 unit -
“slants respéctively. -Thus exact écmpensatiqn (Y = ¢) can only be
aéhieved for certain véiues of_ﬁ and‘E; Fiéure 7.4 shows the various
v"&eloéif& cﬁmﬁonents for the more generai case of v # @, where the
drift velocify meésured (i.e; pafallel to the sense wire plane, = ws)
' is giv;n bj |
i;ws = wA gos O o (7.5)
In expgrimentalAconditions B is usually fixed, with y having
its restricted number of possible vaiues. The procedure for de¢iding
on compensation conditions is to assume an approximate value of E,
' and knowing‘w%, ¢ may be calculated. The closest available value of
f is then chosen as the slant angle, E can then be'adjusted so as to

- make ¢ = v, bearing in mind that E is given by equation 4, regardless
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axis.

© FIG 74 . Drift velocity .qornpon_énfsv in" the prgscehce‘ of
magnetic and slanted electric "fields.
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of the actual direction of drift of the electrons.

Te3 Effect of Magnetic fields on the drift vrocess
The differential equations describing the motion of an
electron in fields of E in the x direction and B in the z direction

can be written

ax eE _eB dy
2 = n ta &
dt
) .
dy _ eB dx
at m dt
dzz
-——2—=0
at

Solving these equations it can be shown (e.g. Palladino and

~ Sadoulet, réference 3) that to a first approximation W =W and -
. W’i\

(A;ii7;) and ¢ = Be/m. In genéral wT7= W kBayT where kB is a -

=W, w T, where T is the mean free time between collisions

constant depending on f(\) and f(v) and is discussed in Appendix I
. For the present we shall assume an/1‘

Another factor affecting'the driftrprocess is that the pgths
of the electrons between collisions are now curved because of B,
thus effectively decreasing the mean free path by a factor approx-

immme@at00+wgfﬁ1ux‘hmwthmma@wmwémm

0 .
W = , (7.6)
L 146572 ,
. WO T .
— -————-—o \~ ~. N N v
Vo = 5 (7.7)
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so that

tan g =coT | | (7.8)

. The diffusion coefficient D is similarly reduced, and these expressions

are the same as those derived by Townsend (2).

From Chapter 6 and Appendix I we have,

so that

o W B )

. But by definition

LWy = tan ¢ 3 | N ’- (7.10)

' ahd combining equations 8, 9 and 10 gives

M= =2 S - (7.11)

This relationship is only approximate however, as more precise

' expressions for w. and w, have been derived such that equation (8) is

L T

no longer valid. .For example the value of Wy is more exactly given

by Huxley (5)
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As,
W . 22 ,
WL = o—'é—-é' (1+ @‘l_é"‘é') (7.12)
1+ T 1+ T :

In general then a magnetic deflection coefficient, 4 ' s is defined

such that -
wy = Y LA o (7.13)

where {/ is only approximately given by 1/k>\. B

o

Theoretical expressions for l}’ have been derived by Frost

and Phelps (6) and Huxley (7) who found that,

3[v2 (a/av) 05v)]

. (7.14)
Sl/ = [v-z (d/dv) ()\VZ)] 2

where_ obviously (}/ depends on f (K) and T (v) "Using the same nomen-—
clature as in the previous chapter (A « vr), table 7.1 gives gseveral

po’.ssible values of (/ calculated from 'equation (14) .

1 o -1

+ Maxwell 1.0{1.18 | 3.0

Druyvesteyn 1.0} 1.06 1.38.

Table 7.1 - Values of Magnetic Deflection-coefficient

Experimental evidence in support of .these values of V has been

- obtained by Jory (8). -
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The work of chapter 6 has indicéted that for argoh + 10%
methane, at thekelecfric fields of intefest, A is decreasiﬁg sharply
with v, and so relativeiy lerge values of §/ may be expected.
'(Results quoted later in this chapter indicate q/ ~ 4 for our
mixture). Large 9’ means large ¢, and thqs considerably greater
éompensétion will be reqﬁired.than would have been expected by assuming -
thé usual approximation WM‘V Wo. In this respect a greater proportion
of hydrocarbon is preferablé, as this tends to 'fill' the Ramsauer
minimum and lower the‘electron energy such that A\ becomes largely in-

dependenf of v. Then y/.is approximately 1 regardless of the velocity

distribution and so ﬁ.is reduced, from
ten = P W 2 B (7.15)
' oE °

The Eéhefité éf higher hydrocarbon content are somewhat offset however
_ag'wg‘tends to be larger, which will increase ¢. These qualitative
' predictions are supported by the numerical calculations of Palladino
and Saaoulef (3) on My values for varidué argon + isobutane mixtures.
: Figure 7.5 shows their c51culat§d values of WM.compared with Wo, for
,puré isobutane; argon + 25% isobutane and argon + 7% isobutane. The
' increésed values of q/ at low hydrocarbon content is clearly seen, and
R ifér T%'iéoﬁutane (which has a similar'Wo varia#ion as our mixture),
>4/_fpr43 for E around 1000 V/cm and B = 20 kG. Experimentél evidénce
" of the behaviour of W, and @ for argon + 30fh isobutane + 2,5% methylal
has beén obtaiﬁed by Charpek et al (9) who measured thesé parameters

directly in a specially constructed chamber. Figure 7.6 from their

work shows the calculated values of W, and ¢ from the simple expressions

A
‘_6 7 and 8 compared with their experimentally determined points. In the
. 1
K 4
calculations they assumed kx = 0, 75 amT“t regment with experiment'
29 JUL\976

is good, partlcularly at E = SOO V/bm. %ﬂ__ﬁant is not so good at
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E = 1000 V/cm however presumably because =zt higher E, A(v) and f(v)

are changed; such that Q/ (and hence WM) are increased,

7.4‘ Experiméntai svétem to_investipate. the effects of magnetic

fields |

In ordéf to obtain experimental evidence of the effects

described above, as applied to‘argén + HJZ methane, a series of tests
waé planned using 'a high field magnet in the Daresbury Laboratory
tést beanm fagility (as described in section 5.2). The same array
of 3 single cell chambers was used as for the resolufion‘tests des-
cribed in section 5.5, except that the third chamber was positioned
between the poie faées of an eléctromagnet.

| The mégnet which was made available for the tests héd.a max-
imum magnefic flux rating of 13.5 kG and a pole piece aperture 5 cms
high By 30 éms wide. The dimensions of the chambers to be used in
.these tests were thefefore limitgd’by this épérture size, whicﬁ was -
'particuiarly restricting in the'héight or sense. wire direction
.(maximum 5 cm). This resfriction.prééluded fhe use.éf eifher the
' lafge single cell test chémbers or fhe prototype multicell chambers
end hence a new series of chambers was designed.
704;1 :Chéﬁbe; D¢§ign~%f7<5 - -
| l . The main consideration iﬁ the desigh of these chambers was
6ne coﬁmon to most detectors fof use between ﬁagnet poles, tbat is
"to achieve the maximum sensitive area in a usually restricted space.
in this application the main problem involved supporting, and making
electrical connection to, the sense and H.T. wires without using up
too much of the availéble 5 cm height. This was achieved by soldering
the wire planes to narrow'strips of printed circuit board fixed to

the frame of the chamber, These strips were connected to further
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.similar printed circuit board (by soldering each individual con-
ducting strip) incorporated into the walls of the chamber and which
fan ih the 'open' direction of the magnet aperture. External con-
.nections were then made to the other end of this board, outside the
sealed volume of the chember. A section through the wire comnection
system is shown in figure TeTy and this is basically the ssme system
used in the aesign of the multicell chambers described in the next
chapter (also for use between magnet poles).

Other features of the single cell test chambers are seen in
 figure 7.8 which also shows the external wiring used to provide the
appropriaté voltagés to the H.T. wire planes (seen behind the chamber),
The main frame of the chamber was machined from a single block of
"Porspexl (140 x 4% x 25 mm) for simplicity of construction and gas
leak prevention. Gas comnections wsre made via holes in the main frame
at opposite ends of the chamber. The connection system for the
" nearest H,T. plane is well shown in figure 7.8. Solder joints between
#he wires and the strip, and between the strip_and one of the external
cohnection boards are clearly seen,*as is the single connection to the
sensessire on the adjacent plane, The -inner H,T. plane'connections
protrude further than the oufer so that any wires could be replaced

from one side of the chamber,
. Note that the partlcular chamber shown in flgure 7.8 was

) unsultable for operatlon because of two faults.

(1) ° A possible gas leak appears on the top seal of the front
window due to crinkling of the Melinei. Such leaks
could be effectively sealed with 'Sellotape’ (temporarily)
although replacing the window is more satisfactory.

(ii) " Several H.T. wires in the inner plane are badly ‘

deformed, resulting in a distorted drift field. This
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is presumably due to incbrrect soldering of the wires
to the strip, allowing the wires, which are.attached
undér tenéion, to be pulled through the solder joint.
Wire replacement is the only solution,

Several qf these chambers were built, and proved to be simple,

robust, easily maintained and gsatisfactory in operation.

Te4s2 Operational Details

Because of the lack of space beneath the chember in the magnet,
the assembly of 3 chambers used in these tests were'supported by a figid
aluminium structure attached to the side of the chambers (attachment hbléé
- can be seen in figure 7.8 near to the gas pofts). This support structure
‘incorﬁkated a circular 'Pérspex' frame on whiéh the third chamber was
mounted, such that it couid be rotated about an axiS‘coiﬁcident with the
sense ﬁire.

- Ope problem which arose from the use of the aluminium~frame inside

' the-magnet aperture, occurred duriﬁg switching on or off of the magnet
deef. Tt was a property of the magneﬁApbwer supplx-that_tﬁe-ﬁagnet could
not be operafed at lessAthan half powef. Switéhing thé magﬁet on or off
then produced avsudden large change in thé magnetic field. This causes
induced eddy currents in the aluminium and the result was that the
ialuminium frame tended to move slightly at these times, although the
5”pos1t10ns of the 3 chambers with respect to .each .other was not affected.

Durlng the experlment values of E and Y were supplied to chamber 3 V
from an H.T. distribution box whlch contained the appropriate resistor
ﬁetwork and four 64 way sockets. Each socket was wired to the resistor
‘network in such a way as to provide 0, 1, 2 or 3 unit field slants res-
pectively. The cathode wires of the chamber were‘connected to a
correspondiﬁg 64 way plﬁg and so various Yalues of vy could be obtained

depending on which'socket was used. The value of RE in the network
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was selected by an external élug and several sockets, such
that E could be easily varied., As stated in section 7.2 the supply
'-voltage (and hence the applied field) had to be reduced on slanting
the_field, although fromAequation 4 the actual field E acting on the
electrons is increased because of the slant of the equipotential
lines,
| B was varied by varying the currenf through the magnet coils,
the apbropriate field strength being réad from a calibration curve,
and O was measured as the rotation angle of the third chamber in
;its circular modnt. h L : T
Note that electric field conditions were only varied in chamber
3, chambers 1 and 2 were operated, at all times, at B = 520 V/cm,
Y = O, B=0. '
1o 4ﬁ3 Tests with a single chamber
The first tests carried out in the magnetlc field consisted of
' observing the drift times from the whole sensitive area of chamber 3,
1The start pulses were obtained from a s1ng1e scintillator behind the
chamber, having a larger area than that of the chsﬁber to ensure that
4all relevant particles were recorded. The drift times were analysed
ﬁsing a T.A.C. =~ P.H.A. system (see chapter 2) and the resulting
fdistributionsdwere studied to give a general indication of chamber
behav1our T et -

. Figure 7.9 shows.a schematic drift time distributdon (with a
displaced zero) from a whole chamber. The flat top to the distribution
indicates ahdequal probability of detection across the whole chamber

‘(iee; uniform efficiency); The roucding'off at A and B shovs the
extent of the’expected“efficiency dips around the sense wire and cell
boundary respectively. - The time interval between t1 and t2 corresponds

. to the maximum drift time allowable, i.e. the time of drift from the

“"¢ell boundary, and knowing the cell width, the electron drift velocity




FIG 7.9 Idealised drift time . distribution from whole cell.
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can be estimated (assuming it to be uniform across the cell).

There afe several points to note regarding this technique
hovwever,
| (i) A uniform particle flux is required o&er the whole

.~ chamber to achieve the 'flat topped' distribution.

(ii) High particle fluxes (such that more than one particle
nay traverse the chamber within the maximum drift time)
will result in short drift fimes—being more probably
recorded.

(iii) Estimates of W may be difficult if the end of the
distribution is not well defined.. This may be due to
severe efficiency fall off, or geometrical effects

- (slanted fields or angled particiertraéks).

The drift time distributions were expected however to give a
reasbnable éicture.of the effects of magnetic field compensation
:using sianted electric fields, and so‘distributions were recorded for

' va:ious chBinations of B, E and v.
| Thévfétio‘of stop to start pﬁlses was also recorded during these

e .

runs toAa relative measure of <hember efficiency under various con—

ditions.

: '"tzﬁff“::7;4{417Iests‘with an array of 3 chambers..

The méin series of\tesfs consisted of'analysing the driff times
,'résﬁlting from the passage of a barticle through an array of 13 chambers
oﬁé of which could be subjected to magnetié fields of up to 13.5 kG.

The experimental system used was the one déscribed in sections 5,3 and -
-5,5, ﬁhere figures 5.6 and 5.7 are relevant, the drift times being
E measﬁred in T.D.C. modules, confrolled'end sorted by an adjacent

PDP 11 computer and sent dovm a link to an IBM 370 for storage and

later analysis.
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The method of supporting the chambers in these tests_did not
ellow for fine positional adjustment after assembly and so the align-
ment of the array was'dependant om the accuracy with which the chambers
spaceésand frames were machined and constructed. To check that system .
misalignment would not be a significant source of locational inaccuracy
.several runs were carried out on the system with no magnetic fields
present. The results of these runs were presented in section 5 as
resolution fests, and showed that the resolution obtained with this
system was not -significantly worse than for the accurately surveyed
’multi—cell system. These results also provided a reference set of
| deta against which fhe magnetic field tests could be compared.

The tests consisted of recording and analysing the data from
many runs (usually comprising several thousand events); each run
being’carfied out for a unique combination of E, y, B and O (in

chamber 3).
. [N

Ts5 .Results-of single chamber tests

" Pigure 7.10 shows the distribution of drift times obtained by
'the'methcd described in section 7.4.3 for 3 different values of drift
. field E, with B = Oiand v = 0. The main discrepancy between this and
the idealised distribution of figure 7.9 is that the particle flux is

'not uniform across the chamber due to the collimation of the p051ttbn

beam: So marked is the fall off in flux that all distributions shown
in this section have logarithmic vertical scales (this being a feature
of the P.E.A;). Despite this nonuniformity the full widths of the
_ distributicns are still obvious, and were found from the digital out-
put of the P.H.A. to be 82, T1 and 63 chammels for a, b and ¢ respec-
fively. With a system calibration of 11.2 nsec per channel and a
cell half width of 28 mm, this gives values of W = 30, 35 and 40-
mm/usec. The corresponding values from the measurements of chapter|4

are 30; 36 and 41 mm/psec respectively.
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Pigures 7.11 and 7.12 also show driftltime distributions for
various operating cqnditions and the effect of the magnetic field
compensation system is demonstrated. Thus figure 7.10 represents
the'normai operating conditions with approximately 100% detecting
efficiency across the cell. Applying a maéﬁetic field of 13.5 kG
‘ (figu;e T.11, a b and c) results in a drastic drop in efficiency for
evenﬁs with larger drift times, i.e. electrons drifting from the
further parts of the cell are being'lost. The effect is more drastic
for lower E, and less pronounced at lower B (results not'shown),
being dependent on ¢ the angle of electron drift (more correctly - .
‘¢“-'Y) where from section 7.2, ¢ is proportional to B/E.. Note that
'fhe redﬁction in distribution width is not due tq variations in drift
velocity, as the general effect of magnetic fieldé is to reduce drift
velocity,., Distributions d, e and f show the effect oflappl&ing com—
- pensation by slanting the electric field by 450, with B still 13.5 kG,
' ﬂ&necompénsatibn'is éood at 1100 V/cm, less so for lower E. .Thé
same compensation is better at thesé.lower eleétric fields if the
 magnetic fieid is reduced. This is éhown by the distribﬁtions of
figure 7.12 for B.= 8 kG, Thgsé results support the general expec—~
;tations-expressed in section 7.2 and from the fact that the compen-
sation is good (y~ @) for conditions y = 450, E 1000 V/km, B~10 kG
Qe éstimate:a_valuevof q/ (from eqﬁétion 15) of approximately 3, in
accorﬁance with section 7.3.

Estimétes of drift velocity (WS) were only possible for those

conditions where compensation was good endugh so that the maximum

possible drift time could be found, i.e. for y = 45° and E = 1100 V/ca.

' Values of distribution width for these conditions indicated that Ws

was reduced -for increasing B, to a value pf 25fi i?mm/psec at 13.5 kG,

_This is in agreement with results of section 706024
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Efficiency measurementé were taken during these runs to
determine the optimum compensation conditions (Y = f§) which should
be indicated by a corresponding maximum in relastive efficiency.
Figure.7,13 shows relative efficiency versus magnetic field for
various conditions. The vertical scaleé on this figure are only
relativg.efficiencies, scaled such that the efficiencies for Yy =0,
B = Q were unity.' The same scaling factor was however applied to
all the sets of data,

Assuming y =.¢.at the value of B for which the efficiency

 bégins to. be reduced, figure 7.13 yields thé'following conditions,

(a) y=145° E=1100V/em, B= 8kG

(®) y=45°, E= 700 V/em, B= 5k&
(¢). vy =34° E=1000V/em, B=5.5ke
(a) v =34°, E= 620 V/em, B = 2.5k

Using. this data and equation 15, correspondlng values of
magnetlc deflectlon coefflclent q/ were calculated to be, (a) 4. T,

(0) 4.4, (o) 4.2, (q) 4.7,

'7.'6 Results of 3-chamber tests

The drift time data from these runs was first analysed in the

- manner described in sectidn 5.3.3, but it was realised that.as this

-method averaged effects over all three chambers, any deviations due
’to the.magnetic field in chamber 3 would be reduced., Thus a new

';deviation vas defined as the difference between the predicted drift

~ time in chember 3 obtained by extrapolating through the drift times
in chambers 1 and 2, and the measured drift time. The frequency

- distributions of theSe>deviations were plotted as before, although

the method of defining the deviation meant that the widths of the
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distributions ﬁére much wider than before., With all chambers
operated under identical conditions o~ for the distribution was about
400 um, i.e. about 3 times greater than for the individual chamber
values of chapter 5,

| Figure T4 shqwé a selection of deviation distributions for
Tuns at various conditions, where the data has been divided up into
four sections'dgpending on the predicted drift time in chamber 3,'
thesé being (a§ 50-150 nsec, (b) 150-250 nsec (05 250-350 nsec,
(2) 350-450 nsec. The ‘bin width is 4 nsec. |

"Run 2 is for identical conditions'in‘all chambers and is thus’

fhe‘referenCe data against which other runs ére compared. Run 3, for

B =860 V/Em (in chamber 3 only), B =0, vy = 0 shows up three notable; .

features,

. lvﬂThe mean vglues of the distributiqns are not constant. Since
| drift fields are now different in chamber 3 compared with 1 and 2, th
"driftVVelocity:is also different; Thus there will be a Systematié ai

'crepancy'between the expected and measured drift times in chamber 3

-

the

(0]

S

which will be proportional to drift time and the ratio of the velocitiies.

Knowing the'chahge in Wo between 520 V/Eﬁ and 860 V/cm the displacements

V can'be~caiibrated-and thus used to estimate drift velocity for other

Tuns,

.» 'Sinée eééh distribution is plotted for a range of drift times
the above displacement is not constant across each distribution and

‘hencé they will be widened., Thus the distributions are wider for
run 3 than for run 2 although the resolution is known to be slightly
better.‘ Changes in W therefore had to be considered when estimating

" resolution from the distribution widths,
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The number of events in each of the four distributions from

- one run will give a measure of the variation of efficiency across the
 chambér, assuming a reasonably even particle flux over ﬁhe region.
‘- :Analysis of all the runs recorded during the tests yielded the

: foliowing results grouped under headings of efficiency, resolution,

and drift velocity.

6t 'Efficieﬁcy
‘ a;;fFigure 7015 shows the number of evenﬁs making up eaqh histogram
}ﬁiﬁ a-given run,lnonmalised with respeét to the total amount of -data
‘ Jt;kénfin that run, and plotted against distance across the chamber
. -for various ruﬁs. Unfortunately, this presentation also incorporates
a.meaSuré of the beam préfile across the chamber cell, as shown in
j:‘the:éurVe of figure 7,15 for B =0, y = 0, all E, where 100% efficiency
o -is known to exist, As the bean profile will vary with B, the results
', of'flgure Te15 are grouped 1nto serieg of runs at the same B, so
that differences between curves in the same series are directly attrib-
-ij;ptabie”tpvvarlatlons in chamber eff1c1ency. ) .
o i“éfTheSe variations in efficiency support the ideas of magnetip
..fieid campensatlon presented earller. That is for these values of B,
= good efflclency is achieved with vy = 45° apd E = 1100 V/cm. At’;'“" J
_E ';"700 V/ecm. the _efficienc_y is similerly good for the lower B values,
'gi;ﬁu£1af B~=:13.5 kG it décfeases with drift distance; A.value of
'_‘7.2”340 is seen to . be insufficient compénsation at these B values,
';.efficiency deéreasing rapidly with distance, |
" Note that for short drift distences the efficiency is similer
. for all conditions. This is an example of a general effect that for
‘ short drift distances, chaﬁber operating characteristics are }argely

| .unaffected by megnetic fields, regardless of any compenSation. This
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is also shown b& the results of Sadoulet and Litkev(10) for a chamber
with wide gap and short cell length which was successfully operated
in magnetic fields up to 15 k& with no electric field slenting.,
Although no absolute values of efficiency in magnetic fields
were obtained, results from other workers using argon isobutane
mixtures (11) indicate that when compensation is correct, efficiencies
of.TOd%.are maintained across chambers similaf to ours for drift

distances up to 24 mm.

706.2 Drift Vélocity

The data points on figure 7.16 show the expérimental values of
theﬁQeasured drift velocity WS égainst B for two values of E. These
‘were oBtained from the displacement of the deviation histograms as
: mentioned above. The variation of Ws with-B depends 6n two factors,

The first is the geometrical effect given by equation 5,
.WS = WA cos (Y - ¢>A

‘where ¢ :'..s a function of B, and the second is that W, itself is a
- function of B,
- In order to compare this data with theoretical predictions,
valués of Wg weré calculated using eqﬁations givén in this chapter,
in the :following menner. For E = 1100 V/em, v = 45°, W, vas assumed
| to be approximately_given by the results of sectionv7.5.. In this
case this was ¢ = 450 for B = 8 kG, The value of ﬁ,could then be
found for all B; assuming tan § o B (from equation 2). The corresponding
value of w T was found using the approximation tan ¢~ w T, and sub-
stitutiﬁg this in equation 12, Wi could be calculated. WA was then

given by Wi/coé @, and finally L was derived from equation 5 above,
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The célculated variétions of W£, WA and Ws'thus derived, are shown in
figure 7.16(a). Similar calculations were made for E = 700 V/cn
assuming # = 45° for B = 5.5 kG and the results are shown in figure
7.16(b), As the predictions seem reasonably accuréte they are also
shown in figure 7.17 calculated for a wider.range of B values.
;l‘he'only useful result obtained for the 2 slant field,

(v = 340) gave a value of Ws =23+ 2 mn/psec at 10,5 kG and E =
1100fV/bm. Applying the above theory to these conditions and
assuming exact compensation (¢ = 340) at B = 5 kG gives a value of
W, =28 and V= 25 m/psec. '

| The same theory can be used to present the variation of drift
velocity with B in a different form. Thatbis knowing the value of
tan ¢_aﬁd a;T for one combination of B and B we can caiculate the
variatioﬁ for‘B‘fixed and E vérying. The resulting variation of WA
with E for three values of B is shown in Figure 7.18 as compared
with the experinental variation for B =0, This variation of W,
éalculated by'the above theory shows a éimilarity to the rigorous
| calculations of Palladino and Sadoulet (3) for argdh—isobutane

mixtures, Figure 7.19 shows their prediction for W, against E and B,

in argon + Tk isobutane,

, J7.6°3 Resélution

': Two factors are eipected to affect the resolution of driff
chambers -which ére_operating in strong magnetic fields. The first is
due to the féct that unless fhe magnetic field is exactly compensated,
the iénisation7e1ectrons will not drift orthogonal to the particle
trajectory. The effect on resolution will be exactly the same as for

angled pérticle tracks with B = O; with the corresponding angle of the
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trajectory given by v 5,¢. As the purpose of compensation is to

minimise y —A¢, the general effect on resolution ffom this cause

will be slight, except that there‘will be a tendency for resolution to

worsen for those conditions when ¢ is greatly different from y.
AEhGEEecond source of resolution variation is-due to

alterations in the value of the diffusion coefficient D, From the

effective iﬁcrease in gas density given in equations 6 and 7, D is

2 2)-1.

expected to be decreased by the factor (1 + T It was shown

'in chapter 6 however that chamber resolution for a drift distance d

‘was dependent on the parameter a;'where

Thus any improvement in resolution due to -the modified diffusion

.eoefficient is partially nullified by the square root dependence,.and,

simuitaneous decreases’inlw‘A

. Pigure 7.20 shows the variation of spatial reéolution with

'drift distance for various'valﬁes of B; B end Y. These were calcul-

‘ated from the deviation distribution widths, taking into account the

variations of drift velocity between chamber 3 and the other two as

mentioned previously. The conversion between distribution width and

resolution was made by reference to the data for runs 2 and 3 where
resolutions'were alfeady accurately determined for these conditions,
“‘The experimental points on figure T7.20 are shown displaced
abeﬁfztheir mean drift distance for clarity, and in fact each point
represente an overall resolution for a range of distances (3.5 mm).
The deta shoﬁs,that at 1100 V/cm the resolution is slightly better

with magnetic fields present than would be expected for the same

S }
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electric field and B = O, This is presumably because the decfease
in D is more significant than the éeometfical effect, which is
élight under thése conditions, as compensation is gbod. For E =
700 V/bm the resolution seems little changed ét B = 9,5 kG, although
there may be some detioration at B = 12 kG; as the value of y - 4

is now becoming more significant.

7.7 . .Angled Trajectories

" There are two basic points to be noted with respect to the

combined effect of angled tracks and magnetic fields these being,

(a) .The effects on chamber operating parameters are
entirely due to geometrical considerations, involving
the particle trajectory and fhe 'lines of drift' of
the ionisation electrons. .No fqndamentgl changes would

"be expected fherefore between different'gas mixtures.,

-(B) When the slanted electfié field compénsatibn conditions
.-are'exact, fhe electrbns drift parallel to the sense
wire plane, and under‘these'conditions the effect of
: angléd tracks will be exactly as described for the
case of B =0, '
This sec'ond'point is illﬁstrated Ly the work of Charpak et al
(11) with argon '+ 30 iscbutane (+ 2.5% methylal)., Figure 7.21 from
- their work shows the tiﬁe distance relationship and detection
éfficien;y for normal and inclined tracks at B = 16 kG, E = 1400 V/cm

and y = 329 (correct compensation conditions for their gas mixture).
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The efficiency is seen to be maintained at 100% for tracks at 42o
to the nqrmal. The extension of efficiency beyond the cell width
(24 mm) for the>angled.tracks is merely geometrigal, the distance
on tﬁe.horizontal axis being measured-in the sense wire plane,
Furthermdre,.tﬁere is no reported difference‘between the track being
'tilted.in thé'same direétion to the field slant or opposite to it, -
tas indicated by the + sign on the figure. These results and the
similarity with the B = O case, are supported by more extensive later
work by the same group (9) .
A"The similarify in spatial resolution for angled tracks, with
and without compensated magnetic fields, is indicated by figure 7.22
which shows data collected from reference 11 for tracks at 420, for
conditions B = 0 and B = 12 k&, y = 32°,
"Angled track data takeﬁ as part of the tests described in
this chapter ﬁas intepded to investigate fhe effects of inexact |
ycbmbensafion éOnditioﬁs;; Thus the runsiwere carried out at B = 13,5kG,
o E =-1100 V/Em and Y =.45°, which had a secondary advantage-of approx-—
_imating*toithe-ghz operating conditiohs. Previous.;esulés have shown
that for ihe above conditions, the electrondrift angle (to the drift
field);ghould be 58°, so that they will drift at 13° to the sense
- wire_plaﬁe.
| | For particle tréjectories up to 150 to the chamber normal{
ﬁﬁdér'these conditions, no discernable variation in either spatial
resolution orAefficiency was noted. The results for angles of 250 are
'shown in figureé 7.23 and 7.24, for resolution and efficiency res-
pectively. Also shown on these figures for comparison are the
corresponding results for normal trajectories. These figures indicate
a possible slight worsening of resolution and efficiency for 250

tracks at longer drift distances. This can be attributed, as for the
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‘zero magnetlc field case, to the greater spread, in terms of drift
path length of the primary ionisation for angled tracks°
Flgure'7.25 which shows the approximate lines of electron

drift for the partially compensated magnetic field conditions above,
indicahes that for an angled track as shown, drift paths occur which
‘are'eherter than for the corresponding normal track. The results of
‘the 25o run support this, as they yield a drift velocity of 25 +2
.mm/@sec;-compared with the measured value of 21 + 2 for normal tracks,
With reference to figure 7.16(a) it is interesting to note that the
- measured velocity for the 250 run is in hetfer agreement wifh the
'thee:y.than that for the nommal track.

| Although data ﬁas not taken for tracks angled in the
opposite sense (as shown by the broken line in figure 7:25) it would
a?pear from the figure that in this instance the shortest drift path
would not be reduced to the same extent and thus dlfferent drift
| 've1001t1es would result. It is regretted that the time allocated on
~“the Daresbury e beam was not sufficient to allow this and other
i:effecte to be studied in greater deteil, elthough it is felt that other
| techniqnes (involving actual drift time-distance measurehents) would.
be much‘hore appropriate to the determination of drift velocity

variations (see ‘section 9.2),

7.8  Conclusion

The work of thls chapter has shown that drift chambers con-
: talnlng argon + 10% methane can be operated successfully in magnetic
fields up to 13,5 kG, (This also applies to tragectorles angled at
up to 25%to the nomal) by the application of slanted electric field
’-compeneation techniques. For high'values of E (say greeter than

1000 V/em and a field slant of 45° this can be achieved with no
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significapt worsening of resolution or efficiency, and the resulting
drift velocify (required for calibration purposes) can be described
by simple.theory. |

The results obtained are in reasonable agreement with those
of other;ﬁorkers_usipg argon~isobutane mixtures (9,11), the main
difference_being that for our mixture, the electron velocity dis~ |
tribﬁtien and cdllision cross section variation are such that a
high value of magnetic deflection coefficient, /', is obtained. -

This is supported by the calculaticns of Palladino and Sadoulet (3)

and leads to larger drift angles, ¢, for our mixture and consequently

a larger degree of compensation is required. This is offset to some
extent however by our lower velﬁe of Wo, which tends to reduce ﬁ
. (see equatlon 15) |
It is lack of theoretical knowledge as to the precise value of

'9/ ‘for argon + 10f6 methane which makes it difficult to prediet
drift velocity variations and exact compensatien conditione'witheut
A.reference.to some experimentally determined data. A value of
between 4 and 5“appeare to Be the besf fit to all our data, for B
‘in.the.rarge 8 to 13.5 kG. | | .'
It is interesting to note the results of Sadoulet and Litke

(10) who found that for conditions of radial electric field (i.e.

jnear to the sense w1re) drift chambers could be successfully operated
"in strong magnetic Tields with no compensation techniques. This
effect, combined with an efficiency fall off with distance from the

- sense wire, may exvlale some of our earlier test results (not des-
cribed here) in whlch data from the whole cell was analyqed collec-
tively and appeared to give good resolution in-magnetic fields

- regardless of compensation conditions (12).
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CHAPTER EIGHT

DISCUSSION OF DRIFT CHAMBER APPLICATIONS

8.1 . Drift chambers for the g-2 experiment
.This section describes the development, undertaken by the
’Nuclear,Instfuméntatidn Group at Durhem University, of drift
.chambers for QSe in an eiperiment at CERN, Geneva, and may be
considefed fairiy typical of the application of sﬁch chambers to
high:energy physics., The author was actively involved in this
development up t§ and including the installation and testing of : .; i

“prototype chambers in the muon storage ring at CERN,
8.1.1 The g~2vexperiment.‘

- The magnetic moment p of a muon (spin s = %) in terws of the
Bohr magneton ué is given by simple theory as

Bo= -B RS

. where . '_ g =2

The rigorous application of quéntum electrodynamic theory
-""(Q.ELD).'howéver predicts a slight anomaly in_the g factor for muons,

described by 8 where

8, = (g - 2)/2

Experiments in which au is measured to a high degree of accuracy are

known.as g -~ 2 experiments, The importance of measuring au to such
high accuracy is that its value can be predicted by Q.E.D. very

. precisely (1,2} and so an accurate experimental determination provides
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a good check of the theory. qurent theor& gives au as (1165889:17)x10_9
(3) whilst the‘experimenfal value prior to this experiment was
(1166160131O)x10_9 (2). Wnilst these results may be only statis-
tiéally differenf; they may in fact be the first sign of a discfepancy.

. Thus if a_ can be measured to a precisidn bf 10-20 ppm, then it shoﬁld

either resolve or confimm the deviation (4). This is the main

- purpose of the present g-2 experiment,

The theory behind the experimental method of determining au is
described in papers relating to eariier g-2 measurements (2;5) but
basically it consists of measuring the count rate of decay electrons
from a circulating beam.of muons in a storage ring. The ancmolous
.magnetic moment causes this count rate to be modulated by a factor
dependent'on au, 'In the present experiment muons are ‘stored in a
" . 14 m diameter storage ring and the electrons are moniﬁored, as they

emerge from the beam vacuum tube, by 20 shower .counters (4), .

8.1.2 .Thé need fortdrift chambers.
" In order to achieve the necéésary precisioﬁ of ﬁeasurement

it is ésseﬁtial that all paramgters affecting the experiment are
accﬁrétely determined. One such paraﬁeter is the cifculating beam
':‘profile. Although this can be measured internally to some extent, it

A'wés-decided that an external system, determining the point of origin
of.each decéy electron, w&uld offer many advantages. The neceséaxy
information can be obtained by defining eiectron'paths as they leave
a section of the vacuum chamber, caiculating their motion in the
" particular configuration of magnetic field present, and extrespolating
the trajectcries back to their point of.origin within the muon beam.
To ensure thét,this technigue has any value it is necessary to define

a minimum of 3 points on the electron trajectory to within O.1 mm,
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and also to intfoduce a minimum of scattering matter'into the path.
Thus the use of multiwire drift chambers was indicated.

- The continuous sensitivity of drift chambers means that any
vafiations in beam profile with time (after injection) should be
measﬁrablé..-As the chambers are still funétioning as 'proportional!

. chambers, the momentuﬁ of incidént electrons will be measurable from
the output pulse data thus providing a check on the discrimination
" level of the shower counters (which provide the timing start pulses
and thus'definé valid events).
Informmation on the relative nuiber of events 6ccurring és
‘miltiple particle events (due to electron Showering) will also be

available,

.851.3 Positioning of the cﬁambers
Figui§_8;1_shows:the general 1ay§ut_pf the g-2.muon storage .
_ringkahd“thé‘position of the drift chamber system in a section of
‘ fhe1fing difectly oéposite the inflector. This region was chosen
~asvat this'point the ring had no electrostatic focussing electrodes
which ;ould have scattered the decay electfons.* To further reduce
 -;the péssible electron scattering, a thin section of vacuum wall
. (0,8 mn titanium) was installed in this region,-so thin in fact
:that:it bowed “inwards under the pressure differential, producing a
cﬁrvéd cross—-section, This factor was of importance in designiﬁg
thg shape of the chambers (see next section).

B Figure 8;2. shows the more detailed arrangement of 8 drift
chambers and 3 M.W.P.C.s (thé responsibility of the Daresbury
Laboratory) which make up the planned final_track recording syétem.
The counter shown is one of the 20 monitoring the modulation of the

-electron count rate, and provideé the zero time pulse for the drift

chamber electronics. Hence only those: electrons tracks which inter-
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-secf this'counter will be recorded by the érift chambers, and they
nay be due to high energy electrons passing through the system from
.chaﬁber 1, or ldw>energy electrons bending sharply out of the ring
through the last few chambers. In order to ensure the maximum
numbef of recqrded points on such sharply bending tracks,the chambers
are:pécked close togefher near to the counter.

“In order to obtain information on the elecfron tracks very
near to their source it is necessary to position the éensitive
volume of theichamber as close as possible to the vacuum wall, and
in figure 8,2. the chambers are seen to be inside the boundaries of
thé magnet blocks. Figure 8.3. shows this more clearly in the form
of a séction‘through a magnet block with a chamber in position.
Some major dimensiohs‘are indicated on the figure (in'mm). One
problem assopiatedvﬁith the position of the chamber as shown in figure
‘8.3;'is that.the sensitive volume is subjept to a non—uniférm magnetic
field;'vaiyingjbetweén~abodt 15 and 5 kG.
8.1.4. Chamber Design. )

A:Figure 8.4 shows & Sketch.of the final design of chamber to be

‘used in the experiment.- Thelfollowing mechanical details are relevant
hefe.‘;

.Thé concave vacuum wall section required a similarly curved
.thip end section on the chamber, Attémpts %o machine fhis secfion
were unsuccessful, and it was finally constructed from a piece of
.laminated glass fibre epoxy resin (G.10) 0.5 mm thick, bent into the
o reqqiﬁéd shape and held in place under tension by adhesion to the
si&é members, “This section of the sensitive volume raisgd several
'problémé associated with naintaining uniform electron drift‘velocities.
In general the resolution from this regioﬁ is 2 or 3 times worse than

in 'normal' regions (6).
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The side members had t§ be thin enoﬁgh to maké maximum use of
the restricted space between the magnets and yet strong enough to
support the considerable tension of the wire_planes without flexing.
G10 bars, 11 mm thick were used at first, but these would suppoft the
wire fension.only after a complex prestressing construction technique,
" which was' considered unsatisfactory. It was finally suggested by
International Research and Development C&. Ltd. (I.R.D.) who were to
manufacture the actual chambers for the experiment (té Durham
.spécifica£ions), that glass might be a moré suitable material, having
a Youﬁg's Modulus value 30 times greater than G10. After some prob-
lems with machining and édhesives,the final chambers were constructed
with glass side.members and proved satisfactory.

| Themméin frame(G10) is as massive as possible to provide
.overall_rigidity for the chamber and to facilitate mounting on the
béseplate. Fiducial lines are scribed on the main framé, parallei.
,”td-the-senSe'wiresiaﬁd“at an aécuratelf determined distance from them,
* Thesé lines can'then be optically surveyed during the system align-
menﬁ:ﬁrocedure much more easily than the actual sénse wires,

o ‘In order to simplify the alignment procedure each chamber in the
.iéfrayjis:méuntéd'in a'.. cradle having vernier adjustment of horiz-
ontal.position and vertical orientation., Figure 8.5 shows three of
:Lthe éctual experimental chambers (manufactured by I.R.D.) mounted on
- these cradles, -The H.T. distribution boxes ére mounted on top 6f
“the méiﬁ frames. |

The configuration and construction of the wire planes was the
saﬁe‘as for all chamﬁers described previously, except that thé g-2
- .chambers consisted of 8 adjecent cells 28 mm wide. The electrical
connection system was identical to that described inAsection Tedo

 (figuie 7.7 applies).



Figure 8,5

Three g-2 drift chambers mounted in

adjustable cradles,
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8.1.5 Operation of chambers

As the chambers function partially in the leakage field of
the etorage iing magnets, the value of B across the chamber is not
constenf. Figere 8,6 shows this variation versus distance from the
vacuum_fube-wali, up to the end of the chamber sensitive volume.
\0ﬁvieusly oﬁe set ef ceﬁditions wili not compensate exactly for B
over the whole chamber, and three solutions to the problem were
considered. |

With one value of y the applied drift field Ea could be
varied from c€ll'to cell to suit the magnetic field. The idea was
rejected'as it required a very complex H,T. distribution system
" and resulted in regions of excessively high or low ﬁalues of E,

Alternatively, keeping Ea constant, the value'ofiy could be
varied for different regioné across the chamber.. This method was
:tried‘during the initial tesis in the.storage ring (7), but again
it wéS'rejected because of practical complications and uncertainties
‘varoupd the‘interface.ofFZ different y values.

The method adoptéd for the fihai system waé the bractically
'simﬁle; one of applying the same E and ¥ across the whole chamber,
.wifh velues such that good efficiency is maintained throughout.  The
resuiting veriation of drift velocity across the chamber (as'B
’varies) must of course be accurately known for calibration purposes.
Conditioﬁe chosen for the experimental chambers were a slant of'3

Ay ='45°) and Ea = 600 V/cm (E~900 V/cm), although a higher electric

- field value may have been more satisfactory.

. sting these values, and the results of chapter 7 we can
estimste the values of o (= ¢ - Y) and W across a g-2 chamber. These
are shown in figures 8.7 and 8.8 respectively.

Figure 8,7 shows that for‘g-2 chambers a is less than 20°

4
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over the whole chamber, so that high efficiency should be attainable,
éxcept possibly for the longest -drift times. This figure alsé shows
| the effect of increasing Ea to about 900 V/em (E~1300 V/Em). This
would improve the compensation in the region of main interest (i.e.
near to the vecuum tube) at the~e%pense of cells further out. |
| 'Figure'B.B»showﬁ the expected variation of W acToss the
chamber for 3 drift fields, including the one used in the g-2 rums.
-Figure 8.9 shows the corfesponding values of averége drift velocify

across each individual cell (for B = 900 V/cm).

8;1.6' Results-
"Results of the preiiminary tests on chambers in the storage
ring are described in an internal report (7) but will be sumarised
rhereu |
o A'sigﬁificant problem was found to be one bf.eiectrical inter-
ferenéévafiéing from ﬁény sourcés. For instance the chamber sense
~ wires acted as extremely efficient aeriéls for the receiption of the
;locéllSuisse—Romande television traﬁémissions. Sﬂieldiﬁg the
-:chambefs in.aluminium foil reduced the Background noise level to an
-éccepfable level., Larger noise signals were generated by the actual
experimént (e.g. from the inflector and-pulsed electrostatic focussing
field) but were gengrally of short aurationvand occurring at regular |
v intervals, and so‘could be gated out in the electronics. More sefious ‘
was the large flux of pioﬁs through the chamber at the time of
‘injection. The-actual pulse due to the pioms was quite short ( 1 usec)
ana.could be easily gated out, but the flux was so large that the
- chamber was fhen saturated with positive ions which may take a con- ’
sidersble time to clear. Results of later runs (6) indicate that this | l
is still a problem and'chamber sénsitiyity is reduced up to 175 usec

after the initial pion burst. Some sort of clearing field applied
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during the initial burst to remove the ionisation electrons rather
than let them avalanche, ma& be the solution.
Figure 8,10 shows the sequence of eventsAduring a g-2 cycle

and figure 8.11 shows the gating system and sequence of system
“pulses. This systemvformed the basis of the final experimental
system, Using the siﬁple system of.figure.8°11 a drift time dis-
tribution froﬁ one cell of one chamber was obtained as shown in
figure 8,12 (Note that.this entailed successfully sending amplified
chamber pulses down 32 metres of cable from the storage ring t§ the
electronies in the control room). ‘The distributién indicates the.
low signal<to_backgrbund.rafio present during the‘runs, although
coincidences between several chambers should eliminate random back-
ground; The width of the estimated 'real event' distribution in-
dicates a drift velocity of'ws =29 + 1 mm/psec, in good agreement
with the predicted value for the conditions existing in the cell
- (Bhv9kG, E~ Q00 V/bm, Y = 450) i.e.'ws = 30 mﬁ/usec,'frbm figure 8,8,

‘Other tests were carried‘out, including an investigation to
détermine‘the_nnmber of decay electrons accompaniéd by‘another
_'aSSOCiéted particie, and generally thé'whole series of initial testé

indicated that the drift chamber system designed at Durham would

A'fdndtionnadéqﬁgtely in its assigned task. Although the author's
active involvement in the g-2 project ended_at this point, the
resﬁlts of later runs are quoted in figure 8.13 (6). These indicate
thétAthe compensation conditions were adequate for the range of
magnetic fields across the chamber shown by the uniform detection
efficiency across each ceil. The variation in 'plateau' level corres-
| ponds to the decay electron flux density. The fact that the distrib-
utions are continuing up to 500 nsec indicaté that the drift velocity
is less than‘28 mm/psec for most cells, Cell 7T seems to cut off

about 450 nsecs however, indicating a value of wg = 31 mm/psec. This
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is in agreement with the predictions of figure 8.9.

8.2 Other examples of Drift Chambers for experimental applications.
i 8.201‘ High Enefgy Physics.

. One of the most successful applicétions of drift chamberS‘tq
high energy physics waé one of the earliest exampless- This was the
use of drift chambers by a CERN-Heidelburg group in an experiment to

~measure the braaching ratio K_+ - 9+7/§;K*f__., u.+‘)r at the CERN PS from
1971—1972} The experiment used 7 large afea o 1.m2) conventional

 multicell chambers, described by Walenta (8), with cells 21 mm wide,

Chaﬁbef thickness fO mn and a gas mixture of argon'+ 9%’methane +

T%.isobutaﬁe.- | |

E&en larger chambers ( 13 m?) have been bﬁilt by a HarvardA

_ Uni#ersity‘group (9)-as part of a high energy muon magnetic spec-

_ trcﬁeter for an experiment at N,A.L, The cell dimensions were 3,6 m
long by 100 mm wide. A single voltage H.T, plane waé used witﬁ field

‘wires between each cell and a chamber thickness of 50 mm. The ges

4 uséd~was ethylene + 208 argon and resolutions during'tééts were as
quoted in section 5.6, |

Detectofs based on the original drift chamber concept of
separate drift space and detectionlregions have been developedgéf‘ :

_Saclay'(10) and used in conjunction with the 1 Gev spectrometer Fhere
in 1972, The chambers comprise 2,long (500 mm), drift spaces with a-
uniform electric gradient maintained from one end to the other.

. Particles traverse the spaces (orthogonal to the long dimension) and

'-_ the resulting electrons are drifted into single wire proportional

counters (one for each space). Neon + 50% methene as the gas mixture
gave resolutions from 0.61 to 1.63 mm for drift lengths from 120 to

500 mm. Pure methane gave corresponding values of 0.4 to 1.3 mm.
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An interesting result of thié work was that no reduction in
‘ efficiency was noted for drift lengths up to 500 mm, and the pulse
height spectrum from a beam of 1.04 GeV protons was unchenged for
drift lengths of 50 to 250 mm, suggesting that electrons can Be
drifted without attenuation over this sort of distance.

| A somewhat different application has been put forward by a
group at Oxford University (11). The principle is shown in figure
8.14. Particles pass through the device as shown and the resulting
ionisation electrons are drifted towards a plane of 306 sense wires.
- Thus fhere-will be 300 estimates of distance of the trajectory from
the plane (from the drift times) and 300 samplés of the energy
deposited, allowing particie identification to be made.

Néne of the experimental applications up to now have involved
operation in strong magnetic fields (except g~2), although two future
expéfiments will, These are, (i) A neutron experiment on the
OMEGA spectrometer at CERN for which Charpak'é group have developea
iarge (3 mz).multiplane chambers designed to operate in fields of up
to 18 k¢ (ii) A programme of muon physics again at CERN, for which
many d¥ift“chambers have been proposed‘(12). Future applications

relating to work at Durham University are covered in the next chapter.

8.2,2 Drift Chambers for X-ray detection

Major problems in using drift chambers to localise X or f ray
photons are the difficqlty in providing a Zero‘time pulse without
absbrbing or significantly affecting the photons, and the generally
poor detection efficiency of gaseous detectors for photons, partic--
ularly those at high energies.

The first of these virtually precludes the use of conventional
drift chambers with X radiation, unless it-is emitted in the form of

a ?ulse with good time resolution, or possibly accompanied by an
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assoéiated_ionising particle to givé a trigger.

A férm‘of drift chamber which overcomes these problems can
be aéhieved however, based on the original idea of a séparate drift
space added to a M.W.P.C. (13). Figure 8,15 shows this principle.
(Note that this is not strictly a drift chamber as locational in-~
formation is not provided direcfly by measureﬁent of.the drift time,
In fact no timing systems are needed. However as such devices rely
on the electron drift process and are commonly knovm as drift
chembers they are iﬁcluded hefe).' The principle has recently'been
exfended by Charpak et al (14) to cope Qith X rays emitted from a
point source (e,g.;X ray crystal diffraction experiments), - This is
achieved by having a spherical section photon convefsion region and
a radial drift field such that the coordinates of the'conversion'
point ave transferred to the M.W.P.C., as shown in figure 8.16, from
thi's.w.orko

For high energy vy ray detection the efficiency problem is
megnified, In this context work is now being carried out at CERN @O).
in the U.S.4. (é1), and now at Durﬁém, into photoh detéctors like
those of figure 8,15 but having metal converter material in the
conversion space. This tekes the form of blocks of thin perfofated
.sheets, with the perforations aligned, insulated from one another so
that a drift field can be applied across them. High erergy photons
are converted in the metal and there is a probability that one of the
products will escape the metal into the nearest one of the perforation
'channels' causing ionisation. The resulting electrons are drifted
down the channel into the M.W.P.C. as before., The resolution is
obviously related to the separation of the perforations, and the
efficiency depends on the geomefry of the converter. The best pub-
lished results at present are from CERN (20) for 0.66 MeV photons,

having a épatial resolution of 1 mm and an efficiency of 5%
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8.3 The Left-Right Ambipuity

The fact that for a conventional multiwire drift chamber a
recofded drift tiﬁe does not indicate on which side of the sense
wires the incident particle passed is a major drawback of such
devices for experimental use, and as such will be discussed in this
chapter on applicatiohs. Several methods exist to overcome the
problem,'as will be listed below.

If the chamber has drift space on'oné side of the sense wire
only, as for instance in the Saclay chambers (10) then the problem
does'not_eiist. | |

Two superimposed chambers, displaced by half a cell width will
resolve the ambiguity and also provide information on the possible
inélinétion of the particle traék. Some uncertainty will exist for
angled tracks near to the cell boundaries. Rubbia et al (9) proposed
3 chambérs_rotated at-120° to each other which would proauce an un-
ambiguous 2 dimensional location- for any particle.

For large drift distances a simpler form of detector (possibly
the one providiﬁg the zero time puiSe) could be used to indicate the
’ generai particlé positiop (e.g. a separate scintillator over each half
celi); |

An internal solution involves the use of.2 closely spaced sense
| wires to deal‘separately with each half of the cell., The Heidelburg
group (22? use a thick shielding wire between the pair, which ﬁave a
separation of 1 mm, with some positional uncertainty in this region,
Charﬁak and Sauli (23).have proposed a 2 wire system, separation 0.2 mm
whiéh is electronically more complex but reduces the area of uncert--
ainty. Electrostatic repulsion of the éense vire pair however,
produces some constructional problems,_particularly for large wire

lengths.
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During laboratory tests at Dﬁfham the problem did not apply

‘ aslthé area qf chamber being irradiated . was either well known
(radioactiﬁe source tésts), or irrelevant (whole chamber tests).

The method used &uring the g-2 rﬁns (6) was to deal with the problem
ih thé data apalysis. Thus events in 3 chambers, produced 8 possible
tracks, several of which could be rejected knowing roughly the shape
of the track expected. Fitting the remaining tracks to drift times
-in a fourth chamber invariably produced an unambiguous ‘correct’

track,

8.4 Other practical corsiderations

The second coordinate of a particles trajectory through a

- single chamber‘(i.e.»in the sense wire direction) can be determined
by similar.techniques to those developed for proportional counters
or M.W.P.C's. For ins%ance measurement of the pulse as received at
:-ééch_énd'of the sense wire can give information on where'along the
‘wire the avalanche occurred (15,16,17). The same information can be
obtéined from the induced pulses on the cathode wires, barticularly

if they are in the form of delay lines 'so that timing measurements

can be obtéined (18). Using‘the centre of gravity of the positive

pulses inauced on the cathode wires nearest to the avalanche (13) is

oﬂly useful when the éathodé wires run orthogonally to the sense

| wirgs (thch does not apply in adjustable field drift'chambers és

described in this work). A separate orthogonal wire plane may be

feasiblk, although distortion of the drift field may OCCur.
Multi-particle resolution is governed by two factors, the

- length of the_puise provided by the sense wire amplifier to the dis-

~ erimination circuit,and the dispersion of the positive ion cloud from

the region of the sense wire. The second point is only relevant for




' for long sense wires a high rate will produce a significant current in
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two events very close together spatiélly. Experimentally it has been
shown (19).that'simultaneousnevents with drift distance séparation of
2 mm ( 40 nsec) can be resolved, and with good efficiency (8cit).

Note that the iocalisatioﬁ of twé such events is only valid for two
simulfaneous particles, i.e. having the same .zero-time pulse. For
two unconnected events ambiguity is always possible if they are seﬁ—
aratea by less than the maximum drift time, so that the event which
stops the fiming system is not necessarily the one which stgrted it,
Thére would appear to be no way to avoid this effect and it will
obviously iimit acceptance rates for large drift distances.

High count rates will be precludéd'anyway due to a bﬁild up of
positive ion space charge around the sense wire. It has been predicted
by compa?ison with M.W.P.C's that rates of approximately 105/cm25ec
shéuld be acceptable without loss of efficiency, although the positive
iéﬁ corcentration will also depend on the gain of the chamber. Thus
fof highvgaiﬁs efficiency will fall off for lower rates. Experimeﬁtélly
rates of 10 /ﬁm of anode wire.sec have been shown to reduce the

eff1c1ency by only 1% (19), Thereis a related effect however in that

the wire which will tend to modify the accelerating field.
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CHAPTER NINE

FUTURE DEVELOPMENTS AND CONCLUSION

901 Recent drift chamber developments

Many of the recent directions of drift chamber development were
recently rgviewed by Charpak (1), and are briefly presented here.

. Much work is being done on improving the operating character-
istics of the X-ray and y-ray detecting chambers deséribed in the
.previéus chaptef. Because of the fast response time of such detectors
they ﬁay be uéed in X-ray crystallography to investigate rapid changes
of structure, ﬁot detectaﬁle by conventional film techniques. The
devices are alsd suitable for X-ray imaging systems, with possible
medical applications.

By using drift chambers to accurateiy determine the‘frajectories
of high eﬁergy.protons scattered from an object,'a three dimensional
'picturé of the scattering sites can be determined. This will give a
- measure of éhé density distribution of nucleii within the object, and
‘the technique has been ﬁsed as an alternative to X-ray methods for
examining interﬁal Struéture.

The high spetial accuracy of drift chambefs hes enébled them to
‘ be used to dete@t the small variations in angular scattering for
relativistic particles passing through 6yrstals, due to lattice structure,

A basic changg in detector teqhnique is involved in the scintil-
1atiné drift chamber, fifst developed in Pbrtugal in 1972, and now
- studied at CERN. The CERN chambervcomprises separate drift and detection ,-
regions, but in.the detection region the electric field is not sufficient
to cause avalan;he. Significanf atomic excitation does take placé

however, leading to many photons being emitted which are detected by
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.photomultiplier tubes. The main advanfage of this technique is that
because there is no avalanche, there are no clouds of positive ions
to disperse and thus the maiimum event rate is increased (by a factor
of 100). |

-These examples only represent new aevelopments under study at
- CERN, and simultaneously drift chambers are being developed in many

places for the more conventional aspects of charged particle detection.

9.2 - Drift chamber develovment at Durham

- The experience gained in the construction, testing and operation . _
of‘multiwire drift chambers during this study, and the existing expertise -
~in ﬁ;W;P.C. techniques, has led the Nuclear Instrumentation group at
DurhamAto become involved in several new drift chamber applications°

In conjunction with Durham University Astrophysics group and
I.R.D. Co. Ltd., work has been carried out on an array of chembers for

use-in a -balloon~borne experiment run by a Southampton University -

- E.S.T.E.C. collaboration,

Proposals have been ma&e (2) for the design of drift chambers to
be used in conjunction with a Rapid Cycling Vertex Detector (Bubble
chamber)vat the Rutherford Labératory, in an expériment to investigate
A- ﬁ'interactiqns. Because of the very low signal to noise ratios in
g iéudh experiments,,é fast, efficient trigger_is required to select evenfs

. to. be photographed,by analysis of interaction products., This ;trigger
.will be provided by layers of drift chambers which will also give
' srétial information on the interaction prqduct trajectbries. Opefation
'in magnetic fields up to 20 kG will be required, and there may be many
constructional innovations necessary, connected with surrounding the

. vertex dector by detectors.
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Stﬁdies are also being made on‘X-ray detection with drift
chambérs, using devices containing perforated conversion material
és described in the previous chapter. Topics of interest include
optimisation of the geometry of the photon converter, to improve
efficieﬁcy and spatial resclution.

A full array of 8 chambers (see section 58.1) is still in use
on the.g-Z experiment at CERN, and data is expected in the future from

runs with 1~ rather than p' particles.

9.3 Some possible extensions of general drift chamber studies

The analysis of data taken during this study has indicated aveas
.where.fﬁrther investigatiéns would be useful. For instance the éxperi—
ments fo test the effects of strong magnetic fields only gave an in-
direcf measurement of the drift velocity and variation of efficiency
with distancé. Both these parameters are better measured by the simpler
method of moving a narrow scintillator telescope dcross the drift region
tp give'start pulse andlobserying the corresponding drift time distrib-
.utions'from one chamber (see section 562, figure-S.S). This will give
a.drift fime &ersus pqsition graph, éhd.assuming the minimum to corres-
pond to fhe'sense wire positioﬁ, this can‘be used to give time distance
‘ reiationships regardless of any.deviatiqn of the beam in the magnetic'

field. Using a scintillator telescope which does not exceed the height "’

of the chamber will,pt the same time,enable actual efficiencies té be

determined across the detecting region.,

Another topic which appears to be worthy of study involves
variations of chamber geometry. For instance the results of Sadoulet
and Litke (3) indicate that wide gap, short drift distance chambers
~offer many advantages in simplicity of operation, particularly in magnetic

fields. Investigations of long drift distances also has applications. A
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combination of'lafge drift spaces andra 'fast' gas (e.g. methane, which
we.have shown to be a practicable drift chamber gas) would enable large
areas to be covered with a minimum of electronics, at the e#pense of
some rgéolutionléﬁd rate handling capacity. Such a device seems to
embody one of the main advantages of drift chambers, and may find
application for low couht rate énvironments (e.g. cosmic rays studies, -
such as the Durham experiment to measure very high energy cosmic ray

momentum, M.A.R.S.)

Constructional details which might be studied include the replace~

ment of H._T° vires by supported metallic strips and the use of planes }
in place of field wires. Some progress in this context has already -

been made by Atac and Taylor (4),

9,4 A pfonosed,“ow theoretical technique

10
-

The theoretical estimation of the various drift proceéss parameters
;s performed in chapters 6 and 7 although useful, were hardly rﬁgoréus.
Indeed many theoretical treatments of the process_invoive approximations
" and assumptions, probably the most n;%able being tﬂe éstimation of the
elect;on.velocity distribution and the méan electron energy, and these

can seriously affect the final results.

A much more basic approach is proposed which involves a Monte-
Carlo simulation of the drift of an electron ﬁhrough a given gas. This
Arequires_oﬁly a knowledge of the cross-sections for the various éypes of
collision possible and it will yield the electron energy distribution as
one of its results. The technique is an extension of previously used

- simulations to study electron behaviour in single component gases in

. uniform electric fields (5,6).
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The principle is as follows. An electron with initial energy
ERG, Velocity'v is consiaered at the origin of a coordinate system,
travéliing at an angle 6 to an electric field E in the x direction,
-and with a magnetic field B in the z direction. Data for the total
cross sectioﬁ(of the gas mixture constituents are supplied and added
in the required proportions so that the overall mean free path A for
the mixture may‘be calculated for the particular value of ERG. The
electron path is then analysed in steps of 0.1\, the probability of
a collision in this distance being given by (1-exp(-\/10\)) which is
approximatély equal $0 O.1. - A random number A, between O and 1 is theén -
called, aﬁd a collision is assumed if A 0.1, with the distance trav-
elled before collision given as A\, For no‘collision, a straight path’
is aééumed fq; 0.1\ and new system parameters (v1; 91, EOordinates X
and Y, time t) are caléulated from the following equations of motion
(c.f° section 7.3) based on conservation of momentum and energy

mv 1

cos@1 =nv cos8 + eE t - Bev sin®
my,, sin@1 = mv sind + Bev cosB

‘%mv12 =Imv" + B X
. where . X = 0.1\ cos®
t = 0.\~

~If a collision ié assumed then simiiar increments are made
(except O) for AA. The gas component with which the electron has
coilided can be”found using another random number and comparing ‘the
relativé cross-sections. Then the type of collision is decided
depeﬁding on the electron energy ERG and the probability of the various
types éf collisions (obtained from the appropriate éross—section data.
Thus fbr argon, if ERG is less thaﬁ 11.5eV then the collision must be

elastic, Then the slight energy loss is calculated and a random number
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determines the resulting éngle after éollision. For the ranges of
ERG high enough to cause metastable,'radiative or ionising collisions,
the type is decided on the relative probabilities, with respect to the
total qross section, using anothér random number B, If an inelastic
collision is decided, the appropriate energy loss is subtracted from
ERG (and réndomly propoftioned between the 2 products for ionisation),
In this case thg position of the ionisation is recorded so that the
second electron can be dealt with later.

ﬁaving decided on the type ofAcollision, if any, .amended ZRG

‘and the coprdinates, end introduced a new value of @ if required, the ...
new coordinates can Be tested to see if any predetermiﬁed value has

been reached, cauéing the system parameters to be printed. Otherwise

a new overéll value of A is found for the new ERG value, and the

process is_repeated starting with the collision-no collision decision.

A possible addition to the programme cou;d be a sampling routine '
suchbthat for instance ERG could be printed out at fixed intervals of t
thus providing an effective energy distribution from a single drifting
eléctron.

A.simplified form of the flow diagrem for such a process is shown
in figﬁre 9,1. Only the collision determination for argon'is'shown,‘for
four possible fypes; elastic, me?astable, radiative and ionising. The
corresponding probabilities (PE,PM,PR,PI) arevdefined-as‘the ratios of

~ the abpropriafe cross—sections to the total cross-section at that energy.
Although the inifial development of such a programme may take con-
siderable work, its valué and range of application to alllaspects of
drift chamber study would be great. For example running the programme V
for several electrons for a fixed distance d and crossed E and B, one
could immediately determine the mean drift velocities Wi, WT’ WA, the

angleuof drift, and the distribution of drift times for that distance.
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Electrons could be created at different coordinates to more
propérl& simulate a charged particle path at any angle.

Values of E and B could Be ecasily varied, or even made a
function of position, in order to accurately predict chamber behaviour
in non;uniform magnetic fields. The relative proportions of gases -
cbuld-be éasily altered, and by feeding in new cross-section data,
many gas mixtures could Ee studied.

Similar programmes do exist, that of Itoh and Musha (5) giving
exéellent agreement with experiment for drift velocity and other parem-
eters in helium. The main new extensions of the pfogramme for this work“_
would be the inciusibn of a second gas component, and the effect of a

magnetic field.

9.5 Concluding remarks

At the outset of this work, although drift chambers were in use in

. one or two applications, they still represented a very new technique and

there was little published data on the fundamehtal processes involved.
Thus a majér purpoée of the study was to provide such data, predominantly
for the one specifié gas.mixture, and simultaneously.to investigate
practiéél aspects of-drift chamber operation. The main results of the

work may be summarised as follows:

1) Many problems regarding design and construction of 

practical chambers have been met and overcome,

2) Experimental test procedures have been devised to
ascertain basic drift chamber operating characteristics.

3) - These operating characteristics have been systematically
determined for a wide range of conditions, mainly using
a gaé mixture of argon + 10% methane.

4) ?rom this data, details of the electron drift proéess fof

the gas mixture have been derived.
L —
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5) The behaviour of chambers in strong magnetic fields,
and their applications to high energy physics have
been demonstrated by tests on the Daresbury Lsboratory

+
e Dbeamn,
6) Using the above results specialised chambers have

been developed for use in an actual experiment and have

functioned successfully.

~Thus the study has established the suitablity of a new simple gas
mixture for use in'drift chambers, and constituted a basis for more
specialised chambér development, a basis which should find considerable
' applicgtion, such is the potential of these devices in the present field

of particle detection.
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APPENDIX I

EFFECT OF ELECTRON VELOCITY DISTRIBUTION AND COLLISION

CROSS SECTION ON TRAWSPORT PARAMETERS

1., No magnetic fields

In the derivation of equation 6.12,

it was assumed that the mean free time T was independent of electron
velocity v. A more rigorous derivation of the expression for Wo, for
A= K(v) and a distribution of velocities f(v) has been made by several

. authors (1,2,3) and yields
_ 4n e 5 af '
Vo= % n VR g, av (4.1)

This reduces by partial integration, and by assuming v> A'f tends to

. zero for v -» 0 and v , 1o

Ee -2 4 2 '
W= o [v ™ MY (8.2)

where the horizontal bar indicates that the mean value of the expression

underneath must be used. Assuming A to vary as v* then equation A,2 may.

be written

lw —x & (%—) B (4.3)

where for r = 1, kx= 13 T =0, k7\=2/3; r= -1, k)-\=’1/3.
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~ Expression A,3 should also include a constant factor kD if the value

of v used is anything other than v _1.

L . 6B A -
1_.e°A U=k kg =S (a.4)

The value"of kD.depends on the form of f (v) and on the value of v which
is used. The relationship between the various 'mean' values of v can

be derived by writing the velocity distribution function as,

f(v) = A exp - (g')s | -~ (a.5)

where S = 2 defines a Maxwell Distribution, S = 4 a Druyvesteyn
Distribution, and A and a are functions of S. The value ‘of A is chosen

* to satisfy
of)

: '4nAf f(v) v2 dv =1 _ | (A.S)

[o]

. Substituting £(v) from _equativon A.5 gives A, and the mean value of v* is

given by

SX [ AP [exp-’(g-)] & ()

This can bé evaluated using the value of A from A.6.and the standard

‘integral

Jw[exp(—xn)] X dx = 1; r (m—;l) (4.8)
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The final value is

[ 3)
= _ S ax | (A.9)

M@

As an example, for a Maxwell Distribution, § = 2

v = ==
o
and 772 - 154°
therefore v - -1—228
v

Thus in equation A.4 if we use a value of v obtained from the mean
electron enérgy (i.e. ﬁZ) then kD will have a value of 1.38 {1.24 for
-a ijveéteyﬁ Distribution). By combining appropriate values of. kD and
k)\ we can Idetermine the value of k in equation 6.14 for any condition;,
as for exavmpl'eb in table 6.1,

One way tq define v is from meé'surements- of the electron charac-
teristic .energy €k’ defined as the raﬁio D/ 1, and it is useful to
determine the relationship between €, and the actual mean electron energy.

k

Expressing D and p in the same terms we have

4D=1§ () - (A.1o)
p=-§;[v'2 & )\VZ] (;.11)
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thus 2 _
"
2(\v) v 2
72 724 Xv2 e
dv

’

where € is the mean electron energy in electron volts. F may be
evaluated as before if X(v) and f(v) are known, using the useful

factor,

|<:l

(Maxwell)

<1

il

0.76 7 2 (Druyvesteyn).

Values of P calculated for various conditions are shown in table 6,2,

.2, - Magnetic fields
, '_,In the presence of a magnetic field B (@ = Be/m) the expressions
. for drift.velocity are modified. Using the nomenclature of Chapter 7

- and assuming 0T 1 we have,

o= o [v = kj] . . (4.12)
Ee -2 4 2-1
I%"'m [v o xﬂ (4.13)

A}

Thus to a first approximation WL = Wo. The value of WT however depends

‘somewhat differently on f (A) and f (v) than does wo, so that WT is given

B

by kil wT, where k depends on £(A) and £(v). Tan § (= Wy /W) is then
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given by kaT, although for.argon + 106 methane, which is represented
by A a v“1 , kB is found to be approximately 1.
In drift chember applications wT is not usually much less than

1 so that more precise expressions than A2 and A.13 are required.

Huxley (4) has given these as, ,

_ ek | -2 a [y
W= 3 |V dv( > 2} (A.14)
P +eo

T 3m

o= & [v—z i—('ali——) (A.155

| for all T, where<y = v/);: 1/T
.Equation A.14 is équivalént to equation 7,12
‘ 1t should be remembered that the preceding equations and value of
various averaging constants are ﬁdications only, as in actual gas
‘mixtures A will not be a simple function of v, and the occurrence of -

inelastic collisions will seriously affect the electron velocity distrib-

Cution..

UREAN
8GIsNGE (5
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