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An array comprising eight multiwire drift chambers has been
developed and installed in the g-2 mﬁon storage ring at CERN with the
main objectives being-to-measure the circulating beam profile and the
momenta of decay electrons.

Constructional design features include narrow framework and
an extremely thin curved eand member, the latter having veen converted
inté a sensitive drift svace.

Prototype models of the chambers have been used to select
the operating parameters and to investigate the general proverties and
capabilities of such detectors. &rgon{90%) and Methane(1l0%) has becn
chosen from several gas mixtures tested and has been used extensively
throuzhout this work. |

Prototypre and production.chambers have been operated in the
et accelerator beam at the Daresbury Laboratory using a comvuterised
data acquisition system and spatiél'resolutions of the order 100 to
150 pm have been recorded in magnetic fields up to 7.5 KGauss. This
system has also enabled a gqualitative study of certain simulated g-2
conditions,

L simple model bvased on classical eguations has been used to

select an electric field configuration, which enables good operation
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in a strong non-uniform magnetic field up to 14.75 KGauss, and to
predict the behaviour of drifting electrons in such an environment.

The operation of the chambers under experimental conditioﬁs
has been studied, and initial results from the storage ring are

discussed together with proposed future work,
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CHAPTER 1

THE DRIFT CHAMBER TECHNIQUE

1.1 Particle Detectors in High Enerzy Physics

Over the past forty years, with the adveﬂt of accelerator
machines and the many breakthroughs made in cosmic ray physics, a
vasp amount of effort has been requiréd in the field of high energy
radiation detéction. The earliest detectorsincluded the ionlization
chamber and the Wilson cloud chamber (1) in 1912 .and, since this
_pioneering work, there has been a greaﬁ and diverse expansion in tﬁis
rarticular branch of nuclear physics. Many hybrid deviées have
appeared and it is the purpose of this thesis to consider the
development and apvlication of one such device, the multiwire drift
chamber.

Particle detectors can be subdivided_into various categorigs.
There are noﬁ-triggerable devices such as the bubble chamber and
expansion cloud chamber; electrically puised, triggerable devices such
as the spark chamber, streamer chamber, projection chamber and flash |
tube; and continuously sens;tive,devices such as the diffusion cloud
chamber, the scintillation counter, the Cerenkov counter and the
proportional counter. -

The nmultiwire drift chamber is a gaseous detector belonging



~to the last group.

l.2 The Drift Chamber Principle

The easiest way to introduce the multiwire drift chamber
(MWDC) is to consider first the operation of its closest neighbour,
the multiwire proportional chambér (MWPC). This device itself is a
récent develdpment by Charpak (2) of the traditional proﬁortional
countep, and nas already found a significant role in high energy
nuclear physics. It consists_of two parallel planes of wires
separated by say 10 to 2C mm and maintained at a negative high
voltage. In between and equidistant from these cathode planes is a
series of finer (sense) wires which are spaced every 2 mm say and are
usually orthogonal to the cathode wires. Such a configuration is
shown in figure 1.1(a), the whole structure being contained in an
enclosed gaseous volune.

A particle traversing a WPC as showvm in the diagram,
leaves a trail of ion pairs along its trajectory. If the cathode
- voltage is high enough, there exists around each sense wire a field
strong enough to enable the primarily deposited electrons to undergo
a series of ionizing collisions with gas molecules, building up to a
sizeable avalanche (a multiplication factor of approximagely 107)
towards the sense wire. Thus a current is induced in the wire which
is usually manifested as a negative going pulse across a resistor
betwéen the sense wire and earth. It so happens that the avalanche
is localized to the nearest wire and in effect, each wire acts as an
individual counter.

The basic principle of the drift cﬁamber is to drift, in

an electric field, the electrons deposited by a particle towards the
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sense wire of a proportional chamber and obtain a signal in the
manner described above., If the'conditions of field and gas composition
are correctly chosen so as to produce a uniform drift velocity, then
the elapsed time between the traversal of the particle (usually
determined electronically using a scintillator as a trigger) and the
appearance of a pulse from the sense wire gives a direat and accurate
indication of the spatial position at one point of the iérticle
trajectory. With this idea in mind, the basic drift chamber

configuration is shown in figure 1.1 (b) (3).

1.2.1 The Evolution of Drift Chambers,

A first modification was to incorporate the drift principle
into the MWPC structure itself, simply by increasing the separation
of sense wires and drifting electrons over distances of the order
10 to 20 mm in the sense wire plane. This method was first realized
by VWalenta et al. (4), the configuration of such a system being
illustrated in-figure 1.1(c). Note the appearance of the so called
"potential” or" field" wires interspaced between the sense wires; These
are wires of similar type and maintained at a similar potential to
the cathode wires, their purpose being to maintain high electrica
fields in regions where this parameter normally falls to zero, the
field obviously being important to the drift velocity of-electrons.

Further improvement to thé uniformity of the electric
field was introduced by Charpak et al. (5), the idea being to have
2 fixed and controllable electric field gradient in the sense wire
plane. This was achieved by having the high voltage and sense wires
in the same direction as shown in figure 1.1(d), and grading the

voltage from a maximum value above and below the field wire to a



“FIG 11c -Wal-én-t—aétype - Drift Chamber-

e N

HT' Planas " Sense Wire Field Wire

FIIG 14 d :__Charpak-type (adjustable—f'ﬁeld) Drift  Chamber

cathode wires

~ sense wire _ - ' field wire



minimum above and below the sense wire, The electric field thus
produced is illustrated in figure 1.2 where it can also be compared

with the field of a Walenta type chamber of similar dimensions.

1.5 The Life History of Zlectrons in a Drift Chamber.

Having described thne basic method of drift chgpber operation,
in order to understand better the development work desékibed in this
thesis,_it is worth considering more fully what hapvens between the
time of particle traversal and the receiving of a signal pulse from the

sense wire.

1.3.1 Ton Formation.

| The first process is the initial production of ionization
in the gaseous volume by a traversing particle. This is the result
of the particle losing energy by inelastic Coulomb collisions with
electrons, that is, excitation and ionization of gas molecules.

The amount of energy deposited in this manner can bet
determined from the "dz/dx curve!" and is not discussed here. HMore
important in drift chambers, perhaps, is the number of ion pairs
produced per unit length (cm. say) (6). This depends on the gas
composition, btut to consider a commonly used gas, Argon, at.
atmospheric pressure, the number is about 30.

The energies of the electrons liberated will depend-on the
collision distance; "knoék on" electrons (8§ rays) of high energy
being produced when the distance involved is small and the energy
trénsfer is large. lMany primary electrons ( of energies around 70 eV)
cause secondary ionization within 1 um of their initial position and,

in the case of Argon, the total number of ion pairs deposited along
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a track will be taken to ~90/cm in this manner. It may also be noted
here that other effects, such és Bremstrahlung in the case of
electrons, can be responsible for further jon production. By keeping
the chamber width small, the chance of § ray production is reduced

and the initial track thickness is negligible.

l.%5.2 The Drift Process.

The resulting electrops thermalise rapidly by a series of
collisions to energies given by the Maxwell formula zx7/2 ( 1/30 eV
at room temperature). If an external electric field is applied, each
electron will retain its random-direction thermal velocity but will also
start to accelerate in the electric field direction. is the electron
swarm is in a viscous medium, a sgries of elastic collisions will
occur with gas molecules, momentum exchange being small due to the
comparatively low electron mass.

In a drift chamber, a resultant mean drift-velocity will be

exhibited in the direction of the sense wire given by:-
W =<vx> = va F(2,¥,t) a¥ (1.1)

where F(¥,¥,t) is the velocity distribution (not necessarily
Maxwellian) at tne point'? and time t. As already indicated, control
over the value of w and hence precise knowledge of drift times can be
achie?ed. A fuller account of drift velocities of electrons in
. specific gases is to be presented in chapter-u

An important process occuring in the drift region is the
diffusion of the swarm, the spread in the direction of the electric

field being criticel to drift chamber work. If the electron mobility



in a field E is defined by M= w/E, then the diffusion is given by:-

Oy = 2D X = ja €k . (1.2)

5|

where D is the diffusion coefficient and is dependent oq_the mean
free path for collision. EK is a quantity referred to as the
characteristic energy, equalling eDéu and closely related to the
electron temperature.

Once again, a certain degree of control can be exercised

on the diffusion parameter.

l.3.3 The Avalanche Process.

The final process is the one producing the signal pulse,
For a periodic wire structure it has been shovn (7) that the potential
\ . .
at any point (x,y) from a sense wire in a chamber of sense wire

spacing S, and distance between the sense and H.T. planes, L, is

given by:-

V= _g 2n L - In(4 sinau + 4 sinh® ny) (1.3)
41!E° S S S

where the charge density, q, for wires of radius r and applied
voltage Vo (usually the operating potential above a sense wire) is

given by:-

a= 4nE V, (1.4)

2[@- 1n an]
S s J.




Thus it is evident fromeguation (1.3) that there is a
rapid‘increase in electric field around the sense wire. In this
region, a drifting electron can gain enough energy between collisions
to ionize (and excite) gas molecules thus liberating electrons and
leaving positive ions, the number of ion pairs being dramatically
increased as the process continues. | |

The current pulse obtained on the wire is notfdue to the
collection of charge from incident electrons, but rather to the
movement-of both negative and positive ions (in opposite directions),
and thus exhibits a finite rise time. As the finél ions created are
very near to the wire, the positive lons movingndown the entire
potential are mainly responsible for the induced pulse, whereas the
electrons move only a small distance before being neutralised at the

wire surface.’

l.4 Apvlications of Drift Chambers to Hish Enerzy Physics.

Drift chambers are of use in similar circumstances to-those
'involving proportionsl or spark chambers, their major usefulness
lying in the possibility of very high spatial resolution of the order
IOQ/tm. Thus they may be found in spectrometer arrays and track
locating systems of all types. Large detecting areas can easily be
covered and as such, the drift chamber may well find a useful place
in cosmic ray arrays such as the Durham *Muon Automated Research
Spectfograph” (M.A.R.S.)

To operate in accelerator environments, several developments
have been necessary, some important oneé being listed in the next

section,
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1;4.1 Developments in Drift Chamber Technique.

In order to obtain fﬁe very high spatial and timing
resolutions (lOO/dm and 5 ns respectively) which make drift chambers
an attractive proposition, much work is required on the control of
mechanical, electrical and gas parameters as well as the accurate
electronic signal processing and tiwming. The various'coqpributions
_to expected inaccuracies have been documented by Walenta (8) and are
discussed_at various points in this thesis,

The first problem to arise in using drift chambers in a
track locating system is'that of the "1eft-riéht ambiguity", that is
to say, a single chamber can give no indication'of whicﬁ side of the
sénse vire the particle traversed. This has been solved in several

ways to date (4, 9), namely:-

a) The use of a sense wire doublet (separation 0.2 - 1 mm).
Each sense wire is found to act independently, but electrostatic
instabilities can occur and difficulties arise from tracks passing

between the two wires,

b) The staggering by half-cell distances of alternate

chambers, (a "cell" being the detection zone common to one sense wire).

¢) For curved trajectories, the geometry provided by four
or more chambers will yield unambiguous tracks. (to be illustrated in
chapter 7).

d) Use in conjunction with MWPC devices.

An important aspect of drift chamber operation 1ls their use
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iﬁ strong magnetic fields as is often the rquirement of a high

energy expveriment. If the'magnétic field has a component parallel tq
the sense wires, electrons drifting towards the avalanche region may
easily be deflected out of the chamber. This can be overcome in
chambers of the Charpak design by tilting the electric field potentizls
to set up a specific electric field vector which in conjunction with
the magnetic force vector, will produce a resultant motioh of

electroqs directly towards the sense wire. This subject is discussed
more fully in chapter 6.

Problems have been encountered with the multitrack
resolution attainable with drift chambers. The first liMitation is
the usual one for wire chambers, that is electronic occubation tire
of the amplifier-discriminator, and can be minimised (to about 25 ns)
by careful electronic design. The second limitation is the collection
time of ali the electrons and'the time required for the resulting
positive space charge to dissipate (200 ns or more); obviously gas
composition is important in this case. Finally, confusion between
events occuring within é time less than the mavimum drift timé can
now be eliminated (up to a point) using more sophisticated timing
circuits. | |

Two dimensional readout methods have been investigated

(10, 11) examples being given belov:~-

a) Induced positive pulses on the cathode wires can be
duly processed using either delay line or pulse centre of gravity

techniques.

b) The measurement of the position of the avalanche along
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the length of a sense wire can be achieved using a current division

method.

Second spatial coordinates can be obtained to within *2mm,
Drift. chambers have been proved capable of high efficiency

operation in environments of high rates and angled particle

trajectories (12, 13).

Having discussed some of the major developments in this
field over recent years, it is now worth-while looking at some typical

applications.

1.4.,2 A Range of Apwnlications of Drift Chambers in High Energy Physics.

One of the first applications'of multiwire drift chambers
in a high energy physics experiment involved a series of large
chambers (dimensions varying in the range 1 to 2 metres) developed-
by the CERN-Heidelberg group under Walenta (8). These were used at the
CERN PS from 1971-2 in an experiment to determine the branching ratio
K*—;e*v/K+—9/u*v, successfully operating at particle rates of 6 x 106
per second,

Charpak's group at CERN (14) have developed drift chambers
of dimensions (2.2 x 1.5)m2 for use together with spark chambers in
the OMEGA spectrometer during a neutron experiment. These chambers
each comprise several planes of sense wires and employ 25 mm drift
spaces, they have been successfully operated in particle fates of
10° per second and magnetic‘fields of 18 KGauss.

A magnificent set of (3.6 x 3.6)m2 chambers have been built

at Harvard University by Rubbia et al. (15) for momentum measurements

of high energy muons in a neutrino experiment at NAL.5 cm drift
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épaces yielded time and spatial resolutions of 11 nsec. and 0.35 mm.
respectively.

A chamber of the iype described in figure 1.2(b) with two
50 cn. drift spaces has been developed by Saudinos et al. at Saclay
(16), in order to investigate the feasibility of cheaply covering
large areas in experiments. Spatial resolutions of betﬁeen O.4 and 1.3
mm. (for drift lengths of 7?7 and 50 cm. respectively) ha;e'proved to be
very encouraging.

A novel device has been proposed by an Oxford University
group (17), the idea being to sample, using 300 M¥WPC wires, the energy
déposited by a particle., Drift lengths of up to.2m will be employed
and 300 positional measurements will be yielded (each to within * 2mm. )
for each track, Such a device will be used to distinguish kaons, pions
and protons from 5 GeV/c to 100 Gev/c.

A proposal has been made by'the Zuropean Muon collaboration
(18) to build many multiwire drift chambers of various sizes for use
in an extensive programme of muon physics at the CERN SPS. Spatial
‘resolutions of the order 0.3 to 0.6 mm. will be required as will the
efficient operation in high magnetic fiel@s and with high particle
rates.,

In general, there is currently an extensive programme of
work in the development of drift chambers for high energy physicé. The
fundamental work on discharge properties is usually done using émall,
single sense wire chambers, whereas the experimental demand is often

for large area devices such as those described above,

1.4.% The Comparison of Drift Chambers with other Particle Detectors.

The most reasonable comparisons to be made are with the wire
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spark and proportional chambers, these being by now well established
as tools in accelerator physiéé experinments. The multiwire drift
chamber stands on an equal footing with these said devices in the

following resvects:-

Thé basic construction is of a simple nature and to vary
the shape and size is fairly easy (extensive work is already in
progress on spherical drift chambers (19)). Reasonably cheap gas

mixtures and building materials exist.

Operation is possible in high rates ahd strong magnetic
fields (a2lthough the proportional chamber is slightly sﬁperior in

these respects).

Little absorptive material is presented to incident .
radiation, thus Coulomb scattering effects are minimal for high energy

particles.

By using a series of chambers, energy deposited can be

sampled thus allowing an estimation of incident particle energy.
The advantages of multiwire drift chambers are:-

Mainly the extremely good spatial resolution (of fhe order
100 /Jm). With the arrival of accelerators of the 300 GeV plus
generation (eg. the CERN SPS) there is a demand for the accurate
detection of high rigidity particles as, in this case, momentum

determination is made difficult due to the small bending experienced
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in magnetic fields presently in use. For charged particles of all
typical machine product energies, a series of drift chambers presents
a rapid momentum selection system, capable of distinguishing different

particle. types,

The corresponding good time resolution (of thq“order 5 ns.)
is also of value. For instance, at the CERN Intersecting Storage
Rings, proportional chambers alone give too poor timing information
to distinguish beam-beam and beam-gas interactions using time of

flight measurenents.,

Another great advéntage is the z2vility to cover large areas
using drift chambers. Construction is easier than in other chambers
and overall readout is cheaper due éimply to the fact that there are
fewer wires. Large detecting areas beéome important in experiments

when low event rates are encountered such as neutrino experiments

vhere the cross section of interaction is extremely small., Also, the

construction of two dimensionzal chambers is relatively easy.

With the use of converters, drift chambers can provide

reasonable efficiency detectors of photons and neutral particle beams,

however in this respect they are not as pliable as scintillator

sandwich devices or flash tube hodoscorez (20).

Some further useful properties are: the ability to gate out
random events using a half-cell staggered system, and the absence of

electrostatic instabilities (as occur in a closely spaced wire system).
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It might also be mentioned at this point that there is
certainly a future for drift dﬁambers in low energy radiation
detection, however this field is outside the scope of the present

work.

There are however, several limitations to the usefulness of

drift chambers, these being listed below:-

Severe multitrack limitations occur due to the long drift
time values encountered and higher rate operation can be realized

using MWPCs

Drift chamber operation is more complicated than for other

wire chambers, especially in magnetic fields.

In certain arrays, drift chambers may be an unfeasible
financial proposition as readout systems tend to be complicated

resulting in a high cost of electronics per wira.

To summariée this section, the drift chamber offers many
attractive properties to the high energy vhysicist, and track
measuring systems (spectrometers) will probably tend towards a
combination of multiwire drift and proportional chambers, there

remaining still much scope for development in drift chambers.

1.5 Present ilork.

This thesis describes the research work carried out on a

system of multiwvire drift chambers with the application to'a
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particular high energy physics experiment in mind, the chamber design
itself being of a specialist n;ture.

It is proposed that the work described here concerniﬁg the
testing and selection of operating parameters is typical of the
requirements of any such system, this'being performed using laboratory
and accelerator facilities, |

Finally, the problems of operating the drift chambers in
their experimental environment are investigated (in partiéular
concerning a strong, non-uniform magnetic field) and initial results

from the system are presented.
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DRIFT CHAHBER REGUIREMENTS OF A HIGE EJERGY PHYSICS EXPERIMENT

2.1 Introduction

This chapter describes the multiwire drift ghamber requirements
of a typical high energy vhysics experiment, that is, rne wihich
requires particle detectors capable of & high spatial resoluiion, high
efficiency, cheap readout and operation in a strong magnetic field.
The experiment in question is the latest of a long line of 'g-2"
measurerents invoiving the new muon storage ring at CERN, Geneva,

The discussion starts with a brief resumé of the motivations
and experimental arrangements of g-2 and'is followed by a description
of the reascns for and requirements of drift chambers in this
experiment. Subsequent chapters are to deal in detail with the

development and operation of these '"g-2 chambers",

2.2 L Brief Discussion of the Theory of z-2 of the lfuon (1)

For a relativistic particle of spin + (such as the eleciron

or muon) in an external magnetic fieldlg, Dirac theory predicts a
magnetic moment of ,ao (one Bohr magneton):-

-

s

/'L_{ A (2.1)
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where /Ug = eh/zmoc in usual notation and B is the spin as obtained
from the Pauli spin matriées.iThe g factor is 2 for a Dirac particle,
yielding /E'=/uo, but is slightly modified by various radiative
corrections and hence an "anomaly" (a) is introduced; so (for the

muon) : -~

o= -2(1+ a/,)/uo? : (2.2)

where it can be seen that:-
2, = (%“ - 2)/2 l (2.3)

From quantum electrodynamic theory (Q.%.D.), %M can be

" expressed as a power series in o (the fine structure constant =
ea/hc) which is a well known quantity. To date, terms have been
calculated, using many Feynmann diagrams, to the sixth order in (,

yYielding a prediction:-

9.E.D, 2

= o + 0.76578 &K +21..8 > (2.4)

21 e 3

a

To this value must be added corrections estimated from the
contributions due to the strong and weak interactions, giving
finally:-

+ alBAK (2.5)

In this way, a latest theoretical estimate for the anomaly
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has been found as aﬂ(theory) = (1,165,897 * 8) x 10-9.

2.2.1 Motivation for a g-2 Experiment

The anomaly, &, is a useful quantity to measure as it
provides a good test of Q.E.D., the muon in particular allowing, by
virtue of its higher mass, a probing of action over éma%;er distances

than for the electron.

Although Q.E.D. is a well understood and proven theory,
there still remains the mystery of the existence of both the muon and
the electron., A particle basically interacts by virtue of its mass and,
as all other properties of these two particles are the éame,'there is
no explanation for their mass difference, (gu/me'v 207). A Q.E.D.
experiment of the g-2 type may discover.a coupling to a stronger
field in the case of the muon and hence explain its existence.

There are, in fact, various differences between the (g-2) of
the muon and electron; for instance, additional contributions from
strongly interacting particles and virtual electron pairs are evident
in the.muon system.

The (g-2) of the electron has been measured by various
methods and several collaborations are continuing this work (2).
Regarding the muon, the previous determination using a 5m diameter
ring magnet at CERN (3) returned a value of %ﬂ(exp) = (1,166,160 %
310) x 10-9, yeilding a difference between experiment and theory,
(gﬁ(exp)-au(theory)), of +(240 * 270)ppm. This shows good agreement
between experiment and theory but, because of the possible fluctuation
contained in the error, a more accurate experimental determination
of a is required if any discrepancy is to be uncovered. It has been
established (4) that a nmeasurement to a level of 10 to 20 ppm would

either validate once more Q.E.D. or indicate a violation which would
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lead to several interesting theoretical implications (apart from the
one already mentioned). |

It may also be noted that there are three interesting by~
products of the main experiment: a verification of Einstein's "clock
paradox" by muon 1ifetime_measurement, a measurement qf the electric

dipole moment of the muon and a comparison of‘/4+ and‘/ﬁ-.

2,3 The Present z-2 Experiment at CERN

The expgriment involves trapping longitudinally polarized
muons in thg magnetic field of a 14 m diameter storage ring and
observing the decay products (electrons) using a series of 20 shower
counters placed at regular intervals on the insidé of the ring (seé
figure 2.1). As the stored muons (positive in this case) undergo the

following deéay:-
+ + -
M > e+ ve * \)e

the observed counting rate of nelectrons” (in fact positrons in the

" above decay) will be exponential in form. Howeyer, the anomalous
moment will cause the spin vector of the muons to precess with
frequency ‘Ja relative to the momentum vector, thus altering the
direction of electron emission (since this is preferentially in the
direction of spin) and causing the count rate to be modulated. The
asymmetry introduced into the electron counts in this way is shown in
an example from a previous z-2 experiment (3) in figure 2.2. The
modulation freguency is given by:-

a

Ww_= a(e/m )B (2.6)
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where the charge to mass ratio of the muon (e/mo) is derived from
other experiments (5) determining the ratio of muon to proton
precession frequencies (A = ayu/a)P) in the same field. This work has

yielded:-

(1 + a)(e/m)(1-€)F = AW, @)

and combining equations (2.6) and (2.7) produces the ratio to be

measured: -

Wa= 2l + "l dla-e)? (2.8)

o | _

where (1- €) is a diamaznetic shielding correction. Hence a value for

the anomaly a can be calculated provided /\ and € are known.

It is useful now to dwell on some particular experimental
facts concerning the new g-2 storage ring as it is evident that these
points provide the environment in which the drift chambers will

operate, several factors being of direct importance:-

a) The mqst important improvemznt on the last g-2 experiment
at CERN is the extra effoft in obtaining a uniform magnetié'field, as
ﬁJa is directly proportional to this value. Previously, a radial
magnetic field gradient was necessary to provide vertical focucesing
this has now been super-geded by a quadrapole electrostatic field,

thus allowing B to be radially independent. Assuming E to be radial
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(that is Er), the expression for precession frequency in the combined

fields is (6):-

+ 1 ) + 3 . (2.9)

— L
\

where V is the muon velocity and an approximate value of 858 can be
inserted for a~* for muons.
Comparing this with equation 2.6 it can be seen that there

now exists a "svin effective field" given by:-

S

B off = B +'Er 859 -1 (?.10)
v Xa
Hence if is apparent that a correct choice of J’:: 29.3
effectively-removes the dependence of L)a on Ef' leaving Bseff = B,

This corresponds to a muon momentum of 3.098 GeV/c, a figure on which
the storage ring parameters are designed; This value is in fact
larger than for the previous storage ring, allowing the measurement of
QJa for 2 to 3 times longer than before and thus increasing
statistical accuracies.

A magnetic field uniform to a few ppm and of value 14,745
KGauss is produced in 40 Cmmagpets to define.muons'of the above
momentgm in a 7m radial orbit. A section through the vacuum étorage
tank énd one magnet block is shown in figure 2.5. The magnetic field
is monitored regularly throughout the experiment with a series of

plunging NNR probes.
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b) The initial polarization of muons is ~ $0% due to the
use of momentum—selectéd pion injection acs oprosed to the previously
employed proton injection in which a pion momentum spread, and hence
low polarization, existed. Injection is achieved by meanslof a pulsed
inflector-which temporarily compensates for the magnetic field. After
one revolution, the inflected pions will either be lost_by hitting the

inflector or decay into muons by the process:-
T — /((+ + V/u

The muons having momenta very close to that of the pions
will be stored with a high polarization. This method of muon
production reduces considerably the non-rotating background evident

when using an internal target for injected pnrotons.

¢) For a one bunch injection from the CZIRN proton
synchrotron (P.S.), approximately 330 muons are stored. For a number
of electron counts Ne and an asymmetry A (basically the count
modulation amplitude), it is desireable to optimize the quantity-NeAa.
The decay electrons have a wide spread in momenta and, as the value

of the threshold energy = of detection is raised, Ne decreases

thresh

and A increases. An optimum value of 1.75 GeV for Ethresh is
predicted. This being the case for 16% of the muons, approximately 53
electrons will bend out of the storage tank with energies high enough

to be detected in one of the 20 counters. Eecause of the geometry of

- the detecting system, aporoximately one or two electrons will be

detected in each counter every P.S. burst (2 seconds). In this manner

the "stop rate'" will be an order of magnitude higher than previously
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and the asymmetry will be a factor of 2 better, statistically
imprbving the accuracy of measurement of Cda. The high discrimination
level of the counters ensures the collection of forward decaying
electrons; (this level is in fact varied during a £-2 run to observe

the effect on the asymmetry, but is always above 1 GeV).

d) Muon losses are minimized by the corfect sﬁéping of
electric and magnetic fields as described in the Daresbury proposal
(4). Thé stored muons will in fact undergo a series of betatron
oscillationé resulting in the possibility of radially selective losses
which could alter the mean polarization of-the sample, thus affecting
“the méasured value of &)a; the muon lifetime measurement would also
be affected, Losses due to scattering from gas molecules are réduced

6

by using a storage tank pressure of 10 ° Torr.

2.4 The Reasons for HMultiwire Drift Chambers in the g-2 BExperiment

In the previous g-2 exveriment, a knowledge of the muon
spatial distribution was necessary because of the radial devendence
of g. As Eis vniform in the present experiment, the importance of
this measurement is reduced, but is still valuable for the following
reasons:- |

The stored muons are constrained by the vacuum tank to radii
between 6920 2nd 7080 mm. and those on a trajectory other'th;ﬁ the
equilibrium orbit of 7000 mm. will have a value of ) different from
29.3 and hence the cancellation of the electric field effect will be
. incomplete. The correction factor from the direct change in Y is a

linear function of radius and is increased to a quadratic function by

the fact that the electric field strength is also linearly dependent
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on radius. By correctly shaping' the magneiié field (7), the spin
effective field (equation 2.10) can be restored approximately to
uniformity with radius, but in so doing, the radial uniformity of the
magnetic field is pbviously_disturbed. lMagnetic field corrections are
also applied to compensate for the effects of surroundinz material
such as the vacuum tank. As the g-2 measurement is dependent on the
average field experienced by the muons, a full mapping 6f the field is
necessary as is a knowledge of the circulating bteam profile.

As mentioned in the previous sectidn, slight losses of muons
may occur and be dependent on radius, again indicating the need for a
beam profile measﬁrement

Because of the betatron motion, the time average field for
the sample is altered, hence a valuable measurement would bve that of
the bean profile in some fixed plane and its variation over a g-2

cycle.

A radial muon distribution can be successfully predicted
(4) by a programme based on.the comparisdn of the vhase space
distributions of piqns and muons. However it is highly desir :able to
make a direct measurement of the distribution.and this can be achieved

in two distinct ways (without directly affecting the beam):-

A measurement of the longitudinal spread (with time) of the
injected muon bunch can be transformed into a.radial distribution as
the spread is due to the different path lengths encountered by muons
at different radii. Such a method is refered to as "fast rotation"
and is achieved by measuring the electron ccunt rate at one point in

the ring the rate being modulated by the rotational period in this
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‘case., This method however is only useful for the first 20‘/usec. of

the cycle, by which time the bunch has overlapped itself.

The second method is to use a series of multiwire chambers
introduced into one section of the ring to record the tracks of decay
electrons. By tracing such a trajectory back into the storage ring

until a point tangential with the latter is reached; the radial
position of electron orizin and hence the parent muon position can be
determined. To obtain a reasonable beam profile, this position should
be estimated to an accuracy of the order *1i mm, On considering the
simplified case of three points on the external electron path lying
on a circular trajectory; to obtain a leverage of 1 nm. by projectiﬁg
the fitted curve a reasonable distance back into the vacuum tank
requires that each of the three voints is determined to the order

* 0,1 mm (Appendix 1). Thus, H¥WPC's are ruled out and the track
locating system must consist of drift chambers which can produce this
order of spatial resolution. |

Such a system is capable of determiring the beam profile as
accurately as the fast rotation technique and has the added advantage
of being continuously sensitive and thus capable of overation even
when muons are uniformly distributed throushout the ring. A series of
drift chambers can also provide a count rate meter similar to a g-2
shower counter and should display a g-2 modulation curve of similar
form to figure 2.2 on integration over all g-2 cycles. Another useful
function is the provision of a nomentum calibration mechanism for the

shower counter used to trigger events.

One further profile measuring technique wvhich has been
B q
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employed in g-2 is the scanning of shutters across the storage tank.
However, such a method is undesireable as the muon saaple is severely

disturbed.

2.6.1 Positioning of the Drift Chambers in the Storage Ring

One rezion of the storage ring is left free oguelectrostatic
focusing electrodes to allow pion injection. To balance this and thus
reduce closed orbit distortion, another non-electrode region exists
diametrically oprosite the inflector. This is a convenient position
in which to arrange the drift chamber system for the following
reasons:- |

The electrostatic field would distort the back-projection
of the elqctron trajectory as it woﬁld'sefiously affect the electron
motion within the vacuum tank.

The non-electrode region is a convenient section cf the
ring in which to install an extremely thin vacuum tank wall to reduce
the otherwise severe scattering of emergent electrons. In fact, feor
the normal vacuum tank wall, a showering of the decay electron may
eventually yield an electron-positron pair, and it may be possiblé
that neither of these particles is detected because of the direction
of curvature of one of them, and the possibility of energies lower
than the detection threshold. This effect will be observed by
comparing the results from the counter (number 11 of figure 1) in the
non-electrode region with other counters. In this context, it will
alsc be the responsibility of the drift chambers to provide, by track
reconstruction, an estimate of the frequency of multiple particle
events in the thin wall rezion.

A description of the final experimental arrangement of the
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‘track locating system is left until chapter 7, save to say that eight

drift chambers will be employed with counter 11 providing the trigger.

2.5 Special Requirements for the z-2 Chambers (8)

The design criteria for the chambers were initially
presented by collaborators to the g-2 experiment fron the Daresbury
Nuclear Physics Laboratory (D.N.P.L.) (9) and various extra necessities
have since arisen.

The immediate requirements concerned the construction of
the chambers. Figure 2.3 shows one chamber in its location between the
poles of a magnet block, and from this illustration several points
regarding the mechanical design are evident, mainly-concerning the
presentation of maximum sensitive area for detection of electrons., In
this respect'each chamber reguires an extrezely thin end wall for the
track measuring system to be sensitive to high energy electrons having
trajectories of little curvature (note that this member will be
curved to fit exactl& the profilé of the thin vacuum tank wall), thia
side members to malzc use of as much of the gap between the poie
Pleces as possible and a detecting area extendiﬁg to at least the
outer edge of the sensitive region of the shower counter.

L minimum of scattering material is ensured py the thin end
wall and a2lso to this effect, thin "mylar" sheeting provides the
material for the chamber windows.

A minimum recuirenment of "hits" on three or four chambers
will be set as the condition of a sufficiently informative event, and
in_order to ensure the collecticn of enough data to accurately
reconstruct the shérply bending tracks of the softer decay electrons,

the chambers near the electron counter will be pacxed as closely as
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possible. To achieve this, the chamber widths must be made as small
as possible within the lihits.of practicability. The final spacing
arrangements between the eight chambers, together with the above
mechanical design criteria ensures the optimun detection system for

the range of electron energies encountered.

From the discussion in section 2.3, it is evident that the
following environmental conditions will influence the drift chamber

rerformance requirements:-

Althouzh the storage ring magnetic field is uniform within
~the pole pieces, there is a gradual fall-off of magnetic flux outsice
this region. The form of this field is to be discussed in chapter 6
where the compensation technique is developed, the main point being
that as the detecting area of each cham?er protrudes out of the pole
pieces (figure 2.4) they must be capable of operation in a strong,
non-unifo?m magnetic field.

The chambers will be in an environment of high noise and
~low event rate. lHuch of the noise comes from the tinitial flaéh" which
consists of pions traversing the ring diameter_directly, and
electromagnetic pickup from the inflector ana electrostatic field
(vhich is in fact pulsed). A detailed study of such noise sources in
an encloéure and the deléyed noise of Y fluxes from target-proéuced
neutrons decaying has been made (10). The initial flash can be
electronically zated out but, because of the 1pw event réte already
mentioned, the longer term background radiation does provide a source
of errori.e. possible random stops associated with genuine electron

counter triggers.
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The angle of incidence between the particle direction and
the normal to the sense wire piane is impertant in drift chambers
(11), bvut the effects are minimal at small anglés (<130o for a
threshold of 1 GeV) which are applicable in this case (see appendix
1l). To decrease these ansgles of incidence further, a tilting of the
chambers near to the electron counter can be arranged if necessary.

One further noise source which.causes a problem in drift
chamber operation at CERﬂ is the electromagnetic pickup by a sense
wire of the 19cal$uisse—Romande television transmission. This can be
reduced by the use of earthed aluminized mylar wincdows.

A final consideration is of the efficiency requirements., If

o

the efficiency ¢f a chamver is %, then the efficiency for detection

. ; . n o, .. . . " A
in each of n such chambers is E°, indicating that near 100% efficiency

of detection is desireable for the g-2 chambers.
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CHAPTER 3

THEE DESIGH AXD DEVELOPEEIT OF THE g-2 CHEAMBRERS AND ASSOCIATED HARDWARE

3.1 The Design and Construction of Prototype rodels

Having determined the basic requirements for g-2 drift
chambers as'set out in chapter 2, this chapter will now deal with
their actual design, mechanical and electrical, and development *to a
final production model stage.

The main criterion was to produce a mechanically sound
structure capable of presenting maximum sensitive area within the
constraints of the 140 ma. pole gaps of the g-2 magnets. Detection
was required over a distance of ~220 mm. from the inner vacuum tank
" wall and for convenieﬁce (that is, compatibility with commercial
electronics), this sensitive region was divided into & detection zones
or "cells" each of 28'mm. width. Thus 14 mm. drift spaces were
employed, this short length proving to be convenient as will be shown
in following chapters.

A sm2ll, fest drift chamber, consisting obasically of one
such cell, was designed, and this was followed by a series of 3
prototype models related closely to the final production chanmbers.
These chambers vere duilt at dDurhan University, ancd drovided most of

the data on general drift chamber properties to be described in
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chapter 4 and part of the accelerator data of chapter 5. Any important .
developments between prototyve and production models will be indicated

in the relevant parts of the following text.

3.2 lechanical Froperties and Dimensions

The mechanical features .and overall dimensions of the
production models are summarised in the schematic sketéh of'fi?ure 3.1,
and the more detailed drawings of fizures 3.2 and 3.3%. The chamber
design has been documented in detail (1) and the main points will nov

be discussed,

3.2.1 The Mzin Frame

The supporting part of the main frame was designed to be as
massive as possible within the space restrictions of the storage ring,
to provide maximum overall strength for the chamber and a rigid
mounting facility. Thus this component was constructed from 37 mm,
thick laminated glass-fibre epoxy-resin (Gl0) materizal,

The side mempers wvere designed-under two conflicting criteria.
They had to be as thin as possible in order to utilize the restricted
space between the g-2 mégnet pole pieces, but also had to support the
tension (e~ 12 kgm in total) presented by two vertical H.T. wire
planes without any additional support from the end member as it turns
out. Original side members were constructed from 11 ma. thick GlO

10

. . e =2 . e '
which has a Young's modulus of 2 x 10 Wm —, however these necessitated

several special constructional technicgues such as prestressing the
frame before wiring and spring loading the main support frame after

wiring.

It was suzgested by the International Research and
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Deveiopment Co. Ltd. (I.R.D.) fhat glass side menbers be used instead
of G10, these having a Young's.madulus some 35C times greater than the
latter. Problems ccncerning machining and adhesives were overcome and
léter models incorporated these rigid side members. One side member
accomodated along its length a central channel to allow the input of
gas, the gas outlel channel was in the main frame block“near the
opposite side wember. The separatioﬁ of fhe outer edges of the side
members was 13%0 mn,

A thin end wall (0.5 mm G10) allowed the sensitive volume of
the chamber to approach closely the vacuum tank, fhus permitting
detection of electrons shortly after their exit from the storage
rezgion, and at the same time presenting a minimum of scattering
material in the electron path. The scattering factor was also reduced
by a thin section (0.8 mm. Titanium) of vacuum tank in the drift
chamber region., This section assumes a concave shape because of the
pressure differential across it and thus the end wall of the drift
chamber was designed to have a compatible curvature as indicated in
figure 3.2, this being achieved by bending the G100 material after
unsuccessful attempts at machining.

In order to achieve a minimum separation between chambers
'(required at the shower counter end of the array as mentioned in
section 2.5), the chamber width was made as small as possible, the
wire accomodation requirements of the electrical connection board

setting a minimum requirement of 67 mm. on this value.

3.2.2 Internal Construction

Figure 3.3 is a section across the width of the detecting

region of the chamber showing how the wire planes were attached
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between the side members. Wires were soldered onto copper strips
deposited onto thin G10 boards; these being prepared using a photo-
lithographic technique. The H.T. and sense wire boards were separated
by spacers to prroduce a step construction, as shown in the figure,
thus facilitating replacement of broken wires.

The outer H.T; wire planes were separated by 6.4 mm; and
comprised 120 A¢m. diamgter Conper-Beryllium wires swnaced at 2 mm,
intervals. The sense wire plane contained eight gold-plated Tungsten
wires of diameter 20 s and separation of 28 mm. In the same plane
and equally spaced between the sense wires, were field wires of the
same type as those of the H.T. plane. The wire configuration in the
curved end region was modified from the above and will be described
in the electrical desizn section, Thﬁs, the wire configuration
resulted in drift cells of similar design to those used by Charpak (2).

The wire tensions were 50 gﬁ and 30 gm for the H.T. and
sense wires resvectively, these values being checked occasionally by

measuring the deflection of a weizht hung at the wire centre (3).

3.2.35 xternal Construction

Electrical connection between the wire planes and the
outside of the chamber was achieved by the use of copper coated G1O
boards, with solder connections as indicated in figure 3;3. H,T.
input and signal output were from different sides of the chamber. is a
field gradient was to be applied along the H.T. planes (section 3.3),
several differént values of high voltage were distributed onto the
H.T. boards by means of copper rails connecting relevant wires and
again deposited onto thin G10 bvoard. Apﬁlication of the voltages onto

these strips was achieved using multiway ribbon cable from a voltage
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controlling resistor network mounted on top of the main frame block in
a metal box.
Final signal output from the sense wires was achieved by

short lengths (few ns) of miniature Lemo coaxial cable.

3.2.4 Gas Sealing

This was achieved using windows of 120‘/4m Hylar sheeting;
which was thick enough to retain its seal when bowing out as the
chamber was filled with gas, yet thin enough to introduce negligible
scattering material into the g-2 storage ring. It is necessary to
remove one window if a wire is to be replaced, therefore a temporary
adhesive material (3M "Twinstick") was used between each G1lO sealing

surface and the iiylar. This method produced a 100% gas tight seal.

3.2.5 Further Points

The length and spacing of wires in a chamber of this size
conveniently negate any electrostatic instabilities and hence no
wvire supports are necessary (4). ilso, the chamber design has
deliberately excluded the use of separable wire planes, as the gas
sealing of such a structure usually involves rubber gaskets which can
lead to electriéal—shortins problens where voltage gradients along a
wire plane are involved (5).

Although chamber sensitivity over the full pole;piece gap
" is desireable, most particle trajectories will be in the median vlane
(this has since been verified by vertical readout data using MWPC!'s),
and thus any scattering produced by side members, or electric field
distortion in the wire attachment region; will be relatively

unimportant.



The main-structure components of the chambers were machined
to a tolerance of 0.125 mm and.the sense wires were installed by a
process of repeated attempts to within 0.1 mm of their required
positions., At various stages in the construction, rigorous mechanical
testing was applied in the form of loading neavy weights at
susceptible points. For the final design, no wire breakqge or
loosening occurred.

It was carefully ensured that no ferro-magnetic material was
involved in the construction of the chambers as this would distort the
g-2 magnetic field as well as introduce additional stress points in the
chamnbers.

The photograph of figure 3.4 illustrates most of the

mechanical features discussed in the foregoing sections,

3.3 Electrical Desien and Froperties

The method of Charvak et al. (2) of obtaining uniform and

controllable drift fields was adopted for the g-2 chambers. By tilting

such an applied electric field, a mechanism capable of operation in an
external magnetic field could be realised. (This subject is to be

discussed more fully)

3.3%.1 Apnlication of Drift Fields

Electric field gradients were applied to chamber cells using
a single H.T. power supply, individual wire voltages being tapped J
from various points of a potential divider chain such as the one shovm
in figure 3.5. By varying the value of the figal resistance to earth
(RE) and adjusting the supply voltage (VS) so that the basic

éccelerating voltage (V with some additional influence from the

1IN’



“FIG 3.4 THE MULTIWIRE DRIFT CHAMBER
DESIGNED FOR THE g-2 EXPERIMENT
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graded field) reaches an operational level, a large range of drift

fields ((VHAY'_ ' )/1.4 ch-l) can be realised. An example is shovm

MIN

in figure 3.6 where the field is plotted against VS for various values
of'RE (RN = 3.3 1{)); only the working voltzze ranges of the chamber
being shown.

Two different wire configurations have been u§§d for the
curved end regions as indicated in figure 3.7, the prototype field
requiring voltages > VMAX and thus a mddification of the resistor
network of figure 3.5. The final curved end design (figure (b))
reduced the length of the distorted field region and also lowered the
values of VS and maximum drift time to be measured. The final H.T.
rails were in the form of thin copper striﬁs adhered to the inside
face of the curved end. Normal H.T. wires were continued into this
resion as faf as was'practically pogsible in order to reduce the
inevitable field distortion. The effectiveness of such a drift space
is investigated in following chapters.

As a result of the work to be discussed in chapters 4, 5
and 6, a final design for the applied drift field, including the
magnetic field compensating mechanism, was derived. The resistor
network required for this, and the resulting wire potentials&ﬂ;%;ﬁ;OkV)are
shovm in figure 3.8. A reversal of the direction of field slant could
be achieved by unsoldering wires.on the resistor board, as plug and
sockey mechanisms were found to be impractical at high volfages. Mote
that a rore gracdual field variation was applied in the sense wire
region than for a staight forward tilting of uniform voltage drops
between adjacent rails. This reduced breakdovm problens which

othervise occurred due to the presence of too high a voltage directly

above or below the sense wires.
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FIG 3.7(b) Modified  Configuration
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3,3.2 Electric Fields in Drift Chambers

The electric fields 6ccurring in drift chambers on the
application of various voltage configurations have been studied at
CERN (6) usinz computer sinmulations. At Durham, a numerical relaxation
technique has been used (7) to investigate the variations of electric
potentizl in a Charpak type cell under different strengths of applied
voltage gpadient. Thie technique was applied to the wire potential
configuration of figure 3.8 and the resultant ecuivotential map and
electric field in the sense wire plane are shown in figure 5.9. Thé
drift field is seen to be uniform over most of the cell, but increasgs
rapidly at the sense wire. Such an increase in the avalanche region
will bz seen not to alter drastically the drift velocity of electrons
in certain gases.

In order to counteract any radiation interference (eg.
Suisse-Romande television transmission), the normal window maferial was
replaced with aluminized liylar, earthed on the outside, before final
experimental installation. It has been shown (3) thaﬁ the introduction
of two such earthed planes, in the vicinity of a drift chamber cell,
affects only marginally (a5%) the drift field.

Finally, it can be said that the magnitude of the drift
field throughout most of the cell is close to the appvlied voltage

gradient.

3.4 Gas Flow Systens

. Many of the gases used in wire chambers are inflammable. For
this reason and also to prevent back-diffusion of air into the systen,
leakages must be rinimised. For small chambers, such as those discussed

in this thesis, gas flow rates were low and pressures were only



FIG.3-9 THE ELECTRIC DRIFT_FIELD IN THE g-2 CHAMBERS.
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slightly above atmospheric. For the laboratory testing of gases,
mixing was achieved using cal .ibrated G.E.C.-Elliot Rotameter
flowmeters, whereas for experimental work, premixed gas was always

used.

%.5 srvlifiers for Drift. Chambers.

Pulses from the g-2 chambers during normal operation are
typically 5 mV into 50 £). These wmust be amplified to a convenient
level for further electronic processing. The reguirements of nuclear
pulse amplifiers include (¢) extremely linear (and usually high) Qain;
stability of operation and a high siznal to noise ratio. They also
serve to initially differentiate the pulse, thus preventing pulse
overlapping and allowing operation at high rates; and to transform
the impedance to a suitable value for matching with other units., Fast
rise=times are desireable and in the case of drift chambers, electronic
time slewing must be minimised.

By careful design (basically using a current axplifier of
low input impedance), drift chamber preamrlifiers can also be used to
determine the second coordinate by the current division method.

The preamplifiers used in this work havg been designed by
Verweij at CERN (10). For early tests, a high input impedance (2 Kfi),
3-stage transistor amplifier, having a voltage gain of 20 and rise
time (10 to 992% of méximum) of 2.5 ns ﬁas empldyed. The latest system
included 64 channels of 20{2 input impedance transistor amplifiers, each
with a voltage gain of 500 and rise time of 5.5 ns. For future -
experimental runs it is planned to change to integrated circuit-based

preamplifier~-trigger units in the form of octal N.I.M. modules (10).
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3.6 Drift Time Measurerent

A convenient mefhcd'bf.recording the drift times occurring
at a single sense wire is to use a time to amplitude converter (T.A.C.).
The principle of this device is to allow, on the receipt of a start
_pulse (from a sCiﬁtillator—P.M. tube say), a capacitor to charge up
using a constant current source, and on the receipt of g_sfop pulse
] (from the sense wire), to turn off this source. Thus the voltage
remaining on the capacitor is directly proportional to the elapsed
time between start and stop pulses. Timing distributions can thus ke
obtained by recording T.i.C. output pulses with an amplitude to
digital converter (4.D.C.), usually in the form of a pulse height
analyser (P.H.i.).

For use with more than one sense wire, the T.A.C.-P.H.A,
system can be compressed into a time po digital converter (T.D.C.) in
the form of Lecroy Research Systems (L.R.S.) CAMAC units.

Readout in this case is achieved by discharging the timing capacitor
at a relatively sldw rate and measuring the time to do so using a

4O MHz crystal clock; this time stretching technique is now used
extensively in the drift chamber field (11). For one event, digitised
times from many sense wires may be stored in a computer using a
common start pulse.

The above two analogue time-recording techniques have been
used extensively in the g~2 chamber work to date.

There have been developed séveral technigues of digital
time measurement (12). The basic idea is to start recording clock
train pulses on a scalar on receipt of the trigger, and to stop
counting on receipt of the signal pulse. To achieve a suitable spatial

resolution, a 2 ns separation of clock pulses is required, corresponding
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to a clock frequency of 500 iHz. Such circuitry is expensive, but by
employing a Vernier technique fo interpolate between clock pulses (13),
the use of 100 IHz scalars (available in M.E.C.L. III) is possible.

For drift-time measurement when non-linear space-~time
relationships occur, automatic hardware compensation has been achieved
- by the use of a non-linear clock train (14).

It is intended to eventually install new, CERN-designed,
drift time digitizers (D.T.D's) in the g-2 drift chamber system. These
employ an inverse timing technique (stops preceeding starts) which
eliminates the necessity of delaying many drift chamber wire channels
to the same extent as the existing delay in the triggering shower
counter. The time range covers 768 ns (1 ns bits) compared with the
512 ns of the L.R.S. T.D.C's, and the D.T.D's have the additional

ability to process more than one hit per event on a single wire.

3.7 The Construction and Testing of the Production Chambers

After finalising the g-2 chamber design at Durham University,
I.R.D. constructed eighf such chambers under clean conditions. Close
collaboration was maintained between Durham and I.R.D. in the form of
cross-checking mechanical tolerances and sense wire positioning. Using
a travelliﬁg microscope, the latter were determined with respect to
‘the centre of a 0.1 mm wide fiducial line on a copper strip affixed
to the main frame block. Thus, sense wire positions were known to
better than:0.05 mm,and parallelism to within the accuracy of the
measuring instrument was observed.

Rigorous electrical testing at Durham followed. This
comprised checking the voltages on 21l H.T. wires using an

electrostatic volimeter and eliminating any breakdown caused by dust,
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sharp solder voints etc.; in this respect, 5.C. Electronics "Corona
Dope" was applied at the sense wire attachment regions.

Before fipal exverimental installation, the pulse height-
voltage characteristic (see cuapter 4) of every cell was checked for

uniformity.
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TUE LABORATORY TESTING AMD SELECTION OF OPERATINHG PARAMETERS

OF THE CHAMBERS

L.l Introduction: Laboratory Test System (1)

This chapter describes the preparatory testing of the g-2
chambers, which was carried out using radioactive sources and cosaic
rays, prior to using accelerator facilities. Emphasis is on
measurerients concerning electron drift in various gases aqd the
selection of a suitable mixture for use in g-2. The system used for
much of this work is shown in figure 4.1l and consisted of a narrowly
collimated (0.25 mm) beam of ionizing particles which passed through
the drift chamber and triggered a standard scintillator-
photonultiplier-discriminator thus providing a zero-time start pulse
for the timimz system. Timing was achieved using the T.A.C - P.H.A.
method as described in section 3.6, stop pulses being provided by the
chamber sense wire via a Verweij 2 K input impedance preamplifier
and a CERN Semra Benney shaper (discriminating at an input level of
10-mV). The ratio of the scalar readings (l:2) zave an estimate of
efficiency which had to be corrected for P.:. noise and backzground

radiation in this case.
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The source used for timing tests was a 2 mCi Strontium 90
/S-emitter providing particles of energy up to 2.27 MeV many of which
were energetic enough to penetrate the amount of matter'in front of
the scintillator material. Because of the fine collimation, a high
activity source was employed, necescsitating much shielding and
unfortunately producing a large amount of gamma-radiétion
. (Bremstranlung from the source~holder) which caused faiée starts.

The chamber could be moved between fixed runners to allow
the beam to pass a% various distances from a sense wire, and alignment
in this direction to within 0.5 mm was achieved.

Such a system provides a useful drift chamber testing
facility if an accelerator beam is not readily available and similar

arrangements have been successfully employed elsewhere (2).

4,2 Pulse Height Measurements

Pulse formation occurs in the cylindrical field (as defin=d
by equations 1.3 and 1.4) around the sense wire and it has been shown
(3,4) that the amplification factor, A, for proportional wire systems

follows a relationship of the form:-

A« exp[V(V/Vc)% - IJ%' (4.1)

where V is the basic accelerating potential (A;VF for the z-2 drift

IN

chambers) and Vc is the ionization threshold,
Figure 4.2 shows the variation with high voltage of the most

probable pulse height (measured on an oscilloscope) from the output of

a2 high impedance Verweij amplifier connected to a g-2 sense wire,

These results were taken using a Fe 55 X-ray source positioned a few
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mm above the wire and straight_lines on a logarithmic scale verify a
variation of the form indicated in equation 4.1, the turnover at.high
voltages being attributed to the onset of space charge effects (data
was collected into the breakdown rezion). As the value of RE (figure
3.5) is dacreased, producing a greater drift field per applied VHIN’
the value of VMIN reqguired to produce a particular puvlse. output
decreases. This shows the adjustment of the acceleratiné'field caused
by a change in the graded field of a drift chamber ie. a strong drift
field contributes significantly to the accelerating field. However,

it must be noted that as the drift field is increased, chamber

breakdowvn is more readily occurrent.

L.2.1 Pulse Heights from X-Ray Sources

By guitable electronic procgssing, the pulse height spectrum
obtained f;om a Fe 55 source was displayed on a P.H.A.. Figure 4.3
shows the characteristic shape with the main peak due to the 5.9 KéV
.line and the smaller "escape peak!" from the 2.9 KeV x-ray. The finite
width of the 5.9 KeV line is due to the statistics of pulse formation
during the avalanche process and the fluctuation in the initial
ionization, If the assumption of pulse height proportionality with
deposited energy is made, an energy resolution of 12% is observed by
considering the starting point of the spectrum,-this becores 15% on
considering an extrapolation from the gav between the two peaks. The
observed resoluiion has probably been worsened by the spread in pulse
heights due to the manifestation of x-rays in different parts of the
chanber (see section 4.2.2)

Pulse height svectra were obtained for other x-ray sources

and showed distinct pesks at various pulse heights depending on x-ray
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energy (5). In all cases, the Ee 55 peak was apparent due to primary
source electrons impinging on the steel_containef as well és the
relevant target metal; this could be eliﬁinated to a large extent by
increasing the source distance from the chamber thus allowing only the'
more energetic x-rays to materialise within a drift cell. The results
are plotted in figure 4.4 and show an approximately iinear variation
-0f pulse height peak with x-ray energy. |

The pulse height-voltage curves of Fe 55 x~-rays and Sr 90
F?—particles (not.necessarily minimum ionizing) are compared in figure
"4,5. The higher pulse heights for the /3-source are a result of the
greater energy deposited in the form of many primary ion pairs as
electrons traverse or stop in the chamber, in comparison with the
energy deposited by the single photoelectron produced by the x-rays.

Once again the svace charge effects at high fields can be seen.

L,2,2 Further Effects

The output pulse height at a particular voltage applied to a
drift chamber is increased as the graded.field is tilted to compensate
for a magnetic field. This is a result of tvwo effects: the increased
field around the sense wire as the gap between any two equipotentials
is decreased by ~ cosine(tilt angle), and the higher voltage on the
H.T. wires directly above and below the sense wire. The_effect is
shovn in figure 4.6 where the x-ray pulse height is plotted against
voltage for three different field tilts under otherwise similar
conditions.

Using a Fe 55 source collimated with a 1 mm slit in perspex,
the pulse height at various distances from the sense wire was

investigated., Figure 4.7 shows a distinct and gradual deterioration
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in pulse neight towards the sense wire. This effect has since been
ohserved by other wofkers (6) and has been attributed to a self
limitation on gain caused by a slight assymetry of charges on the sense
vire surface produced by the electric field structure of the chamber.
Another possible explanation is that some gas multiplication may

occur in the drift field, thus, less amplification is achieved as the
sense wire is approached, resulting in the observed decrease in pulse
height. . (This explanation will certainly apvly to the "avalanche
region") For minimum ionizing particles which produce an ion trail
along the whole track length, the effect is slightly enhanced by the
spread of the electron swarm Being greater (due to geometrical
reasons) for tracks nearer the wire, thus causing a variation in pulse
shape with distance from the wire. The pulse height div effect is
exaggerated in the differential pulse shaping of drift chawber

amplifiers.

4.3 Efficiency Measurement

By careful shielding, the detecting surface area of the
scintillator was reduced so that only those f3-particles passing
throusgh a drift cell could trigger the system. Efficiencies of » 90%
were obtained in this way, the inefficiency beilng attributed maiply to
cosmic rays and.‘y—radiatibn from the source (plus a small amount of
P.M. noise). The normalised efficiency-voltage curve obtained for a
g-2 chamber is presented in figure 4.8 and shows the usual particle
counter characteristics of an increase to a 100% plateau, ~ 125V
long in this case, after which breakdown occurred. This result was
achieved using a gate width (Tw) of 1.0 As, a discrimination level

(Vd) of 100 mV at the output stage of the Verweij high impedance
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preanplifier, and a drift field of 602 V em™ L.

T he efficiency-voltage characteristic is a direct
(statistical) result of the increase in pulse height with voltage as
discussed in section 4.2 (compare figures 4.2 and 5.7) and is therefore

a strong function of V For drift chambers, T,

da’ il

the maximum drift time if the correct characteristic is.to be obtained.

must be greater than

A detailed discussion on the effects on efficiency of the parameters

T V, and drift field forms »part of another vwork (7). Further

W o'a
efficiency measurements will also be presented in chapter 5 and

appendix 2.

3z

L.bL Drift Time Yeasurenent

. By aligning the drift chamber -so that the ionizing bean
assed at %nown distances from the sense wire, drift time distribdbutions
H
throughout the cell could be obtained, examples for a drift field of

602 V cm — in Argon (90%) - Methane (10/:) being shown in fizure 4.9.
Equal séparations of veaks indicate a linear snace-time relationship
in the region of the chamber investigated and a horizontal scale
calibration of 0.3 mm/channel is yielded. Thus typical distribution
F.#w.H.M's 0f ~ 1.5 mm were obtained and the contributions to this
dispersion will be discussed in section 4.6.

Drift times at various distances from the sense wire were
obtained by observing the peak positions on the P,H.A. disvlay.
Figure 4.10 shows these variations for several drift fields-in Arson
(90%) - Methane (10;3), where it is seen that linearity occurs over
much of the cell except at low fields, and longer drift times are
associated vith higher fields for this particular gas mixture., Also

for a distance of up to 4 mm on either side of the sense wire, the
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drift velocity is incdexendent of the applied drift field, as in this

rezgion, electrons are driftinz in the much stronger avalanche field,

L.5 Drift Velocity Measurement

The results of figure L.10 indicate that the drift velocity
of electrons in a gas is a direct functioﬁ of electric drift field,
nence, an extensive series cof measurements for various éases and field
values was performed with the following aims:-

a) to select 2 suitable gas mixture for use in the g-2

G2

chambers while ottaining information concerning electron drift
processes.,

b) to investigate the diffusion of electrons in gases also
vith a view to selectinz a suitable gas nmixture.

¢) to measure drift velocities in an overational chamber, at
fields within the practical range up to 2 KV, rather than in a
specially prerared system, (usually, such investigations are carried
out at iow fields; a region where more interesting physical effects
occur) and to comrare the resulting curve snaves with existing datez.

The gradients in the uniform field resgions of the space-
time relationships of figure 4.10 were measured and hence the drift
velocity variation with electric field was determined, this being
presented together with an eye fit to the data in figure 4.11. Also in
this figure are shown the early results of Zhglish and Hanna (9) for
the same gas which indicate reasonabvle agreement at low fields and
good agreement at hizgher fields, and the more recent theoretical
prediction of Palladino and Sadoulet (10Q) which exhibits a sharper
peak in the curve but at the same electric field value as that

exrerimnentally detersined.
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For measurement of drift velocity in different gases, in
order to reduce the 1aborious'ﬁork involved in determining distance-
time gradients, and hence increase the number of gas mixtures tested,
a method involving oniy one reading at each value of electric field
wvas emoloyed, This could be achieved in either of two ways:-

Observing the cut-off edge of the assymetrical_distribution
obtained in the vroximity of the field wire {(fizure 4.12(a)) yields =
value of maximum drift time (ie. the time to drift 1L mm in this case).

A novel method of determining the time to drift 10 mm was
discovered. Wnen the collimating slit was aligned at a position 10 mm
from the sense wire, the resulting time distrivution was found to
have a slignt trough in the centre (figure L.12(b)) due to the
"shadow" of the fifth H.T. wire from that directly above the sense
wire. Thus the position of the minimum of this trough renresented, in
this case, the time to drift (10.3 * 0.2)mxn as determined using a
travelling telescogpe.

The latter method was in fact used for these investigations.
However, the drift velocity is not necessarily uniform over the whole
of the 10 mm drift space for reasons evident from section 4.4 and
hence the results following will refer to the "chambter drift velocity",
this being defined by the above technique. "Chamber velocity"
illustrates the correct forms of drift velocity variation with
electric field and hence fulfills the objectives a), b) and c¢) without
yielding absolutely correct values. in exaunple of the variation of
this quantity with field is also plotted in figure 4.11 for Argon(90)-

Methane(10).
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L.5.1 Drift Velocities in Various Gas Mixtures

The drift velocities for various Argon-kethane mixtures are
shown in figure 4.13, (Errors in these and following curves are of
the order t 1.1 mm/(s-l and are omitted from the figures for clarity.)
For Hethane concentrations up to 10%,relatively low drift velocities
are observed with large variation at low fields and small variation at
high fields (< 10% above 800 V cm—l) tending towards a éaturation
plateau in this region. The effect of the lMethane is to increase drift
velocity at a fate of Eetween 1.5 and 2 mgfls-l ver additional 1%,
Hethane itself supporting a hizh drift velocity of the order 130
m@/&s—l és indicated in figure 4,13 .. For liethane levels below 3%
spurious breakdown occurred at most operating voltages. The Argon-
ldethane and pure iethene results measured in the drift chamber show
reasonable agreement with previously determined curves (9, 1l1).

Figure L4.1l4 shovws the results for Arzon-Isobutane mixtures.
Peeks in these curves at low field values are not as vronocunced as for
Argon-iiethane and, at high fields, increasing isobutane content
increases drift velocity at the rate of ~ 1 mﬁ/xs-l per 1%, For high
Isobutane content () 25%) a tendancy for drift velocity to steadily
increase with increasing field is shovm and reasonable saturation
plateaus (< 83 variation above 800 V cm—l) are observed, Also in this
figure are showa the results of Charpak et al. (12) for the commonly-
used Argon(75)-Isobutane(25) mixture. The variations of all curves
agree well with results since published (13) but values of the latter
are ~ 15% lower, discrepancies beinz attributed to the measuring |
technique.

As the Argon-iiethane curves tend to fall towards vlateaus

from 200 V cm-1 and the Argon-Isobutane curves tend to rise to their
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plateaus, it was decided to investigate mixtures of the three gases
with the aim of achievingla gogd drift velocity saturation with
electric field. Figure 4.15 indicates that the drift velocity curves
for Argon-Isobutanes~rlethane mixtures follow predictable trends. Low
content Isobutane mixtures show similar characteristics to Argon;
Methane but for a given plateau level the drift veloditx_yariation
_with field is slightly less for the former. At higher Isobutane
concentrations, the curves look more like those of Argon-Isobutane
but with better plateaus, excellent saturation properties being
exhibited by Argon(67.5)~Isobutane(25)-xethane(?7.5) and Argon(59.5)-
Isobutane(34)-iiethane(6.5) mixtures. Hence it can be said that the
addition of a small amount of Methane to one of the common Argon-
Isobutane mixtures »roduces favourable drift velccity characteristics
for drift chambers.

Figure L.l6 shows a comparison between the different
mixtures mentioned zbove with the addition of curves for twd more
gases. Arzon(8C)-Carbon Dioxide(20), a popular proportionzl counter
gas (14), exhibits a steepr rise as electric fic¢ld is increased and is
therefore unsuitable for normal drift chamber operation. i:owever, it
is suggested that such a mixture may prove useful when the effects of
small variations in field configurations (eg. earthed wiﬁdows) are to
be investigated., An attempt to produce a saturation vlateau at low
fields by the replacement in this mixture of 8% irgon with Methane was
unsuccessful as a similar characteristic was obtained. Attempts were
also made to use pure Argon in a drift chamber but spontaneous
breakdown orevented the collection of any useful data. The Argon
curve of fizure L.16 is taken from experimentszsl imeasurements by

English and Hanna (9).
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Other gases which have been used in drift chambers are pure
Ethylene (15) and a "magic gas" (13, 16) where the addition of a small
quantity of Methylal to the normal Argon-Isobutane mixture prevents
breakcown and the volymerization of Isobutane without modifying the

drift velocity behaviour.

L.5.2 Exvlanation of Results

The drift velocity, w, and characteristic enerzgy, €}((see
section 1.3%.2), of drifting electrons obey increasing power laws in
electric field, £, (10), thus for a constant elastic collision cross
section, O » the electron drift velocity tends to increase with
increasing field.

lowever, in Argon, for example, Op is a strong function of
electron enersy, € (=73 Mg Va) wnere V is the electron thermal
velocity, &s seen in figure 4,17, exhibiting a Ramsauner minimum
(10, 17) at 0.3 eV. Thus for ei{ < 0.3 eV, w will increase rapidly

with ¥ in this gas. is (G, rises vhen GKZ> 2.3 eV, the increase in

E
energy lost per collision will reduce drastically (to an almost
constant level) the rate of increase of w with E. After 11.5 eV, a
fairly steep rise in w with Z is resumed; theory and experimental
results agree extremely well in this case (18).

In general, for large values of E, an electron accelerated
in a viscous medium quickly attains a stable drift velocity as the
energy gained between collisions with gas molecules is counter-

balanced by that lost in the collision. The rise in o, with E for

E
organic gases cannot account wholly for the latter process and
rotational and vibrational excitation must be included to explain the

saturation of drift velocity at high fields (10).
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In the same manner as for the Argon. drift velocity curve,
the behaviour of the Argéﬁ-ﬁethane and Arzgon-Isobutane curves at low
values of E can be accounted for by considerinz the resultant CTE/ €
variations when the gases are mixed..The variation of crE for organic
gases 1s complex and not well known at low energies, however, by
postulation of a flat cross section for Isobutane at>engrgies below
.1 eV, which results in a partial filling of the Ramsauer dip, the
Argon-Isobutane variation has been successfully predicted (10). The
theoret%cal variation calculated for Argon-iethane by the sane
workers does not agree as well with experiment (ses figure L4.11).
rapid fall-off in cross section for Carbon Dioxide is known to occur,
this expleining the drift velocity increase ovserved for the Argon-
Carbon Dioxide nmixture.

The different drift velocity magnitudes in gases are the
result of the different mean free vaths involved. The latter depends
on the molecular structure and its increase effects a drift velocit

increase.

L,5,3 The Selection of a Gas iixture for the -2 Chambers

The main requirement for a drift chamber gas is stability
of drift velocity wita electric field in order to w»roduce linear sbvac
time relationships throushout each drift region, From the results
presented in section 4.5.1, this condition is seen to occur for
Argon-Methane (in most proportions), Argon-Isobutane and Argon-
Isobutane-lethane uixtures (providing the Isobutane content is high
enouzh in the latter two) and providing the electric field at all
points in the chamber is high enough ie. 2 80C V cm'l. For resolution

tests etc., where the regular field regions of the drift spaces are

Q=
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involved, work at much lower fields is possible for these particular
mixtures.

For short drift lengths, as in the g-2 chambers, a low
drift velocity is advantageous as a larger range of times will be
produced. (For very long drift spaces, a fast gas such as Methane may
be beneficial to allow the use of commercial timing electronics). The
low lMethane content Arzon-iethane mixtures tested show favourable
results concerning this property.

The mixtures avbove compare similarly in their stability
properties with gas composition and, in this respect, it is convénient
(and cﬁeap) to use a standard gas mixture (eg Argon(?75)-Isobutane(25)).
Argon(3C)-iethane(l0) was found to be an extremely cheap, premixed
industrial gas, and reproducible results withou£ any deterioration in
chanber performance have been yielded from this mixture throughout
this work.

The good vpehaviour of the selected gas in magnetic fields is

.

=
ct

desireabie, and it will be observed in chapter 6 that the dri
velocity saturation vroperty of Argon(90)-¥ethane(lC) is improved in
magnetic fields up to 15 KGauss, allowing successful drift chamber
operation at electric fields » 6C0 V cm L.

An important aspect of gas seleciion (especially for large
drift spaces) is the diffusion of the drifting electron swarm in the
gas. This will be discussed in section 4.6 where it is shown that
diffusion problems were greater for the Isobutane mixtures tested than
for those containing Hethane even in the small drift spaces of the zg-2
chambers.

The gas mixture eventually chosan was Argon(9Q)-iMethane(10)

which was used for most of the work presented in this thesis, and, in



addition to the properties mentioned above, this mixbture exhibited

satisfactory gas gain characteristics without

the chamber wires, as is the requirement of n

causing any damage to

ost wire discharge

counters. Finally, it must be added that the gas mixture chosen is

not necesszrily the best drift chamber gas available, but has been

found to be satisfactory to the particular requirements of this

project. Lrgon-Isobutane mixtures are popular

search for an ideal gas still continues.

4.6 Spatial Resolution

at CERN, while the

In order to ascertain that most of the observed peak width

in these laboratory tests was due to the severe multiple Coulomb

scattering of the low energy source particles, the variation of

F,UH.M's of the time spectra, as the sense wire to collimating

o
=2
4]

5]
I,__I
]
ot

distance (d of figure L4.18) was altered, was investigated. This was

done for a drift field of 602 V cm"1 in irgon(90)-¥ethzne(10).

The main r~ontributions to the width
{ xg)
dispersionA

are: the geometrical

indicated in figure 4.18 and the multiple scattering

(mostly in air) which produces an apparent radius of curvature (r)

for the particle of:-
1
r = 0.9 R (M/meZ)2

over the first half of the range (R). In this
and ¥ = m, the electron mass., This exvression
displacement of ~ d2/0.662R and on including

geometrical factor, the exvected displacement

(4.2)

case, 4 = 7.4 for air
produces a sideways
the forementioned

(X mm) is given by:-
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X=0,125+ d + d (4.3)

200 0.662R

Figure 4.19 shows the variation of F.#W.H.¥. with d, the line being a
least squares fit to the function X = a ald * azdz.,Figure L.20
compares the fit to the predicted scattering curves for electrons of
energy up to 2.27 MeV (the cut off for the S5rg0 speqtruh). in
extrapolation of the fit to d = O should yield a deviation
corresponding to the slit width, hovwever the failure to produce this
result implies extra scattering which will certainly occcur from the
sides of the slit.and is difficult to account for in these
calculations., Extra contributions to the peak width are scattering in
the air within the 50 mm long slit and from chamber wires and windows, plus
the genuine timing jitter occurrent.in the drift ?rocess itselfl. (The
latter will be discussed in the next secticn.)

On normalising the fit at d = C, a curve of similar form.to
the theoretical variations is obtained, whose mean value of R_
»(determined from equation 4.3%) corresponds to a particle of energy
0.8 MeV, which is a reasonable result on considering the /S-Spect;um
from Sr9o

Hence, the typical spatial resolutions observed (~ 1 C.7 mm)
using the system of figure 4.1, can be attributed mainly to the
multiple scattering of the beam, and to mcasure the intrinsic

resolution accurately, a high energy particle beam must be employed.

L,6.1 Diffusion and Cther Contributions to the Time Sonread

For this system, the following contridbutions (additional to

the spread of the collimated beam) to the peak widths are present:-

1
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a) Fluctuations in the primary ionization (statistical and
dependent on energzy) and initial track thickness (significant at low
incident particle energies).

b) The diffusion of the electron swarm in the gas.

c¢) The mechanical alignment of the sense wire and its
parallelism with the collimating slit.

d) Fluctuations in the H.T. voltage and gas comﬁosition.

e) Electronic »rocessing and time measurement.

f) Random stops frox Y's and cosmic rays.

a) and b) deprend on the gas composition, c¢) and d) were limited as far
as vossible and little further control could be exercised over e) znd
f). As b) is a significant factor and instrumental in the choice of
gas, diffusion will now be briefly discussed,

Equation 1.2 can be rewritten in terms of drift velocity,

Vo=
UX =/ 2DA/w (4.4)

D/w is high for Arzon but can be reduced by the addition of an
organic gas which effectively cools the electrons (reduces GZK). Thus,
for a particular beam position, any variation in peak width with gas
composition must be due to the different values of diffusion, CTX,
produced.

This result is presented qualitatively in figure L4.21 for
three of the gas mixtures tested. The variation of peak width with
electric field shows a form similar to that of the data collected
together by Rice-Zvans (18), and can be explained in terms of equation

Li4 (ie. variation of w and EK with E). The Arzon-Methane curve shows
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resolution tyrical of mixtures contzining up to 10% Methane and in
this reswvect is more suited to drift chambers than Arzon-Isobutane.
Equation 4.4 also inmplies that diffusion is provortional to ‘/time
which is verified by a plot of peak width against drift time for three
gases in figure L.22. The diffusion with drift distance was found to
be very small for Argon-Methane, this effect being swamped by the
scattering in this system.

It should a2lso be mentioned that the diffusion is partially
responsible for the pulse shape at the sense wire and, as such,
electronics should be designed to be sensitive to a few electrons (one
if possible) in order to reduce the jitter caused by syread in rise
~times. The timing precision could be improved by detecting alwéys the
centroid of the swarm but this would require more sovhisticated
discrimination techniques than those norumelly employed,

L.? Coswnic Ray Tests

i

4 useful method of monitoring drift velocity throughout a
cell is to use cosmic radiation (C.R.) (mainly high energy muons and
electrons at sea level (20)) as a trigger source. Since the C.R. flux
(dN/dx) over a drift chamber is essentially uniform, the distribution
of drift times (d%/dt) measures directly the drift velocity (VD) of

the electrons as a function of total drift time ie.:-

di _ dN | dx e V(L) (4.5)
dt dx dt '

Figure 4.23 shows the results of two 70 hour exposures to

C.R. of one horizontally-positioned cell of a g-2 chamber, the start
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signals provided by & vertical scintillator telescope (ie. one
scintillator above and one beléw the chamber, covering the whole cell
area). Reasonably flat-topved distributions were obtained indicating
uniform efficiency (also implying linear gain) and uniform drift -
velocity over most of the cell.

The spectra cut off edges were not as steep ag_;nitially
exvected and the follecwing explanations are offered: At the field
wire end of the distribution, this is probably due to the geometrical
effect of angled tracks (13) which produces longer drift leagths, the
cosine2 angular distribution for cosmic rays (20) causing the gradual
slope. The sloping edges of the spectra a2t short times are probably
due to &n inefficiency around the sense wire (see section 5.5.1)
together with the low drift veiocities of electrons in the nigh fields
of this same region biasing the spectra towards siightly.higher times.
This latter effect may also be resronsible for the slight peak
observed at the beginnring of the plateau (plus the fact that any
random chamber pulses are likely to originate in the sense wire
resion). The peak at the other end of the plateau is probably due to

field emission from the potentizal wire.

From previous measurements (figure 4.11) maximum drift times

1 and

of 359 ns and 378 ns were predicted for fields of 465 Vcm
593 ch"l respectively, these times representing well the distribution
widths as indicated in fizure 4.22.

This C.R. technique has been of importance in the testing of

large evperimental drift chambers (21).

4.8 Tests on the Curved End

The feasibility of creating a useful drift field in the
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curved end region was first investigated using the‘small test chamber
mentioned in section 3.,1. Two extra H.T. wires vere introduced into
the chamber at a voltage 614 V greater than and at a distance 10 mn
from the potential wire of one end of the cell (which supported a
drift field of £02 ch-l). Qutside the other end of the cell, two
curved electrodes constructed from 0,75 mm diameter tinned copper wire
were connected at a distance of 4 mm from the potentialzwire, the
curvature extending to a maxiwmum distance of 10 mm from the cell;
these were maintained at a voltage 614 V greater than that of the
potential wire, thus producing drift fields between 614 and 1535

v cm—l.'The wire configurations are schematically illustrated in
figure L.2lL vwhere the results of a normal drift time-distance scan are
vresented. Linesrity vwas observed outside the normsal cell for both
simulated curved end electrcde configurations,

Figures 4.25 and 4.26 show the space-time relationshizvs
obtained for the »rototype and production curved encs respectively,
reasonable drift time linearity being recorded in the latter case, but
the observation of sensitivity to the end of the chamber was not
possible due to the avsorpiion of the beam by the glC-window supports.

These tests have shown that electrons can be drifted
successfully in distorted shape electric fields thus allowing the
curved end region of the g-2 chambers to be sensitive to traversing
ionizing particles. The absolute efficiency inthis region was
difficult to measure due to the geometirical shape involved, and the
resolution was at the most a factor of two worse than for the normal
cell. The purpoée of the curved end rezion is to vrovide some degree
of sensitivity to electrons nezr the storage tank in the g-2

experiment and, althouch the verformance of this region as a drift
I ’ ) X S
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space is naturally not as good as that of the normal cell, results

were nevertheless encourazing.

L.9Q Cther Parameters

The observed drift times in tilted electric fields are
affected by the flow-line trajectories followed by thHe electrons. The
operation of drift chambers in this mode (B = 0) is normaily not of
greét significance and as such, discussion is left unt?l chapter 6
where the similar situation of low B values is encountered, and
results for B = O are presented in appendix 2. As well as the
investigation of the curved end region, figure 4.26 also shows the
space time relation across the final field configuration (L-,50 tilt of
electric field) to be approxiwmately linear.

Angled tracks are important in drift chaibers. Consider the
various trajectories of an infinitely narrow beam passing a fixed
point in the sense wire plane as in figure 4,27, where the quantities
l and d are defined. P and Q are the vpoints where the semicircle,
centre & and radius 1/2 intersect the bottom #.7, plane. It is easy to
see that for the beam intersecting this plane outside Pg (or for all
tracks when 4 < 1/2) the closest approach distance (X) of a track to

the sense wire is ziven by:=-
X=1cosO (4.6

where © is the angle of the beam. For intersection between P and Q we

have: -

\ ]

X = \[12 + dzsec‘z@ - 21d tan O (4.7)




FIG. 4.27 Construction for angled tracks
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As an example, the system of figure 4.1l was arraznged so that
the chamber could be rotated about a point & mm from the sense wire,
(ies 1 = 8, d = 3) and the beam passed through this point. The tinme
distributions obtained for various values of (@ are shown in figure
4,28 and indicaée the expected movement towards shorter drift times as
© increases. Figure 4.29 shows the experimental varjation of drift
time with angles up to 470 and the estimated curve from equations 4.6
and 4.7. The discrerancy is most certainly due to the flow-line
trajectories followed rathner than the direct saths (a transposed
theoretical curve fitting the data well), thus the angle effect is
reduced in practice. Also, no serious deterioration in resonlution with

angle has been observed (1),

<

Since this wvork, extensive data on angled trajectories has
been publishéd (12), and although the above example has not considered
the effect of varying 1, it has teen illustrated that aﬁgle effects
will be =ainimal for g-2 electron tracks,

' The multitrack resolution and derreciation in vulse height
and efficiency at high particle rates has been studied at CERN (6) and
is a significant aspect of drift chamber operation in high energy
physics., However, no attempt to pursue this work has been made in this

project as this is not a proble:x in g-2.

4.10 Conclusion

The prototype chambers have been successfully operated in
source and cosmic ray tests and the capabilities of a test system
designed for a laboratory have veen investigated. Resolutions of the

order * 0.7 mm nave been observed with most of the svread accounted

for in the rultivle foulowmb scattering of source electrons,
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A mixture of 9C% Argon and 10/% Methane has been chosen as a
working gas for the final g-2 éhambers, this showing favourable
properties of pulse height, efficiency, diffusion and magnitude and
stability of drift velocity.

in applied drift field of 600 vem T (~850 ven ™t on
considering the final field tilt) has been chosen as é satisfactory
pararieter regarding space-~-time linearity, saturation ofiérift velocity
and good gain, without any appreciable breakdown or need for excessive
voltages. Pulse height and efficiency tests have enabled the complete
final design of the H.T. parameters.

Discrimination levels comgromising between the requirements
of sgnsitivity to one drift electron and the recduction of noise have
been selected, these corresvonding to a tﬂfeshold at ~ 7% of the signal
maximum,

A brief investization into éngled tracks has been made and
the-curved end region has been successfplly nade a sensitive drift-
space.

Finally, the drift velocity characteristics of a selection

of gases have been measured and explanations have been offered for any

effects apparent during these tests.
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THE OPERATION OF DRIFT CHAMBERS IN AN ACCELERATOR BEAM

5.1 Introduction

| This chapter describes the operation aﬁd performance of the
g-2 drift chambers in the Daresbury Laboratory et test beam. The
main aims were to study chamber efficiency and resolution under
various conditions of incident particle enerzy and externsl magnetic
field strength.

Simple, straight-line track reconstruction in up to four
chambers was carried out and the'reproducibility of drift tiume
measurements in Argon-iiethane was investigated. Also, from these tests,
information onlthe beam profile was forthcoming, such an exercise
being useful as this is similar to the main function 6f the storage

ring system, '

5.2 The NINA Test Beam (1, 2)

The Daresbury test beam is a low intensity positron beam
having a cross sectional spread in the experimental area of up to
~ 25 cm2 and an available energy range up to 5 GeV with a spread of
~ 1% at any setting above say 1 GeV.

Positrons may be vroduced in two ways:-
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a) Use of a "beam bump"; a pulsed magnet is used to deflect
part of the hard core of the main circulating electron beam through a
collimator and onto a tungsten target once every 60 cycles or more (a
cycle occurring every 20 ms). Such a&n extraction occurs at the
beginning of an accelerating cycle and hence only positron energiles
of up to ~ 40% of "NINAL" energy are obtainable. The advgntage of this
method is that high and controllable fluxes are obtainéd.

b) Parasitic extraction: this method involves allowing
electrons at the edge of the circulating bveam to impinge on the target
after the main heam has geen targeted elsewhere, advantages here
being that the main user is not disturbed and energies up to almost
maximum beam energy can be obtained.

After extraction by one of the above methods, the target
produces a pﬂoton bean which is cleéned of charged particles and
incident on a second target whicn produces et e pairs (see figure
5.1). A momentum selection system comprising a H10 bending magnet énd

momentum slits foilows. Lfter this double conversion process, the
resulting positron veam ischannelled into the experimental area.

ost of the drift chamber tests were completed using the
parasitic mode as only one event per extraction pulse could be
obtained using beam bump and, for high fluxes, misrelated stops could

occcur.

5.3 Zxperimenial Arranzements

The results nresented in this chapter were taken over three
Daresbury cycles, using & different system in each according to the
availability of drift chambers at the time, Zach system will now be

described as this will indicate tne type of testing which can be
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carried out, prior to installation in an experiment, using an

accelerator facility and a limited numrber of chambers.

5.5%.1 System 1

This system employed only the first prototyre chamber wvwith
two finely-overlapped scintillators as an event trigger:_Drift time
measurement was achieved using a T.i.C. and P.H.A, as in the Durham
tests ancd the dataacquisition system is shovn in figure 5.2 an event
being signified by 51, 52, 53, 54 for example. Thus a beam as narrow
as the overlap (a) of scintillators S3 and 54 can be selected and it
is this value which is the limiting factor in resolution determination,
in this case mainly due to the non-parallelism of the scintillator
edges. The setting up and alizgnment of this system has been documented
in detail (3) and it was eventually found that a best resolution of
¥ 0.4 mm was vpossible.

Such an arrangement is, however, useful for measuring
variation in resolution with energy, and is ideal for efficiency and

drift velocity measurements.

5.3%3.2 Syster 2

This systemn cowprised tnree prototype chambers mounted on a
rigid baseplate and carefully alizned using a system of fiducizls and
a theodolite. The alignment method, gas and electrical supply systems
are described elsewhere (4), and the experimental arrangement is
shovm in figure 5.3, Hote that different hizh voltage supply values
were invelved, this being due to the different resistor network
configurations of the various prototypes. However, resultant

variations in drift velocity were estimated to be less than 0.39% (4).
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The left-rignt ambiguity was reduced by careful telescope alignment.

Figure 5.4 shows the-dataacquisition system used. Timing
vas achieved by a Lecroy quad T.D.C. unit in CAMAC, starts being
provided by a scintillator telescope (which also ﬁrovided an interrupt
signal to initialise the CiMiC) and stors by shaped drift chamber
pulses. Dataacquisition was controlled by a& programme written in
CAT 11 language (a modified form of RASIC developed at Daresbury) and
stored in a PDF 11 (4K) comﬁuter, the method of doing this being set
out in fizure 5.5. Data blocks were transferred to an IBM 1800 and
then to an 1IBM 370 coumruter where initial online analysis was carried
out using a FORTRiAN IV programme and storage onto magnetic tape
achieved (4).

The main objectives of the tests performed using this systen
were to determine the resolution of the chaumbers and to observe
qualitatively tTheir overation in a maznetic field. Due to availability
of electronics, one cell in eacn chamber was used.

The magnetic field was provided by 2 C 15.5 electromagnet,
manufactured by Lintott Engineering Co. Ltd. and was carable of
rroducing fields up to 8 KGauss. A Hall probe field map at a current
of 375 Amps is shovm in figure 5.6 (a) and represented graphically
in fizure 5.6 (b). It can thus be seen that the connected sense wire
of the chamber between the magnet pole pieces was in a position of

reasonably uniform field.

5.3.3 Systen 3

The final system consisted of four production model chambers,
with the aims of checking spatial resolutions and performance of all

¢ells before installation at CERN. The mechanical suwport system was
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built and the electronic processing system was designed to siwmulate
as closely as possible thé intended g-2 drift chamber system, and the
left-right ambizuity could be resolved in this case by staggering
alternate chambers by a half cell width, The dataacquisition was
similar to that of system 2 with the following modifications:-

%32 channels of Lecroy discriminator and T.D;C. (octal units)
were connected.

The acquisition programme was written in PAL 11 (a modified
form of.AS BEMBLER) and stored in an 8K PDP 11,

Event blocks were larger and the system of writing data to

magnetic tape was improved,

5.3.4 2dditional Remarks

In all systems, qhamber pulse amplification was achieved
using Verweij-designed circuits as previously ientioned and lczic
processing was by means of E.G. and G. modular electronics.

Timing units were c¢alibrated using a system comprising a
~ pulse generator, variable delays and a P.H.A. and, where aleicable,
software corrections were apwnlied to the data. Careful matching of
cable lenzths vas epsured for all systems. The gas was, in all cases,
premixed Argon (90) lMethane (10) mixture with flow throush the chambers
in a parallel sense, as indicated in figure 5.3 for example.

For systems 2 and 3 the applied drift field was kednt at

-1
~ 600 Ven

5.4 Exverimental Proce .dure and .‘nalysis

¥or systewm 1, drift time distributions were obtained on a

P.H.A. as in chapter 4 and data was transferred 1o a teletype for



hand analysis., Variocus efficiency measurements were recorded using a
1.0 ms gate provided by the T,A.C., an efficiency being deterwmined
from the ratio scalar 2 reading : scalar 1 reading in figure 5.2.
These are discussed shortly.

For systems 2 and 3, digitized cdrift times were stored on
magnetic tape for various configurations of geometricél positioning,
positron energy and values of electric aand magnetic fieids. Run
lengths were tyvically of size 8,000 events for sysﬁem 2 and 30,000
events for system 3 and, after consideration of various inefficiencies,
some 2 million positron tracks were collected in this manner. Again,
chamber efficiencies could easily be monitored.

Finel data analysis was carried out on the Daresbury IBH
370 and the Durham IBH BSOcomputersusingprogrammesWritteanLFORTRﬁWIV.

5.5 Exnperimental Results

5.5.1 Efficiency HMeasurementis

Using system 1, the ratio S3, S84, C : S3, S4 yiélds an
avproximation of chamber efficiency and, in this viay, the efficiency
versus H.T. voltage applied to the chamber was investigated. Figure
5.7 shows this variation for several values of final resistance (RE)
to earth in the prototype resistor chain described previously. High
efficiency is obtained at a lower VHIN value as the drift field is
increased (RE—value decreased), this being in accordance with the
pulse height curves of figure 4.2. These measurements were nade for a
_scintillator overlap of 10 mm and a beam energy of 600 MeV.

Note that the plateau level is ~ 8534, The reason this is

not 100% is clearly shown in figure 5.8, where efficiency is plotted



FIG 5.7 GFFICIERCY [URNORMALIZED ) VS VOLTAGE,

100
EFf _
(°%) Ao
80
60
020 MQ
o 30 MQ
bLOMQ -VALUES
Lo °50MQ L
XHoMQ
20
1 J
0 1200 1300 1400 1500 1600 1700 vmir’
F1G %8 EFFICIENCY VS OVERLAP OF SCINTILLATORS {volts
100 § e 13 e
Eff & J—
{*h) 95
90 B
o Stringent Telescope System
_ (51525354 S5)
85 X ofess Stringent Telescope System
'\ 555
S35, Only
80
75
70 1 i ] 1 J 1 1 1 1 L I. L ] 1
1 23 4 56 7 8 9 1010 12 3 %I
. Overlap { mm)
FIG 5.9 EFFICIENCY SCAM _ ACROSS _SENSE WIRE
Eft — T T T T 1 T T
{°s)
99

98
97

96

5 1 L L e 1 |
S 2 4 6 8

Distance from Sense Wire [mm.)

4



-76~

against overlap, a, fordifferent telescope systems. Hoise pulses,.
scattered varticles and showeré can lead to random triggers, these
effects being reduced by a stringent telescove system. For events
triggered by S1, S2, S3, S4, SS-(where S5 was a scintillator placed
dovnstream of S4) efficiencies of > 99.5% were recorded (RE = 30 M0,
VﬁIN = 1.403 KV). The efficiency falleoff at low valuesqu a can be
attributed to the greater significance of false starts at low event
rates,

Figure 5.9 shows the results of scanning a 2 mnm overlap
across the centre of a cell and measuring efficiency at 2 mm intervals.
The efficiency starts.to fall at 6 mm on either side of the sense
wire and reaches a minimum,-of vélue 3.5% below the plateau, at the
wire, This will be due mainly to the decrease in output pulse height
towards the sense wire as already ekplained in chapter 4, thus causing
an increase in the statistical numbef of pulses failing to cross the
discriwminator threcshold. The effect will be enhanced by the finite

width of the overlap., Note that the vlateau value is only G9i% because

0

of the small overlav width in this case (see figure 5.8). Thi
efficiency dip is small enough not'to affect seriously the chawmber
perfornance.

ﬁfficiencies were nmonitored by a programme during runs
with systems 2 and 3 and were found to be mostly > 90 % , also,
efficiency decreases were observed with increasing event rate. This
has been found by other workers (5, 6) and is another vulse height
decrease effect, this time due to positive ion build up and subsequent
avalanche paralysis. 4s the event rates in the g-2 experiment will be
extfemely low, such effects are not discussed in detail in this thnesis,

Note that the previous -two inefficiency effects are
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indirectly sensitive to pulse discrimination level and hence can be
minimised by increasing amplifier signal to noise ratio thus allowing

lower thresholds to be set.

5.5.2 Drift Velocity Measurements

There are several ways of measuring drift velqgity using a
high energy particle.beam:-

The easiest, but crudest method is to allow trizgering
particles to pass through the whole of a chamber cell, thus building
up a square-edzed time distribution (as observed previously using
cosmic rays) of which the widtn revresents the maximum drift time,
Hence a direct transformation to drift velocity can be made if
linearity is assumed, This is the method which in fact will be used
for final caiibration in the muon siorage ring.

A similar method to the laboratory technigue described in
chapter 4 can easily be applied using the overlapping scintillator‘
system. Figure 5.10 shows the timing distributicns obtained for
various distances irom the sense wire of the centre of a 0.25 mnm
overlap. Clear peaks of F.¥.H.M. ~ 35 ns are observed with a noise
table of width (440 -* 30)ns representing in this case the maximum
drift time, that is to say, a drift velocity of (31 % E)mm,us_l. This
result was achieved with a drift field of 756 V cm™® for which

previous calibration has yielded a drift velocity of (33,0 & 0.5)mm

-1
/AS °

Fizure 5.11 shows the space-time characteristic obtained by
scanning a 2 mm overlap between a sense wire and cell boundary when

the drift field was as above. The gradient yields a drift velocity

. - -1 . s
value of (33.4 * 1.4)mnm Ms 7, comparing favourably with the
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laboratory-deteranined value,

Returning to the first idea of measuring cutoff edges.in
timing épectra, the overlapving scintillator system provides another
convenient nethod of drift veloﬁity measurement; that is, to vary the
overlap width and measure the observed time spectrum width. Examples
of such distributions are shown in figure 5.12 and the estimated
widths are plotted in figure 5.13., The line represents.the values
predicted from a previous knowledge of drift velocity, again showing
the reproducibility of such results,

The maximum drift time can be measured using three, equally

separated chambers alternately staggered by a half cell width as shown

in figure 5.14. This quaniity (T) ziven by :-

[y I T I =

was histogrammed and produced a distribution of Wil 30 ns (68% of
data lying between *17.5 ns) and peaking at (373 % 25)ns (the error
also taking into account photomultiplier delay) as observed in figure
5.15, Thus, an estimate of drift velocity of (37.5 * 2.5)mm /Js_l was
.yielded, to be conmpared with a previous valpe of (35.5 * 0.5) at this
particular field.

Figure 5.16 shows the method employed by Charpak et al. (5)
to measure drift velocity for various electric and magnetic field
configurations., This method involves electroniczlly selecting, using
drift chambers, two narrow, parallel Beams, and passing these throuzh
the centre of the drift space of a chamber underzoing test. Drift
@imeé from the latter appear as tvo distinct distributions, the

separation of the peaks permitting a measurement of drift velocity.
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FIG 5.4 ARRANGEMENT FOR MEASURING MAXIMUM DRIFT TIME (1)
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5.5.% Resolution ifeasurenents

As already indiéated; system 1 is limited in resolution
measurerient, yelt is useful for investigatihg variations in this
guantity with, for exampyle, beam energy, as showm in figure 5.17. Here
the F.¥W.E.M, of drift time histograms, obtained with a 0.25 mm overlap,
are plotted as a function of positron energy. The Coulomb scattering
of vositrons (from scintillators, air molecules etc.) caﬁses a
dispersion in the timing distributions at energies below 300 MeV in
this case; above this level the effect becomes =minimal. (It must also
be noted that at energies belbw 1l GeV, the itest beam is not as "clean"
as for higher energies,) The line is an eye fit to the data and
follows something like the expected (energy)"1 vériation. Such results
indicate that for precise resolution measuremnent, the worxing enerzgy
range is 2& 1 &eV., This figure.can also be taken as a useful gulde to

a suitable energy threshold required for the chamoers during the g-2

To measure, with precision, the resolution of drift chambers,
three or more chambers are required., One methed is to determine,
using three chambers, the time deviations (assumed equal) of each of
_the "hit positions" from the best straight line; this method is
illustrated in figure 5.18. The geometry yields a value for deviation

(A = Acos@®) of :-

A = tz—t5+_ r .(t3—tl) | - (5.2)
2 2(r+1) '

t., are the measured

2" '3

where r is defined as the ratio ll/l and t,, t

2
drift tiumes,



FIG5.17 RESOLUTION IN DRIFT CHAMBER VS BEAM ENERGY. (SYSTEM 1)
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Figure 5.19 shows a typical deviation histogram obtained in
fhe above nmanner using system.E with a drift field of ~ 5CO V cm-l.
The shift of the peak from the origin was attributed to slight wire
mnisaliznment for this particulér run, and peaks could be shifted in a
predictable way by addition of knowvn-value delay cables (4)., The
difference between the distribution constructed from raw data and that
corrected for T.D.C. errors is also indicated. At this stage, a
F.W.2.M. of ~ * 3.5 ns suggests a good spatial resolution of between
O.l and 0.2 nm,

Deviation histograms were obtained for various beam energies
up to 2.0 GeV and are vpresented in figure 5.20. To comvare these
distributions, the histograms were broken down into the amounts of
data lying between certain resolutions; this analysis is shown in
figure 5.21. Figure (a) indicates clearly tne effect of enerzy change
on the histograms, and shows, for instance, that for a sufficiently
high energy (2 Gey) arproximately 9C% of the data is contained within
t 7 ns (that is ~X0.25 mm). From the lines A, B and C (representing
resolutions of % 0.1, ¥ 0.2 and % 0.3 mm respectively), figure (b)
shovwing the amount of data lying within a given spatial resolution,
_versus energy, was derived. Once again, the =multiple scattering factor
causes a significant denreciation in resolution below ~ 1 GeV. In the
best cases, over 60% of data lie within * 0.1 mm,

'Using the same technique, a systematic check on all cell
channels was carried out for three aligned production model chambers
and satisfactory deviation histograms were obtained throushout.

Using four alternately staggered chambers as illustrated in
figﬁre 5.22, and inserting a value for drift velocity, a least sguares

fit to a straight line was apolied to the data. Thus the spatial
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deviations Sl, Sa, 53 and Sh’ betvween the experimental and
theoretical hit points, for each chamber were calculated and used to

determine a value of standard deviation (S) using the formula:-

gEe—"
sf=( 2 s P (5.3)

n=1

Figure 5.23 shows the results of processing one run in this
vay. The individual chamber deviation distributions are seen to be
off centre dqe to mechanical system misalignment and yield a standard
Qeviation histogzram peaking at ~ 0.9 mm. By inserting relevant
'software adjustments, the peaks were centralised, a process which
automatically improved the quality of the individual-deviation
distributions and reduced the standard deviation veak position to
0.15 mnm (figure 5.24). Such & technigue stresses the need of careful
chamber alignment and surveying in the actual g-2 system.

Figure 5.25 shows the results of aprplying the same method
to a run in which two curved end half-cells (as indicated in figure
5.22) were included. The standard deviation distribution in this case
peaks at 0.3 mm, a result which is encouraging in view of thelelectric

field distortion in the curved end region.

5.5.4 Overation and Resolution in a Magnetic Field

The straizht line fit method illustrated in fizure 5.18 was
used to make a qualitative investigation of the behaviour of one drift -~ .
chamber (C of figure 5.3) in a magnetic field. This method is valid
for & monochromatic beam and uniform magnetic field as the deflection

of all particles will be the same. Such analysis produces two peaks
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as seen in fizure 5.26 where the effect of varyin: the distance
(movement in the szme direction as the drift planes) of the overlapping
scintillators from a fixed vosition (&) is shown. The two peaks are

due to the deflection oi positrons to either side of the sense wire,

their spatial separation representing twice the deflection. The

varying height of thg respective peaks in figure 5.26 is_due to the
different ratio of particles being collected, and for investigation of
resolution, the telescope can be positioned so as to predominantly
select one veak. These results were taken for a maznetic field (B) of
7.5 Kzauss, a compensating electric field tilt of 2 H.'T. wire spacings
and a beam energy of 2.0 GeV. Already a F.W.H.M, comparable to the

B = 0 case is observable,

Figure 5.27 shows three deviat{ion histograms obitained under

3

the above conditions but for different beanm energies. Here sny change

s due entirely to different particle deflections.

in peak separation
Separations of (25, 21 and 19 * L)ns for 2, 3.5 and L GeV respectively

indicate the correct order of deflection as determined by classical
equation;.

Figure 5.28 shows the effect of varying magnetic field at
an energy of 2.0 GeV and with suitable telescope positioning. is the
three runs for these results were consecutive, any change in peak
position is due to different varticle deflections and also any change
in drift velocity with magnetic field., As these two effects act in
the same sense, that is, drift velocity generally decreases as B
increases, thus extending drift times in a similar manner to
increasing the deflection, the small peak movewent observed (up to
3 ns) indicates that drift velocity fluctuations with magnetic field

are small for this particular electric field value (600 V cm_l in the
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drift plane). This will be verified in the next chapter. Also from
this figure it is evident-thaf'the distribution width narrows as
7.5 KGauss is apvroached, showing a "2-tiltgn compenséiion to be
correct for this field value. The very slight déterioration of
'

resolution as magnetic field is reduced can be attributed to the more
diverse flow lines followed by drifting electrons,

| Continuing the investigation of correct compensation for
magnetic field, figure 5.29 shows the deviation histograms obtained
for various electric field tilts in a 7.5 KGauss marmnetic field
using 2 GeV particles. as tilts further away Irom the best estimation
of 2 H.T. wire spacings were encountered, a slight widening of the
histozgrams was observed. However, even when compensating in the wrong
direction (tilt of -1) a good histogram.is produced as seen in figure
5.29 (d).

Another interesting effect forthcoming from these results
is the reduction in peak deviation as the coxmpensation tecomes closer
to the correct value. This effect is due to the increase in drift
lengths produced by incorrect comvensation, particularly at low
electric fields (a full discussion is presented in chavter 6), plus a
small contribution from the increase in drift velocity with electric
field at this particular magnetic field (see figure 6.3).

In conclusion, for magnetic fields up to 7.5 KGauss,
F.¥.H.M's of deviation distributions in the range 6 to 11 ns have
been obtained, meaning a spatial resolution of better than ¥0.3 mm in
all cases, It must, however, be remembered that only one chamber was

positioned in the magnetic field to yield these results.

5.5.5 Final Comxments on Resolution

To state exactly a figure for resolution is difficult;
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however, estimates can be made in the following ways (the errors

occurring due to judgement and binning techniques):-

Resolution (% mm)

grams Cbtained by

Least Squares Method

Method Hormal Cell] Prototype Production |Normal Cell
Curved End Curved =nd |In Mag. Field
M4 of Three-
Point Deviation 0.12 * 0.03 | 0.3 * 0.1 0.25 * 0.03} 0,12 £ 0.03
Histogram
Section of above
Distribution . : . .
0.11 £ 0,03 0.25 * 0,03 0.2k I 0.03| 0.13 * 0.03

Containing 68
of Data
fHH of Best
Deviation Histo- 0.175 +0.03 0.25 * 0.03

Section of above
Distribution
Containing 63%

of Data

0.175 + 0. 03

0.425 0,03

Peak Position of
Least Squares

Standard Deviation

jDistribution

0.15 * 0.05

0.3 £ 0.05
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NB 1 63% of data usually defines #*one standard deviation for a
norral distribution.

HB 2 The_production curved end figures are improved by the fact
that normal half-celis will also contribute to the results
for these runs. Similarly, the measuremenf system reduces any
deterioration of deviation hisfograms for magnetic field runs.
Figure 5.30 shovis a comparison between varioﬁs runs in the

forrm of a breekdown of the three-point deviation histogram as in

figure 5.21 (a), one veak being selected for magnetic field cases.

Finally, on observing deviation histograms for various time-
vindows in the central of three chambers (that is to say for various

parts of the cell), no apprediable deterioration was apparent (4).

5.5.6 Beam Profile Heasurements

Figure 5.31 ((a) to (d)) shows the beam vrofile obhserved
at each of the four chanbers arranged as in fizure 5.22 with equal
spacings of 76 mm between them. For each track, a straight line was
fitted to the three downstream chambers (geometry as in fizure 5.19)
and projected upstream to predict the hit point at the first chamber.
Thgs a predicted beam profile at this chamber could be constructed
(figure 5.31 (e)) comparing favourably with that directly observed.
Figure 5.31 (f) shows the distribution of differences between the
obsérved énd credicted voints and has a F.¥W.H.3., of 1.5 ma agreeing
with the error magnitude of * 0.5 mm obtained by leveraze in such- a
reconstruction.

The reconstruction was also done for an increased distance
(555 mnm) between chambers 1 and 2, and the observed and vpredicted

profiles are shown in figure 5.32., This time the error distribution
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has a F.¥W.H.¥., of 7 mm which is hizher than the expected X2 mm for
this geometry.

On considering leversge, profile reconstruction will
certainly be more accurate for circular and varabolic fits as will be

the requirements of the g-2 systen.

5.5.7 Other leasurements

For linear track reconstruction using three points (figure
5.13), the angle (&) is given by:-

tan® = (F5- tl). Vo (5.4)

T 1)

where VD is the relevant dfift velocity.
On plottinz the distributions of © obtained for various
energies as in figure 5.33, the desireability of working at energies
above 1 GeV is again apparent as spread in the distributions due to
Coulonmb scattering occurs below this value. The angular acceptance of
the system for tnese results was 1° and most distributions lie well

within this range, the angular dispersion of the beam at high energies

being 0.2° s O

An investigation was made of the showering effect of
material placed in the beam as this would indicate any such difficulty
to be expected during a g~2 run.

By observing the freouency of hits on each cell of an array

of four drift chambers, the shower shapes could be observed for



FIG. 5.33 Angular_Distibutions For Different Energies.(Binwidth of 1/100)'
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various {thicknesses of lead placed on the downstrean si&e of chamber 1
at a distance of ~550 mm from éhamber 2. These results were taken-:for
a2 beam energy of 2 GeV and are rernresented in figure 5,34 where it can
be seen that distinct showers are formed after the insertion of a few
mu of lead.,

For 2 GeV glectrons emerging from the centré of the g-2
storage tank it was calqulated that typically 2 g cm2 oT.material
would bg traversed on considering the 0.8 mm thick Titanium wall and
5¢g cm2 for the 3 am Aluminium wall., The purpose of this brief
investization was solely to provide a crude estimate of the
differences to be expected for the different wall thicknesses to be
encountered in early g-2 runs, and, in this respect, figure 5.34
indicates that the Aluminium wall should rroduce siznificantly mare

showering and scattering of electrons than the thin wall.

5.6 Conclusion

The g-2 drift chambers have been successfully overated in
the Daresbury test hcam with egually éood verformance of prototype
and production models. Efficiencies of almost 100% have been obtained
and previous laboratory measurements of drift velocity in Argon-
Methane have been satisfactorily resroduced by several methods,

System resolutions of the order 0.1 to 0.2 mm have been
observed with no serious deterioration in a 7.5 KGauss magnetic field
(providing correct electric field comrensztion is aoplied) and only a
factor of 2 or 3 worse for curved end regions,

The encouraging results obtained on drift velocities,
resolutions and efficiencies (even in the vpresence of magnetic fields

and incorrect electric field compensation) can be attributed to the
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small drift distances (é]A.mm) in gquestion. For larger distances,
serious problems would occur in these respects, in particular
concerning efficiency in magnetic fields. |

L working energy threshold level of 1 GeV has.been shomm to
be suitable for the g-2 array and the possible benefits of the thin

wall section of the z-2 muon storage tank have been illustrated.
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THE CPEIRATION OF DRIFT CHAMBERS IM HAGNETIC FIELDS

6.1 Theoretical Considerations of Drift Chambers in lMagnetic Fields

6.1.) Rasic Considerations

It is a commonly known fact that the motion of drifting
electrons wiil be affected-by a strﬁng external aagnetic field. This
effect is of maximum importance to drift chambers for a component of
the field (B) parallel to the wire direction, in which case, the
electrons tend to be swépt away fronm the sense wire plane and possibly
completely out of the cham?er. Thus, this geonetrical motion alone
will affect drastically the observed drift times and efficiency éf the
device., (It will be seen later in this chapter that the presehce of a
magnetic field also affects the actual drift velocity).

4 ﬁeat methbd of correcting suchk an undesireable electron
motion hﬁs been realised by Charpak et al. (1); that is, to tilt the
equipotential lines in the chamver by the amount necessary to balance
the electric field and Lorenz forces in such a way as to produce a
resultant electron motion in the sense wire plane., The correct angle

of electric field tilt is given by:-



T
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o, = arctan [/ BV ‘ (6.1)

where X is shown in figure 6.1, W is the drift velocity and Eo is the
electric field towards the sense wire. Such a configzuration is easily
achieved in a chamber of the Charpak design (as in the g-2 chamber
case).

Having described a basic magnetic field comvensation
nechanism, 1t is now necessary to discuss the effect of such crossed
fields on the drift velocity and angle of the electrons. As in the
case where B = 0, it is the collision processes which are important,
and, to this end, the classical theory of electron motion in such an
environment has been considered by Palladino and Sadoulet (2, 3). A
simpler theor& has been presented iﬁ ﬁhe early work of Townsend (4)
and sucessfully aprlied to the explanation of récent results by
Charpak et al. (5). The purpose of this chapter is essentially to
apply this theory to the Argon-Hethane gas used in the g-2 chambers,
and to develop a sinmple rodel which takes into consideration a non-

uniform magnetic field of flux up to 15 KGauss.

6.1.2 Classical Theory of Electron Drift

For electrons in an electric fieid and no external magnetic

field, the drift velocity can reasonably ©ve exvressed as:-

i
-

(6.2)

Elo
=
g

where T is the mean free time between collisions (assuming here that
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T(,8)= T(E,B=0)), and k is a constant derived from some assumed
velocity distribution of the éﬁarm; a value of k = 0.75 as pertaining
to the Maxwellian distribution (6) will be used in the model, as good
fits have been obtained by other workers (5) with this wvalue.

In the presence of a magnetic flux, B, the drift velocity

becomes (4):-

W=k E wT (6.3)

B 'f1+LJZET

where &) = eB/m, the Larmor frequency of electrons. Hence it can be
seen that the modification of drift velocity due to the introduction

of a magnetic field is given by:-

. ' W\ 27-%

oo~ W a iy

iy = Wi, [1 + [ By, J (6.4)
kE

The angle of drift of electrons in crthogonal magnetic and

electric fields is given by:-
©(E,B) = arctan(WT) (6.5)

a result which has been experimentally verified by Charpak (5) using
a special drift chamber. On considering this. expression, inspection
of equation 6.3 now yields:-~

W= k E sin O(z,2) (6.6)

B
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For drift chambers with adjustable glectric fields, one
further important considefatiéh is that only discrete angles of tilt
(Y ) may be realised; in the g-2 chambers these being 18.40, 33.70,
450 and 55.10, corresponding to relative displaéement of voltages on

opposite H.T. planes of *1, £ 2, * 3 and %4 wire spacings resvectively.

Hence, for given ¥ and B values, it may be that © (the correct angle
. for drift to be in the sense wire plane) cannot possiny.be reproduced

exactly, trhus causing the initial drift direction to be at a slight

angle to the normal drift plane. Because of this, the measured drift

velocity (derived from the time taken to cover a known distance) ﬁill

be observed as:-

#, = ¥y cos(y-0O) (6.7)
Notice that the value of © is similar to the vreviously

expressed angle, &, (eguation 6.1), but in fact represents a vetter
model, It must also be mentioned that X in the above exvressions
refers to the electric field orthogonal to the lines of force and is

of value Eo/cosa‘.

6.1.3% Aprlication of the Theory to Experimental Results

A complete set of drift velocity data, including variations
due to maénetic and electric field strengths has been collected at a
CERY test beam (5,7). These results were taken mainly for irgon-
Isobutane gas mixtures and were found to agree guite well with the
variation predicted by the classical theory presented here. An almost
rerfect fit was obtained for drift velocity and angle variations with

magnetic field in an electric field of 500 V cm—l, but slight
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. . -1 .
discrepancies were apnarent for 1000V cm ~. This is because the

(e

method of deriving exnressions 6.3 and 5.5 does not include the fact
that electron energy and collision cross section are functions of E;
hence the model is better for low electric field values.

Reasonable agreement between experiiient and theory has also

been-established (8) in the case of Argon-¥ethane gas mixtures.

6.2 Avnlication of the Theory to irgzon-Methane.

Using equation 6.4 with k = 0.75, the values of drift
velocity in Argon (90) -  Hethane (10) were calculated forlvarious
values of E.and B, The zero magnetic field drift velocity, Wo, is a
function of electric field, and values were extracted from the
experimentally determined drift velocity curve nreviously showm in
figure 4.1L Hence starting with a set of experimental values, the
theoretical behaviour of electrons in various magnetic fields has
been investigated for electric fields up to 1000 V cm-l. This variation
is shown in figure 6.2, indicating a tendancy for the drift velocity
to decrease as magnetic field increases. TFor {ields in the 15 KGauss
region, a convenient levelling off of these curves is displayed, which
means that flucfuations in magnetic field in this region do not
seriously alter drift velocity.

A tendancy towards a plateau can a2lso be observed in figure
6.3 where drift velocity variation with electric field is plotted for
several magnetic field vazlues un to 15 KGauss. Saturation is complete
in all cases at a field of around 1000 V cm *.

Figure 6.l shows the variation of drift angle with magnetic
field for various values of eléctric field; in other words, the

required eangle of electric field tilt to exactly compensate for
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the magqetic field effect. The tangent variation indicated in equation
6.5 means that the O-value is more critical for lower magnetic fields;
however, this is offset by the fact that the flow-line trajectories<

of electron swarms due to the actual field in a drift cell (see for
example figure 3.9) overrides the effect of small magnetic'fields.
This has been experimentally observed (7) in the overation of drift
chambers in leakage fields of bending magnets. As expectéd, larger

electric fields necessitate smaller tilting anzles.

6.2.1 Exemnle

The magnitude of magneticAfieldé usually encoﬁntered in
high energy physics is of the order 15 KGauss; consider then, a cell
of a g-2 chamber operating in such a field. Inserting known values
into the cruder model equation, 6.1, indicates a necessary field
tilt of nfqlo, hence consider a tilt of 3 H.T. wire spacings, that is

O o i s . -1 . . =
¥ = LS. E, in this case is ~ 600 V cn giving a value of & ~ 8§50

U

\' cm-1 at which field the drift velocity should be about on the
saturation part of the curve. (This is certainly true for B = 15
KGauss as seen from figure 6.3)

Equations 6.2 and 6.5 now give the required anzle of tilt
to be ~37°, meaning that in this case ¥ and @ differ by 8°.

The variation of the observed drift velocity given by
equation 6.7 is plotted as a function of magnetic field in figure 6.5,
where it is also compared with the actuzl drift velocity of electrons
in the gas. The two curves approach each other, touch at B = 20
KGauss and move apart as B is increased further; that is to say that
such an electric field configuration in a g-2 chamber as described

above would compensate exzactly for a 20 KGauss field. The usual
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decrease of actual drift velocity with magnetic field is once again
anparent vhereas the observed drift velocitly reaches a maximum value
at & & KGauss because of the additional cosine modification., This
presents another convenient property (as will be seen in the next
section) of there being less variation in observed drift velocity
than in actual drift velocity as the magnetic field var;es up to
16 KGauss.

Yith this in =ind, the next section deals with the
application of such a model to a real case in which a strong magnetic
field varying_between 5 and 15 KGauss is encountered.

-

6.3 & Pronosed Xethod to {ompensate for a Hon-Uniform, Strong

o

Magnetic Field

6.5.1 The g-2 larnetic Field

The ragnetic field betvieen the péle pieces 0f a g-2 magnet
block is known to 1 prm. This is shaved at the edges of the pole
faces for reasons discussed previously in section 2.4, {Cutside this
region is the leakage flux common to all such C-rmagnets. Figure 5.6 is
a plot of the magnetic flux against radial distance on a median plane
and shows a marxed variation in B across the lengtn of the drift
chamber superimvosed on the diagram. Hotice that the radial field
variation is slightly different for the block-centre and block-corner
cases; for convenience,the calculatibns following vwill be done using
only the block-centre field; bearing in mind that some software
modifications may eventually be required. Electric field compensation

for up to 14.745 KGauss will be required.
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6.3%.2 Initial Comrensating MMechanism Pronosals

A series of calculations was performed to estimate the
voltage on each E.T. wire to produce at each point on the sense wire
plane an eleciric field to-compensate exactly for the Lbrenz force.
This idea was dismissed because of the large number of resistors and
leads required and the complicated nature of the fields thus pro&uced.

The next attempt was to have different electric field tilts
in the chamber, that is to vary the angle of tne electric field in
three distinct regions of the chamber according to the average
magnetic field strength in each region. This method would certainly
restore the otherwise denleted chamber efficiency and, indeed, first
tests in the g-2 storage ring (9) were done with the innermost two
cells having an electric field tilt of 3 H.T. wire spacings, the next
three cells ﬂaving 2 and the final fhree celis 1. However, a varying-
tilt system such as this can lead to complicated drift velocity

variations as will be evident from.the next section.

6.3.3 Theoretical mxamination of Various Electric Field Configzurations

Tochoose the best electric field tilt (or combination of
tilts) to provide compensation for the g-2 magnetic field, and, at
the same time, produce a ﬁanageable dfift velocity variation along
the length of the chamber, the classiéal theory was applied to
various field confisurations in the follcwing way:- |

Knowing the value of 3, Wo can be found from figure 4.11,
and thus the theoretical drift angle (GO (E,B)) can be determined by
combining equations 6.2 and 6.5. This value can then be used to find
the drift velocity in the gas (W(E,B)) fron equatioﬂ 6.6 which can

then be converted to observed drift velocity (%, ) using equation
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6.7. If this process is repeated at mm. ‘distance increments from the
vacuun tank wall; that is to ihsert the radial distance variations
of B and E into the above expressions, the observed drift velocity
variation along the length of the chamber can be determined.

Figure 6.7 shows the variation of drift velocity in the gas
with radial distance from the vacuum tank wall, as derived by.the
above method, for several electric field tilt configurations(E&§6OO ch-l).
As would be expected smooth curves with W(E,B) increasing with distance
from the tank wall are yielded for constant electric field tilts. For
the varying tilt cases, sharp velocity discontinuities are observed,
This does not seerm likely in practice but laboratory tests on tilted
electric fields at B = O have showvn strong drift time variations at
cell boundaries.(appendix 2). Hence it was decided to continue work
only for constent tilts of. 2, 3 and L wire spacings (tilts of < 2 and
> 4 wvould almost certainly lead to aAreduction in efficiency in the
14,745 KGauss region which is the most important detecting area),.

For the values of Yy obtained from the above three tilts,
the variation with distance of the initial direction of the electron
swarm could be estimated. Figure 6.8 chows this variation'(y-—@)lfor
each case and also indicates how reasonable a compensation each tilt
.produces over the full length of the chamber. 4s Y increases, I also
increases and hence ( decreases. For the varticular values of Y
chosen here, this leads to ()ﬂ-GU beingy finite in all cases except
at a radial distance inwards of 1435 mm., where exact compensation for
the magnetic field at that point occurs for a tilt of 2 spacings. In
fact it is this field tilt which produces the smallest deviapions of
(¥ - @) from zero. The fact that I()/—(E’}l is initially of a similar

value for the 2 and 3 tilt cases is siwmply because the under-
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compensation produced by the former tilt havrens to equal the over-
comperisation of the latter.

The most important property of the value of til£ set is
shovm in figure 6.9, that is, the radial distance wvariation of
observed drift velocities, It is desireable to keep the variation of
Wy as small as possible and this is best manifested for a tilt of 3

. oy - - C o e
spacings ( Y= k5 ). For this value, the curve shovm in- fizure 6.7

_modified by the relevant curve of figure 6.8 produces a variation in

W, between 25.45 and 27,30 nm. /45-1 only; that is to say that
although W(E,B) 1s increasing with radial distance inwards (dueé to B
decreasing), this is offset to a large extent by ¥ becoming further
awvay from the desired compensation angle, 9, thus causing cosine(g—@)
to decrease in eauation 6.7.

- (Although the electron swarn will eventualiy foliow flow
lines which are not necessarily straight, the (J-Q) variation will
basically mean loanger drift paths as distance from the tank wall

increases and hence smaller observed drift velocities.)

6.3.4 Final Choice of Compensating Mechanism

For the detecticn of primary tracks, that is, those where
the electron detected in the drift chambers is the one that triggers
the shower cdunter, the most important chamber detecting area is that
which overlaps the g-2 counter sensitive afea. A significant part of
this area is in a region of almost uniform magnetic field, as can be
seen from the field variation in figure 6.6, and many of the decay -
electrons will be detected in this region.

For maximum chamber efficiency in this, the most important

cdetection zone, it is obvious that (X—Q) must be as small as

e v e ye . s cn a2 — smnvr
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possible, from fizure 6.3 this value is a minimum for the 2 and 3.
tilt cases Q(BH-GU,= 3.70 and 8.4° resvectively). The fact that
outside this region, the variation of (Y -@) is smaller for two tilts
is overricden by the much flatter ¥y versus d curve presented by 3
tilts in figure 6.9

Points also to be taken into consideration are:-

The value of E manifesting from 3 tilts is mogé favourable
than that of 2 tilts as regards drift velocity stability, and, the
lower drift velocities for 2 and 4 tilis present many drift times
outside tne ranges of normal digital tiwming devices.

On considering such factors, it is apparent that tilting
the electric field by 3 II,T. wire spacings ie. 450 provides in a
simple way the most sultable compensation mechanism for the g-2

magnetic field;

JO]

reasonably suall observed drift velccity variation
being produced at the exvense of inheriting some degree of
inefficiency in the region of low magnetic field (for efficiency
measurenents with slanted electric fields in no magnetic field see
appendix 2),.

Using the above chosen conpensating mechanism, a drift time

to radial distance <calibration curve was derived for all cells. This

(%)

is shown in figure 6.10, the values being obtained by avproxinatiin:
figsure 6.9 to a series of straight lines (that is, assuaing constant

drift velocity over half a cell width, such an avproximation leading-
to maximum errors in timing of tiae order 0.5, that is, under 0.07 rnm
over the maxizum drift distance).

Those values lying outside a normal TDC range (512 ns) are

indicated.
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6.%3.5 Criticism of Model and Concluding Remarks

The value of the conétant k has been chosen arbitrarily to
define a Maxwellian velocity distribution. This is most certainly not
the case for the drifting electron swarm, however such a fit to the
experimental results of Charpak (5) encourage such a choice. Several
calculations were done for Argon-ifethane using k = 0.81"(a Druyvesteyn
distribution (6)) but nave not been used in this current work.

The main fault with the model is the assuwmption of a
constant electric field experienced by the swarm., This is invalidated
firstly by the field pattern occurrihg in the chambers (see chavter 3)
and secondly by the flow line trajectories of electrons. Also, in
this fespect, the model gives no firm drift time prédictions for the
curved end region which must be assumed to exhibit similar drift
velocity characteristics to the normal side of the first cell in the
chamber. The reasonable assumvption is :ade that values oif E acting on
the swarm are always hizh eaough to be on the saturétion part of the
drift velocity curve.

Initially, for simplicity in the data analysis, linearity of
Wy will be assumed across each cell half-width. Better estimates
should hovever be obtained after comvlete experimental drift time
calibration, In this respect, reasonable drift velocity calibration
for the chamﬁers in their exverimental locations will be automatically
forthcomiﬁg from the track data, that is, by observing the cut off
points of drift time distributions for each cell. Such results will
give an indication of the validity of the model described here and
aré rresented with the rest of the initial drift chamber data from

g~2 in the following chavter.
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I{ THE g-2 MUON STORAGE RIKG

7.1 Introduction

Preceeding chapters have discussed in detail the development
and pfoperties of the g-2 drift chambers and the vurpose of this
chapter is to describe their installation in the muon storage ring at
CERN, ‘i'he operation of the chambers in this environment is studied
using subsystems of the final track measuring array; the latter systenm,
comprising eight M.¥.D.C's and taoree H,¥W.F,C's, being now fully
constructed., A satisfactory data acquisition svstem for the final
drift chambers, indevendent of that of the main experiment, is

described and initial results from this system are presented. This

work has been carried out during three g-2 runs.

7.2 Initial Tests in the Storaze Ring (1)

‘Initial investizations were made using one vprototyre drifi
chamber mounted on a rizid basevlate at a distance of 330 mm upstream
of counter 11. Argon(9C)-Methane(lQ) zas, from a supvly outside the
storage ring, was flushed through the chamber, and a drift field of
520 V cm"l, usually tilted by 2 H.T. wire sw»acings, was apolied.

Signal outvuts were fed via 50 cm miniature coaxizl cables (RG 174) to
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low input impedance VYerwelij vreamplifiers from waich 32 metres of
coaxizl cable conducted the signals to triple shaper discriminator

units in the control roon.

7.2.1 Cbservations Prior to a g-2 Run

Radiative interference from Suisse Romandtﬁel;yision
transmission was picked up by the chamber sense wires and after
amplification appeared as a 4.i#, <60 mV noise level into 50{) . The
steel magnet blocks affcrded no shielding against this pickup, however,
earthed aluminized-mylar windows reduced this level to 20 mV maximun
peak to peak.

Pulses froin the cnamber due to an Fe 55 X-raf source in the
presence of the magnetic field vwere successfully observed in the
control room and showed no .observable deterioration after traversing

the length of cable in question.

?.2.2 The "Initial rlash"

Figure 7.1 shows a simplified representation of the main
part of a g-2 cycle. A caracitative pickup pulse, generated as protons
from the synchrotron pass a fixed point in the g-2 beam line, rrovided
the trigger to the main experiment. As the inflector was pulsed, on
receipt of a pion bunch, a 10 S long pulse train was observed in
detector electronics. This was immediately followed by a hizh flux
rion burst in the storazge ring referred to as the "Initial Flash'. The
main experiment collected electron data from the shower counters for
a time of 7504/45 after the initial flash, a further disruptive noise
source due to the electrostatic focussingelectrodes being occurrent

at 8001/45 after the latter.







-105-

With the drift chambers operational, the initiél flash
apreared as a few hundred ns long pulse on the sense wire as
exemﬁlified in figure 7.2 (for cell 8 with no electric field tilt); an
estimated 106 pions per chamber per flash causing electron swaras to
drifi from all narts of the cell,

Figure 7.3 comwares the pulse height voltagelcharacteristic,
obtained for this pion pulse, to that from non-minimum iéﬁizing Sr 90

electrons in the same cell. Saturaticn of the amplifier is reached at

lower H.T. values for the former due to the massive ion flux involved,

7.2.% Dats sAcouisition from One Chamber

Timing was achieved using a T.A.C.-F.H.A, systemandin orderto
eliminate the noise sources described in the vrevious section, the
;;h.u. starts" from counter 11 weré gated in for a period 7 to 707
s after thé initizl flash using the'system snown in fisure 7.4 (tD
=78, t., = 700/45). dvents were shifted onto the 1.0us scale of ‘the
T.A.C. by the inclusion of delay cables in the drift chamber output
‘channels and calibration of the timing'system was achieved in the
usual ranner.

As the g-a electron shower counter operates on the princinvnle
of output pulse heizht beins proportional to energy devosited, by
discriminating these pulses at various levels, data from elecirons of
greater than certain energies could be obzerved in the main experiment.
By fanning out the electron pulse and using five discriwmination levels,
a series of five "pulse heizht bits" determined tne energy of any
electron to within ~ *0.25 GeV., In a similar manner, by attenuating
the relevant (drift chamber trigger) counter pulse before

discriminating at a fixed level, an enerzy threshold for drift chamber
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FIG 7.4 . THE EVENT GATE SYSTEM.
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events could be set (figzure 7.5).

Fizure 7.5 shows the observed rate of gated counter 11

s}

wulses as a function of attenuation. Comparing these rates with the
count rates of the vulse heizht bits (as observed at the drift chamte
electronics rack to eliminate any pulse heisght attenuation due to
different cable lenzths), as vresented in figure 7.7, leads to the
attenuation level-energy calibration curve of figure 7.8. For the
collection of drift time data, a threshold of 1 GeV was usuallf set
thus selecting forward decaying electrons in the muon rest frame and
reducing the scattering factor as discussed in chavpter 5. Note that
certain chenges in g-2 conditions (eg. number of injected bunches)
necessitates a recalivration.

On collecting data from one cell with this system, event

rates were tynically 1 or 2 per ninute.

7.2.4 Qbservations During a g-2 Run

Figure 7.9 shows the drift time distribution obtained vwhen
decay electrons traversed cell 5 of the chamber. A souare edged
spectrum is observed on top of a significant noise level, the latter
being attributed to random T.2A.C. starts and sto?s occurring
freouently comnared to the event rate (signal:noise = 1:1), and the
width of the distribution is estimated to be (483 * 21)ns. The
-observed detection ef ficiency of only ~5% can be attributed partly to
georetrical collection areas and an electron flux rease over the
length of the drift chamber (further efficiency effects will be
discussed in section 7.4.2),

On insertinzg the relevant parameters into the equations

7

discussed in charter 6 (the sense vire was ~165 ma from the tank wall
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FIG 7.9 :DRIFT TIME DISTRIBUTION FROM CELL 5 |IN g-2 STORAGE
RING. (HORIZONTAL SCALE:4-2 ns/channel)
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in this arrangement and therefqre the magnetic field across cell 5
varied between 8.1 znd 10.3 KGauss), (¥ - O) at the sense wire was
estimated to be 2.76° (compared to 3.5% in figsure 6.8 for the slightly
higher drift field of 600 ch-l) and wy, was estimated to be (29.0 X 2.5)
mm /xs'l (equalling the value of figure 6.9) thus yielding a predicted
distribution width of (483 * L2)ns. Extremely good féreement between
the observed verformance and that predicted by the thedfy of chapter 5
is thus. eppareat from this data.

Similar drift time data were collected for cell 1 (which
included the prototype curved end of figure 3.7(z2)). Here a detection
efficiency of ~10% was observed and the distribution obtained is
shown in figure 7.10. The tail on the distribution is attributed to
electrons traversinzg the curved end reglon which is thus seen to
function as a drift space in the high magnetic field; the gracdual
fall off is probably due to a combination of the chamber zgeometry and

inefficiency in this region.

7.2.5 Initial Track Observation

Using four drift chambers (three prototypes and one
production rodel) separated by ~G0 m@m with the déwnstream chamber
being ~120 mm from counter 11, electron data were collected from all
cells using a data acquisition system including a small computer (to
be descriﬁed in section 7.3%). At the time; the magnetic field
compensating mechanism was one of variable electric field tilts
throushout each chamber and decay electrons emerzed from the vacuum
tank through the 3 mm Aluminium alloy wall.

it a threshold of 1.3 GeV, ~25i of the event candidates

(four chambers hit) collected exhibited more than one cell being hit
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in at least one chamber. This suggested severe showering and
scattering of electrons in the tank wall and made the deciphering of
data difficult. Very few clean tracks were obtained, some of which are

illustrated in figure 7.11, and no beam orofile reconstruction was

3

macde due to insuificient data being

<

collected. However, this work has
3

proved, as expected, the importance of installing thé thin wall

section in the drift chamber region.

7.3 The Present Storase Ring Drift Chawmber lrray

Eight drift chambers are currently installed in the g-2 muon

storege ring, a schematic plan diagram being illustrated in figure 7.12

where the positions of the I,W.F.C's of the array are olso indicated.
The chambers were mounted in adjustable_ cradles and carefully
surveyed into position on the basevlate (2) ensuriny verticelity of
sense wires,.the spatial positions of the latter being determined to
within 0.15 =am. Pigures 7.13 (a) and (b) show the drift chambers in
position between the pole pieces of maznet blocks 22 and 23 of_the
storage ring. Also featured in these photograirhs are: the thin wall
section under Vacuum, the gas flow control panel, the baseplate and
cradle assembly, the preamplifier banks and the "up-down!" scintillators
of the divole moment exveriment. The drift field and compensating
mechanism of all chambers were as described in section 3.3.1 and H.T.
voltages were derived from a single, well calibrated Brandenburg ?707R

power supply.

7.3.1 The Data ficouisition System

Figure 7.1l4 shows the system used to collect and store data

from the drift chambers. Pulse discrimination was achieved using
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Lecroy octal NIM modules and timing was by Lec;oy octal TDC units in
CAMAC as previously described. Event gating and energy threshold
selection vere achieved by those methods discussed in section 7.2.3
and digitized drift times from the TDC's were stored in a Hewlett
Packard 2100 (3%2K) computer. Other information collected‘in CAMAC
included the event time (tE) within the g-2 cycle (in fact the
quantity (tD + tw - tE) was stored), the pulse height code denoting
the energy range for the event and an electric field fault message
from the main experiment. The data acquisition proszramme took the form
of a software package written in ASSERBLER language and provided by
CERN to specified recuirements. Manual contro% over this vrogramme

could be achieved using a teletype visuzl disnlay unit. &n event block
= - %

consisted of sixty 16-bit words including event labels and spare

™

microscaler channels (breakdown monitors). These blocks, includin
only forty eizht channels of TDC whicﬁ vere available at the time of
the run, were transferred sequentially to magnetic tare, the low rate
offering no problems to the system.

Online data analysis (low priority) was achieved using
programmes written in BAMBI (a form of R:iSIC develoned at CEZRN and
including CAMAC commands and the facility to call FORIRAN subroutines)
stored on punched paper tape.

The data acquisition system, including CAXiC electronics,
the HP 2100 computer and ancilliaries, is shown in the photograph of

figure 7.15.

7.3.2 Experimental Proce ‘dure

Data were written to maznetic tape during a g-2 data taking

period; typically 5,000 events, collected at a rate of 10-20 ver
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minute, constituting a drift chamber run. Parameters varied during
this work were: the attenﬁati&n in the counter line (energy threshold),
the gate delay (tD) and the gate width (tw).

Pulse height and event time information were available with
only a limited amount of the data due to hardware vrobleus, however,
the effect of a2ltering the energy th;eshold was cleafly“gpparent on
observing the values of the former using a simple displéy progranmne,

The performaﬁce of individuzl drift chawnber cells was
monitored regularly and a decrease in spurious pulse rate with running
time was observed over the first few days of operation; this is in

accorcdance with previous findings (3)

=

nitial Results

7.4

Using the online programmes, the data collected have been
analysed in order to assess the performance of the chambers. The

results obtained will now be discussed.

7.4.1 Drift Time Distridbutions

The drift time distributions of each cell (sumned over six
chambers) are presented in figure 7.16. The reason for extending the
drift time bins up to only 500 ns was that to ensure the correct
functioning of the CAMAC autoscan, some of the TDC's used had to be
artificially stopped at a time <512 ns after receiving the staft
signal when no digitized time wes present. 500 ns was chosen to
represent the overflow bit (safely below 512 ns) and the time jitter
in the logic system providing this stop pulse caused the fall off in
counts chservable for the final bin,

In all cells, the distributions extend over the full time
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range of the TDC's, wilh some sugzestion of a fall off at hizh times
for cells 6 and 7. This is in agreement with the theory vpresented in
chapter 6 (see figure 6.10) and illustrates the extension of drift
times in the magnetic field; however, no rigorous calibrations were
rossible with the electronics used. The distribution from cell 1 again
illustrates the seometrical effect of the curved end drift snace.

The plateaus of the distriﬁutions are slightl&ucurved, which
may reflect the form of-electron intensity reduction with radial
distance inwards (a linesr fall off would produce a flat-topved
distributian on consideration of the contributions from each half of
the cell). An estiwmate of the electron flux variastion was made from
figure 7.16 and is shown in figure 7.17. Another contribution to the
platéau curvatures may be slight inefficiencies in the sense wire and
potential wire regions es discussed in various parts of t

his thesis,

7.4.2 Efficiency Heagurements

(ad
=
e
]
(2
o]

Using chambers ¥ and H and the shower counter as a
"(effectively a 50C ns gate), the effiéiency of chamber G was
investigated., rigure 7.18 shows this gquantity as a' function of the
delay (tD) of a qOC/us wide event gate and the electron enerzy
threshold (due to the short lenzth of cable between the counter and
the attenuator for this varticular system, 31 dB = 1.8 GeV and 1G dB
~ 0.8 GeV). Maximum efficiencies were of the order 80% due to the
slightly inefficient zones created at the cell centres and ends (as
discussed in this thesis), dead regions due to the TDC time range
being exceeded in some cells and spurious iriggers from the telescone
(enhanced by the fact that all cells of a chamber were used to vrovide

the event trigger, thus a true electron event was not neccessarily

&

s
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FI6. 718 CHAMBER .EFFICIE;JCY AS A FUNCTION OF DELAY OF
EVENT GATE WITHIN THE g-2 CYCLE
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selected),

in efficiency piateéﬁ was not attained until the event gate
was delayed 125 S into the g-2 cycle and, for runs vihere timing
information was available, the good tracks observed for low tD
settings were alwvays associated with long times. Efficiency vas
observed to increase with energy thrgshold, indicating more spurious
counts for lower attenuaticn levels in the shower counter line. Also
indicated in figure 7.i8 are efficiency curves for chamber E
(immediately upstream of the event selectiing telescope) which show
the same form of variation but, for geometrical reasons, give lovier
prlateau levels, |

4 similar ineificiency at low event times within the cycle

H.W. P, C's of the array and is now attributed

o

has been recorded For the

to a paralysis of the chambers caused by the initizl pion burst (of
6

estimated intensity 1C” particles per chamver and occurring within a

few ns). ilthough the pion pulse of fizure 7.2 is only a few hundred

ns long, the much slower opositive ion swarms resulting from the

avalanches will cause a severe restriction on the gain in the sense

wvire region.

7.4,% Chznoer Hits

Figure 7.19 shows the number of chambers hit by emergent
electrons as a function of threshold energy. Due to the radius of
curvature (R) of tracks increasing with energy, in generzl, more
chambers vere hit at higher thresholcd settings as predicted for this
array (4), and more tracks of high curvature (1/R) were observed at

low thresholds.

The amounts of data contazining tracks of 22
e 7 ’

\N
AV
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and 6 chambers hit are plotted as functions of t in figure 7.20.

D
Once again, the inefiiciency effect at low tD values is apparent and
the seriousness of this vbroblem is emphasised by the fact that the
curves are still rising after 125 /xs. (For the initial track analysis

to be discussed in section 7.4.5, the criterion of 23 or 24 hits was

demanded and for a more sophisticated analysis, as much as possible of

the data will be utilised; hence a restoration of full efficiency at

low tD values is highly desireable.)

7.4.4 Electron Tracks

From a knowledzge of the sense wire svatial loéations, and
using the predicted drift velocity variation across the chamber, the
digitized drift times recorded were processed into Cartesian
coordinates in the system where chamber C sense wire plane revpresented
the Y-axis and the origin was the centre of the storage ring (ie. a
6-chamber system). The positions of the sense wires and shower counter
in this coordinate system are indicated in figure 7.21 where the
"ambiguous pairs' representing hit positions for an electron track
passing through all chambers are also plotted,

From these possible hit points, an eye fit can be drawvmn to
represent the electron trajectory. As seen from the figure, the latter
is uniquely constructed using one point from each pair in a chamber,
thus,'the array aided by the magnetic field, has provided a
geometrical solution to the left-right amvdiguity. The characteristic
track shape can be observed, that is, a decreasing curvature with

distance from the storage tank, due to the magnetic fringe field fall

off.

To reconstruct the muon decay coordinates for a track, the
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following vproceedure was adovted:-~

Only those cevents exﬁibiting clean hits (one cell only) in
2 four chambers were selected for processing. The eight possible
circles were constructed through the first three (uvstream) ambiguous
prairs encountered and those which could not possibly be considered as
particle tracks (for example, bending the wrong way) were rejected.
The condition of proximity to a hit coordinate in the foﬁrth chamber
reduced‘the number of possible tracks and the final selection was
rade in the decay point reconstruction stage of the programae. The
parent muon decay coordinates were determined by extrapolating the
circular fit upstream until tangentiallity with the orbit circles
occurred. This analysis assumes that for the first three chambers hit,
the electron is in an approximately uniform magnetic field, thus
validating a circular fit.

figure 7.22 shows several e#amples of electron tracks
obtained, witﬁ their extrapolated circle fits. The relative rvositions
of the shower counter and storage tank, and the predicted muon decay
points are indicated. Hany of the track reconstructions predicted the
latter to lie outside the storase tank which is obviously impossible.
Several examnles of_this‘effect are clearly illustrated in figure

7.22 and rossible explanations are to be suggested in the following

section.

7.4.5 The Circulating 3eam Profile

By binnins the predicted values of muon radius obtained
from the electron tracks, a first estimate of the reconstructed beam
intensity profile was wmade, and is presented in figure 7.23 where the

relative position of the storage tank is also shown. As a result of
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FIG 7.22 (cont.)
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FIG 7.23 THE CIRCULATING MUON BEAM PROFILE
RECONSTRUCTED FROM ELECTRON TRACKS
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the many recorded tracks appearing to orizinate from a point inside
the storage ring, the radial distribution is seen to peék at a
distance ~90 mm from the centre of the vacuum tank. The distribution
shapes obtained were avproximately as expected (the profile has been
estimated to be of a semicircular nature (4)), however the positiocnal
shift is somewhat surprising conside?ing the fact that a.circular fit
for a track extending into a weakening maznetic field would tend to
project the predicted muon radius towards larger values.

Attempts to shift the distribution have included:-

artificially skewing the bhasenlate in the prozramme to
investigate the possibility of leverage of the fit. A tilt of 0.6°
(6 mm difference across the array) shifted the profile by only 2C =m.

adjusting individual wire positions in ths programme. This
‘alters the fitted circle completely; however, alterations of several
min ¥ere necessary to oproduce the required shift (in approximate |
accordance with the calculations of zppendix I).

altering the inserted drift velocity values which affected

the profiles slightly but peak movements were minimal,
()

Some possible explanations of the observed profile are as
follows:-

It is not impossible that a chamber vositional error was
made and, as all the data were collected from one alignment systen,
future runs will investigate this possibility.

The circle fitting technicue is by no means satisfactory out
has served to perforam an initial analysis. The selected points for
the fit are assumed to be absolutely correct using this method,

vhereas a it of the least squares type does not necessarily j»ass
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throuzh the data points and also utilises all data. The final track
fitting technicue will be compiicated and take time to develop, however,
better results will be yielded and peak shifts are feasible.

A significant contribution to the data may be from electrons
emerzing from the storage tanx at a point far upstream of the array
and following the sort of trajectory indicated in figure_7.2q, that
is, a "straightening! due to the decrease in magnetic field strength
encountered which results in the particle eventually reentering the

high field region and experiencing further bending; the circular

6]

fit will now predict a false muon radius. Part of the data will
certainly be collected in this way when using the present systen, as,
for thnis perticular g-2 run, counter 10 has been moved close to
counter 11 and used as an event trigzer for the arrsy, leavin:z a larsze
sector of the inner storase tank wall without any electron absorbing
materiz)l (ie. a shower counter).

By suitable relocation of electronic readout channels, a
short run was made to observe electron tracks in eight chambers and an
example of an event from this system is shown in figure 7.25 where the
trajectory observed is of a similar form to that of figure 7.24.

The distributions constfucted showed tails at high values of
muon radius and thus, the possible contributions to the beam profile
have been-illustrated in figuré 7.23 wnere the shape of the curves
dravn can be cowmpared with those of the profiles ottained from a
previous experiment (5). The fact that the contribution attributed to
the unusual trajectories of far-unstream ("indirect track") particles
avppears to he greater than that from particles emerging directly into
the array ("direct track") is prodably due to the »rogramme selection

proce .dure. As only '"clean tracks'" have been selected for analysis,




FIG 7.25 EXAMPLE OF AN EVENT WITH EIGHT RECORDED CHAMBER HITS

FIG 7226 EXAMPLE OF A “MULTIPLE CELL HIT* EVENT
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those evenis where showerin; has occurred and, for example, an
electron-nositron veir has entered the array, %ill be rejected. An
example of a "multiple hit" event is presented in fisure 7.26 where the
possible tfajectories of two oprositely charged particles are
constructed by eye, however, it is difficult to correctly decipher
such an individual event and spurious pulses cannot be ruled out.

| Multiple hit events are more likely to be obséfved for the
direct tracks as an VYelectron'" with opposite charze to that of the
circulating muons is rapidly bent the !wrong! way into the maznet
blocks, If the showering factor is still significant for the thin wall
section (~35% of analyzable events (24 hits) contained multiple cell
hits in at least one chamber), the rejection of such data for the
direct track events will recuce the comparative coantribution to the
profile of the latter.

The ratio of the relative contributions from the two sources
is also dependent on the ratio of the relative lengtas of sectors of
circle producing tracks in the array. Hote that the three points used
for fitting trajectories for the indirect tracks are more likely to
lie in the non-uniform field region and thus, the resultani vart of
the profile will be moved to higher radii, thus reducing the possivility

of observing distinctly separate peaks from the two contributions.

7.4.65 The Momentum Distribution of Klectrons

The momentuim (in GeV/c) of a vparticle vending with radius of
curvature R (in metres) in the g-2 magnetic field (14.745 KGauss) can

be determined using the exrression:-

Pc = R/2.26 (7.1)
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Thus, by using the circle fitting technique and determining
the radius of curvature of a décay electron observed in the drift
_chamber array, its momentum can be found if the assumption of a
uniform magnetic field persisting in the region of the three fitted
points is made.

The momentum spectrum determined in this way, for particles
appearing to emerge from the storage region (6920<(3%4 <.7080) is
shown in figure 7.27. & low momentum cut off is observed at ~ 900
MeV/c due to the threshold setting for this run and a high momentunm
cut off apvears at ~ 2500 #eV/c. The latter is due to the geometrical
acceptance of the array which, for the whole run, was set back a
distance of ~ 2 c¢m from the storage tank wall, thus reduciﬁg the cut
off level normally expected of say 2.9 GeV/c (note that, although
electrons of up to the maximum wuon momentum of ~ 3.1 GeV/c can he
produced, a 5.1 GeV/c electron, for examsle, would continue in stored
orbit).

To compare briefly the initial electron momenta measurements
with those observed in the g-2 shower counters, the integral spectrunm
is displayed in figure 7.28 in terms of the "pulse height bit" levels
discussed in section 7.2.3. Comparing, then, figufes 7.7 and 7.28,

slight reductions in the "600 MeV" and "“pulse height D" levels are

iy

apparent in the drift chamber measurements, due in both cases to the

spectrum cut ¢ifs, otherwise a similar "“step" form is indicated.

7.5 Farticle Trajectories in Non-Uniform Mazgnetic Fields

For a set of data points obtained when a particle,
travelling in & magnetic field crosses a wire chamber array, there are

several possible methods of determining the trajectory:-




FIG 7.27 THE DIFFERENTIAL MOMENTUM SPECTRUM
OF THE DECAY ELECTRONS
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The simplest method, which has been exnnloyed in £he g-2 data
anzalysis to date, is to fit a éircle taroush the first taree points
on the track., This is reasonable in the g-2 array as tne latter points
are often in a rezion of fairly uniform maznetic field and, although
this fit yields an untrue imvression of the rest of the trajectory in
the dovmstream direction, the upstrear extraprolation wi%l be of thne
correct (circular) form.

For the field encountered in this exrperiment, the tracks
produced suzggest that a parabolic fit to the data would be a
reasonable estiaate., Hence, the circle téchnique vould be applied to
the first tanree ambiguous hit pairs in order to select a suitable

track and would then be reglaced by a least sguares fit of the form

2 . , . .
= a + bx + ¢cx . The curve obtained would be used to seglect the

H

correct coordéinate from the fourth nit pair which would then allow a

more accurate fit, and so on throuzh all the data »oints,

)

The hest track reconstruction technigue will neccessarily
include a magnetic field vparameter (often the vector potential)., For a
non-uniform field as encountecred in this experiment (av»proximately an
. : "2
exponential fall off of the form B(R) ~ Bo(l - e-AR ) for radii R K
6880 mm), the problem is non-trivial and several methods have been
developed in high energy laboratories (6) for similar circumstances.
The modification of such an existing programme or the development of a
similar technioue will be implemented in the near future. Such a
fitting method will be capsble of predicting the correct birth points

of any "indirect track" electrons.

7.6 Zonclusion and #uture York

A woriking drift chamber array and data accuisition systen
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have been installed in the g-2 experiment and the operation of the
chambers in this environment has included a'study of external noise
sources, 2 brief and encouraging comvarison between predicted and
observed drift velocities using drift time distributions, and the
observing of chamber efficiencies.

The latter quantity was found to be dependen£ on time within
“the -2 cycle hecause of the many positive ions produceé.in the
chambers hy the »ions of the initial flash. It is important to reduce
this effect as the amount of electron data decreases exponentially
with time and work is presently in progfess on the application of
Pulsed clearing fields to the drift crambers. This involves avplying
a positive square vnulse of a few nundred volts magnitude to the H.T.
wires near each sense wire at the time of the initial flash. Hence the
build up of pbsitivé ion clouds as a result of the avalanche p»rocess
will be supressed, and the negative icns produced by pions in the zas
will quickly fiand a vpath to earth via the sense wire (there still
existing a drift field). This idea has been tested on one short run
'during the last g-2 cycle, using a thfratron hased circuit which was
designed to aprly a blanking vpulse to the shower counters during the
initial flash. The aprlication of a 50 volt, 1C Ms pulse to one
chamber improved the "firing rate" in that chamber by 50%. However,
statistics were too low to make any definite conclusion and a thorough
testing of the circuit is vlanned for future runs.

iiany electron track eveants were collected and analysed
producing a beam profile which suggested a aajor contribution from
particles following "indirect paths"; this would be reduced by
replacing counter 1C in its usual vosition. (4 severe wmistake in the

chamber alignment or a def iciency in the tracking technigue cannot be
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ruled out.) The showering factor apreared to be much reduqed for the
thin wall section, but was still significant.

2 more sophisticated tracking techanique, as referred to in
section 7.5, will be developed and will also include various software
corrections (for example, the magnetic field change over the length of
a magnet block as illustrated in figure 5.6). Future calibrations on
alignment will probably utilise horizontal cosmic rays aﬂd hizgh energ
leakage particles from the CERN P.S. Measurements on the chamber
resolutions and drift times in the curved end will be possitle in this
wayandeacompletecalibrétion of drift velocity will be carried out
‘when the CERN drift time digitizers are employed.

The data acquisition system will eventually be integrated
with that of the main experiment and will also incorporate
information from the M.W.P.C's. In this way, information concerning
three dinmensional bszam profiles, allowing a complete analysis in terns
of individua2l particle momenta and track multiplicity and direction,
will be available.

Reversals of the stored muon polarity will necessitate the
removal of the chamvers to reverse the electric field tilts. Thorough
internal cleaning will be carried out on such occasions to minimise

any long term time degeneracy of performance (7).
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CONCLUDING REMIRKS AHD FUTURE ¥WORK

8.1 Comments on the Performance of the £-2 Drift Chambers

w de

The mechanical and electrical construction of the productiion

model chambers have been prcved to be of sound design and the

verformance in laboratory and accelerator tests of a2ll cells and

e}

chambers has Yeen verified as uniform. before experimental
installation. A4 set of overating parametsrs has been chosen uander
which good results have been obtained, in particular: svatial

sbers {(~C.)l mm), space-~

_resolutions of the oirder exrected of drift chs
time linearity (uniformity of drift velocity), 1C0% efficiency levels,
an energy resolution of £1 5% for Fe 55 X-rays, minimum diffusion and
succéssful operatioﬁ in non-uniform magnetic fields of strength up to
15 KGauss have keen achieved. The chambers have enabled the successful
study of several effects including: fluctuations in pulse height,
efficiency and resolution, the effect of varyinz the gas mixture and;
briefly, slanted eleciric fields and anzled tracks

The curved end snave of the chambers has enabled maxinum
sensitive detection area within the z-2 maznet nole pieces and

1
]

electron drift has been achieved in this region with snatial
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resolutions of the order 0.3 mm at B = 0. By applying hizh electric
fields, this region has been successiully operated in strong magnetic
fields, but the performance parameters have not yet been fully
determined under these conditions.

The resolution of normal cells in magnetic fields of strength
up to 7.5 KGauss has been observed to be comparable with that at B = 0O,
and togethner with the high efficiencies observed under ﬁhis condition,

.is primarily due to the short drift svaces involved.

A simple rodel used to desizgn a magnetic field compensztion
mechanism and v»redicting the drift time-distance variestion exvected in
the z-2 magnetic field has bveen presented. Initial drift time
distributions have suzrested good asreement between observaticn and
precdiction, however, these calibrations.are by no means courlete as
vyet, due to the limited time range of the comrercial timing devices

emvloyed.

The drift chamber array has been commissioned at CZRN and

track data has been simple and has predicted a circulating bean
profile of the correct shave but shifted by ~9 cm. It is suggested
that the main contribution ﬁo this profile comes from particles
emerging from the storage tank far upstream and entering the array
after fdllowing an indirect path. & more rigorous curve fitting
routine and the continuation of calibration measurements are
considered necessary.

A source of severe chamber inhibition has been encountered
(section 7.4.2) which has limited efficient data collection to times

‘Zloo/as after oion inflection. & possible method of reducing the



paralysis time has been mentioned.

"8.2 Footnote: The Present State of the g-2 Exveriment

The latest value of the anomaly presented by the CZRN muon
storage ring collaboration (1) is: a(u*) = (1,165,895  27) x 10-9,

meaning that a - (a +

. -9 , .
- (- + ¢ m
exp QED ahad) = (~13 * 29) x 10 7, {?Ls result has

been achieved by the collection of some 40 million decay electron
events, The above precision represents a measurement to the level of
27 vpm which is an order of magnitude improvement on the previous
measurement and validates the theoretical value. The accuracy of
measurement will be further improved by the continuation of data
taking into 1976, the continued mapping of the magnetic field and the

inclusion of data from the z-2 drift chamber array; it is intended to

¥

measure (zg-2) to 10 pom. Results for /x— will slso be forthcoming and
i1t is hoped that a similer amount of data will be collected for both

particle mpolerities.

8.3 Concluding Discussion

The main objectives of this work have been:-

1) To devise a full series of experimental tests necessary
to the development of drift chambers for use in a hizh enerzy physics
experiment.

2) To carry out these tests, and more generally, make a
study of the proper£ies and problems associated with drift chambhers
and the electron drift process, (Becausé of the effort in this field
over the past four years, comvarison of certain results with those

collected independently by other workers can readily be rade).
y

%) To design and build a set of chambers with certain
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specialist features for the g-~2 experiment, applying the tests of 1),
and thus measuring and owtimizing various chamber parameters.
4) To install a drift chamber array and datz readout-

acguisition system in the g-2 muon storage ring and assure its vroper

4D}

working order (while making a study of the effect on drift chambers of

this particular environment).

The fulfilment of the above objectives has resulted in the
follovwing:-

1) 4 study of Arzon(90)-Methane(l0) as a drift chamber gas
-has been nade.

2) The operation of drift chambers in the non-uniform fringe
fields of hending maznets has been achieved and has exenplified
another method for solving the left-right amnbizuity problemn.

%) The problems associated with narrow frame chambers and
unconventional drift spzces have been investigated (as well as a
general study of the principles and operating problems of wire
chambers).

4) The collection of initial results from the g-2 array has

served as a guide to future work on the system.

By complementing the work of other groups and by successfully
operating drift chambers in an experiment, this study has illustrated
the feasivility of using such detectors in high energy physics, and
presently, the drift chember is well favoured in the design of new

experimental arrays.
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8.4 Some Recent Ideas in Drift Chamber ¥ork

To date, the drift cﬁamber technicue has by no zmeans been
fully eiploited and many new developments are currently unﬂer study.
For instance, somne new ideas concerning drift chambers were presented
by Charpak in Hay 1875 (2):-

By scattering xrrotons of the enérgy range O.E“f 1.0 GeV fron
a solid object, a three-dimensional image of the object can be
obtained with the use of hizgh accuracy drift chambers. Initial results
have implied vossible applications of this technigue to radiology in
medical vpaysics.

With novel-desizn chambers incorporating converter materials,

neutral radiation of various energies has been detected and accurately

located using drift chanber techniques (3).

1

-

Drift chambers have been instrumental in the study of

crystal lattices, their hisgh spatial accuracy ziving the reguired
resolution in determining the anzular distriwutions of scattered hizh
energy warticles,

A novel detector, the "scintillating drift chamber”, makes
use of the lizht emitted on the deexcitation of atoms undergoing
collisions with ionization electrons. The photons produced can be
wavelength shifted and detected in standard photomultiplier tubes. =y
using low drift fields throughout most of the chamber (reducing the
gas multiplication and thus decreasing the number of positive ions

produced), hizh operatinag rates can be achlieved ty this device.

There has recently been work done on the simplification of
drift chnamnber construction. £y using large drift spaces the number of

gsense wires can bve reduced, leaving the i.1'. wire planes as the only
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complicated part of the constructionsl technizue. itac and Taylor have
reported (4) the successful laboratory testing of a prototype driit
chamber in which parallel, 5C A thick Aluminium foils have replaced
H.T. wires as a field shaeving device, Spatial reolutions of 100 - 150
pm vere obtained with 10 mm drift spaces and & gas mixture of Ar/
CZHE/CHA. )

The replacement of H.T. wires by planes with devnosited metal
strips would enable electric field distributions and cell construction
to assimilate the tyrve of chamber mostly considered in this thesis.
Initial work on this technique carried out by the Nuclear
Instrumentation (N.I.) group at Durham has uncovered problems of
dielectric charge-up of certain materials used for H.T. plane hases,
thus producing non-uniform and unstable gain »roperties in the

chanmber,

The technicues ceveloped in this thesis have enabled the
planning of future work and some further studies to be made at Durham
involving drift chamber technicues together with possible future

developments of these detectors will be discussed next.

8.5 Future Vork on Drift Chambers

Vlork is continuing on the g-2 drift chanmber array as
discussed in section 7.6 and it is intended to continue collecting
data for approximately one year with hovefully a resulting
contribution to the accuracy of the main experimental measurement.

Two other major drift chamber projectis are currently under
consideration by the Durham N.I. group:-

jiork has started on extending the X-ray imaging techniques
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revorted by other groups (3) prime interests being to optimize the
X-ray converter efficiency and improve energy resolution (5); future
medical applications are implied.

It is intended to use a system of multiwire drift chambers
as a fast event trigger for a rapid cycling bubble chamber in the
investigation of A-q:interactions at the Rutherford Laboratory (6).
&4 three hundred wire system is envisaged (7), 5 cm drifénspaces will
be employed and a 20 KGauss nmagnetic field will be encountered. HMNew
constructional techniques will be anplied, in particular, curved
chambers will wnrobably be used to surround the bﬁbble chamver, thus
producing near-normal directions of particle incidence as an
alternative to the problems of angled trajectiories in an already

complicated three dimensionsl track measuring system.

The Durham Universitiy Astrophysics group has recently been
involved in work on & drift chamber array for use in hizgh energy
samma ray astronomy studies involvinaz a transatlantic balloon flizht
(8). The experiwment is a Southampiton University-z.S$.7.%.C.
collaboration and the chambers will be built by the I.R.D. comvany.
Spatial resolutions of C.5 mm in each chamber, ansgular resolutions of
the order 20 and a detection efficiency for 10C HMeV gmrays of 15%
are expected for the whole array. The y-ray converters are
"incorporated into the chamber design in the form of 1% radiation
length persvex winaows.

Work has been done on low pressure drift chambers (G) with
the advantage of presenting small storping vower to stronzly ionizing
rarticles, and comvlementing the need of extremely thin windows for

such radiation. Varying the pressure in drift chambers may receive
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future study, in particular, liquid drift chambers offer interesting
vossibilities. |

In general, future develozments concerning the basic
prihciple of the drift chamber detector will involve improving the
spatial resolution capabilities (with particular emvhasis on operating

gas mixtures), and developing cheaper and fasiter readout wethods.
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SOVE -GEOUETRICAL CONSIDERATIONS OF THE g-2 DRIFT CHAMBER ARRAY

a) Angles of Particle.Incidence

The radius of curvature (R) of electrons in a magnetic field

(B) is determined by the classical extression:-
BeV = va/R
ie. R = Jmoc/Be = E/Bec

which for energy (E) in GeV and R in metres reduces to (for a 15

KGauss field):-
R=2.22E | (i)

Consi&er an electron emerging from the centre of the vacuum
vessel and intersecting the final drift chamber after travelling a
radiel distance inwards x (fizure A 1). For the maximum anzle of
incidence on this chamber, X = 0.3 m (0.22 m from the shower counter
sensitive length). The geometry of figure A 1 thus yields for the

naximum angle of incidence (ot (£)) subtended by the tangent T:-



FIG A1 CONSTRUCTION FOR ANGLED TRAJECTORIES OF
. DECAY ELECTRONS IN THE
T DRIFT CHAMBERS
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THE MUON DECAY RADIUS

common
tangent



y R'- X

ol(E) = arctan(L)'= arctan( /016 R - x2 ) (i1)

However, this will be an overestimation as the tracks will
straighten as B decreases radially inwards; therefore a second estimate

of the maximum angle is:-

(1ii)

Nl(E) = arctan(x) = arctan X
| / o.

L 6 R - xe‘)

Thus, for various electron energies we have:-

E@GeV) o° . °

1.0 | 30.1 | 15.1
1.5 | 24.5 | 12.3
2.0 |21.2 | 10.6
2.5 |118.9 9.5
3.0 [17.3 8.6

The true values (c!ﬁax(E)) of the upper limit of angle of
incidence will be between the values of & agd «xl but, on
consideration of all trajectories and all chambe;s, angles will be
mostly much'less than ‘xm;x and thus cause little disturbance to the

space-time characteristics.

b) Approximate Errors in Track Reconstruction
Assuming the centre of the circle uniquely defined by three

points (Xl,'Yl),l(Ka, Y50, (XB' YB) on the track defines an origin,
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the eguation of the circle is:-
+ X =R (iv)

The three simultaneous equations obtained on inserting these
points into equation (iv) may be reduced to the single equation:-
2 2 2

R=Y1 -Xl

R ) (v)
2 2
2 - X3)

(Y

(x

For an error iﬁ eéch Y-value of AY, the maximum error (AR)
on the radius occurs when AY for Y2 is in the opposite sense to those
for Yl and Y3 as indicated in figure A 2 (note that the erroneous
circle is not centred on the origin, however, assume this does not

affect the following calculation). Thus:-

(R + ARZ = (7 + AD)Z - X (¥, + ADZ - (75 - ADP)  (v1)

2 pd

subtracting (v) from (vi) gives:-

2RAR + AR = AY? - 241y, - 2AYX12(YE -1y (vii)

2 2
-X3)

3

(x,

Now, if (Xq’ Yh) is the point of birth of the electron,

‘1lying on the circle determined by equation (iv), then:-




) | : 2_ e A2 _ oy 2
. e (Y4+A‘{4)-(R AR) .xl+

- 2 _ AR
thus 2Y, AY, + AY," = 2RAR + AR

which from equation (vii) gives:-

' 2 . ] 2 X 2y =
AY" - 2D [ ¥+ X (T, + Y) | - (21, A%, + AY,T) = 0
. 2 2
Xy = X)
solving this.quadratic in AT gives:-
AY = 8 t [a2. (21, BY, + AYhZ)‘ (viii)

_ 2
(where & = T+ X (Y2 + Y3) )

2 2
- X37)

(X,

From figures A 1 and 4 2, and knowing the seraration of the
drift chambers, fitting circles tarough the three downstream chambers
we have that: X, =2 L, X

1 2 3 L
in metres), from whence the values of Yl’ Y2 and Y3 can be determined
for certain energy tracks. Thus, the following tavle can be formed,

using equation (viii):-

B el = st et
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E(GeV) Required Values of AY
' For' AY =1 am|For AY = 2 mm
L L
1 0.08 mm 0.16 mm
2 .0.06 mm 0.11 mm

Similarly, assuming AY %~ 0.1 mm gives the following errors

.in the radius of electron birth:-

E(GeV) AYQ
. 1 1.2 mm
2 1.8 mm

These calculations have considered maximum leverage in
track reFOnstruction and in only an apprqximate way, however, the
order of magnitude of results'indicates the requirements in this
experiment of detectors capable of spatial resolutions of a fractiocn

of a mm,

¢) Beam Profile Reconstruction

-Drift times from three chambers can be converted into
cartesian coordinates (Xl,-Yl), (XZ’ Ya) and (XS’ Y3) in the systen
where (0, 0) is the centre of the storage ring, and determine the
unique circle (radius R, centre (p, q)):-

2

X -2+ (¥-9%=1r (ix)

P, q and R are determined from the solution of the three simultaneous
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equations utilizing the above track data and equation (ix), and are

. given by:-

p=F/A(D=-C)-E+C (%)
2(BF/A - G)
q=D-~-C - 2Bp . (xi)
2A
\
2 2 .
R = J/q - Zqu + p - 2X1p + C (xii)
where: | A= Y2 - Yl
B = X2 - Xl
oy 2 2
Cc Yl + Xl
_ 2 2
D= Y2 + X2
: .2 2
E Y3 + X3
. F = Y3 - Y1
G = X3 - X1

(From the left-rizht ambiguity, three pairs of points are
obtained, allowing eight possible circles to be constructed. The

correct circle is chosen as méntioned in the main text.)




~13%8-

Tangentiallity (within the storage tank) of this

. reconstructed track-with the muon orbit circle, determines the point
of birth (X', Y') of the electron. From figure A 3, this condition is
observed when the line Y = (q/p).X intersects the circle of equation
(ix), thus in terms of Y’ this requires:-

(/)Y - p)2+ (¥ - )%= &

te. ¥2((x%/a%) + 1) - Y (272 » 20) + (6°+ @ - R = 0

where the highest root, g +j.R2/(l + pZ/qZ) , determines Y’ , and

X' = (p/q)Y'. The muon radius for a particular track is then given by:-

2 2
Ry = /x"' + Y (xiii)
/“ .
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APPENDIX TII

MEASUREMENT S INVOLVING TILTED ELXCTRIC FIELDS AT B = O

a) Efficiencies

Figure AL shows the efficiency-voltage characteristics
obtained for various electric field tilts (1, 2 and 3 H.T. wire
spacings) in g-2 chamber cells, using a collimated 1 mCi Sr9o0 /3-
source at a distance of 7 mm from the sense wire. The data have been
corrected for background.counts but afe otherwise unnormalised., The
results were recorded using a carefully-positioned, low-noise P.M.-
scintillator trigger of well defined sensitive area (less thazn that of
‘the drift chamter ¢ell), with'a T.48.C.-2.H.A. timiné system éenerating
a gate width of 1.0 y Low input impedance amplifiers were employed
with output discrimination levels of 100 mV and the outputs from each
of the cells adjacent to thaf under investigation were ORed into the
stop line in order tb obtain a faithful efficiency characteristic
throughout the cell.

Plateau levels of ~1J30% are observed and the curves obtained
for 1 and 2 tilts are almost inseparable and of similar values to the
untilted field case, whereas that obtained from a 3 tilt configuration
displays a plateau being reached at lower applied voltages. These

variations are in accordance with the pulse height variations of
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figure 4.6 and dependent on discrimination level. It was also noticed,
as might be expected, that breakdown occurred at lower applied voltage
levels as the tilt was increased.

Figure A5 shows a similar series of curves obtained at a
collimating slit distance of 13 mi from the sense wire (1 mm from the

potential wire). Here, the curves do not attain plateau levels until

-

higher voltages are applied and the levels decrease as field tilt is

increased. The former effect is due to a certain fraction o} ;he ions
formed in the gas being'ejected from the chamber (due to the angle of
the drift field), resulting in a decrease in pulse height and thus a
decrease in efficiency at any particular voltage (for a constant
discrimination leveﬂ. As the field is increased, for the 1-tilt case,
the multiplicity in the évalanche process is sufficient to restore
~ 100% efficiency in spite of the depleted number of swarm electrons;
for 2 and 3 tilts, greatér losses result in lower plateau levels. To
explain the plateau levels in a more quantitative manner would
require a precise knowledge of tﬁe electron flow lines, the latter
being responsible for the 100% efficiency platzaus obtained throughout
much of the cell (as for example in figure Al4).

Figure A6 shows an efficiency scan across the potential
wire region for 1, 2 and 3 tilts of a basic electric field (Eo) of
1 (Vmin = 1497 V). Efficiency troughs resulting from the
ejection of derosited ions are clearly seen and the inefficiéncy
increases with tilt. However, due to the flow line trajectcries of the
drifting swarm, ~ 100% efficiency is restored at a distance of ~5 mm
from the potential wire for the 3-tilt configuration. Also.indicated

in the figure is the predicted variation of the percentage of

deposited ionization collected at the sense wire for a 2-tilt electric
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field. This was based on a simple gedmetrical model which considered
. the probaﬁle paths of electrons starting from.the initial track
(across tne gap between high voltage planes) and travelling in an
electric votential confisuration similar to (but simplified) that of
figure 3.9. The maximum inefficiency incurred by such a tilt of
electric field is not as great as that susggested by this model and is
probably a resdit of the potential barriers presented téuthe drift
.electrons by the H.T. planes which help to contain the swarms within
the celi. ' '

Thé Qariations of the F.%.H.M's of the troughs with angle of
electric field is indicated in figure A7. On defining a "dezd space"
as the effective width of a region with 100% inefficiency having the
same area as the measured partially-ineﬁficient region, a smooth
variation of this quantity with electric field angle is observed as
shown in the same figure. Also in figure A7, the maximum inefficiency
is shown to be a rapidly increasing function of electric fieid tilt.
From these results, an inefficient region in the last few mm of a g-2
cell is expected for an electric field &t 450 to the sense wire plane
operating in no magnetic field. It must be mentioned that this effect
wquld be more serious for longer drift spaces, but for a g-2 cell,
will be rapidly reduced as B is increased towards ~15 KGauss.

The investisaﬁions described above were continued for

- ) applied to the votential wirc

various values of high voltage (Vp W

and it was found that no significant worsening of the efficiency

variation in this region was apparent until V < V, of figure 3.8.

p. v’l ~ 4

The efficiency curve was also seen to be a function of V (v ) as

min app

expected.
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b) Drift Times

Figure A8 shows the fesult of scanning a é—z proteotype
chamber across the collimated /G-ray beam and measuring the positions
on the P.H.A, display of timing distribution peaks at 2 mm intervals.,
The electric field confizuration in the chamber for this test was: 3
tilts for cellg’l and 2, 2 tilts for cells 3, 4.aﬁd 5 aqd 1 tilt for
cells 6, 7 and 8 (B, = 574 ch_l). The outputs from all cells were
ORed into the stop line.

Linear space-fime variations are observed %hroughout most
of the drift spvaces, put some aeviation from this form is seen to
occur at cell boundaries. The flow line trajectories of electron
swarms in such a ccnfiguration are cohplicated; the basic drift
direction will bve at an éngle (X ) equalling the electric field tilt
angle, but, because of the containing H.T,. barfiers and the field
confizuration in the senée wire region, many raths are poésible for
ions deposited along tracks normal to the sense wiré plane, In general,
greater values of Y would be expected to produce more diverse flow
lines and hence longer observed drift times. This effect was verified
on considering the following values of drift velocity (w,) derived
by averaging thé gradients of the uniform parts of the space-time

variations(w”(g = 0) = 35.6 mm/asfl):-

¥ (%) w”(X,E)Omgus_l)
18.4 35.2
35.7 | =
145.0 29.3

In the vresence of a magnetic field, the basic angle of
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drift ((y - @) from chapter 6) is often small compared with the
above angles, hence many_élecffons will flow in such a direction for
much of their existence and thus the expected values of w”(g sy By, B)

can be more readily precicted.
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