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ABSTRACT

This thesis describes an array of eight mmlti-cell drift chambers,
of novel desipn, used in tLhe (z-2) Muon Storage Ring at CERN, The array
detected decay electrons traversing an inhomogeneous magnetic field
ranging from 14,75 kG to 4 kG over the length of the chambers. Data
analysis aimed to reconstruct the circulating muon beam profile and
determine the decay electron encrgies. Results from the (g-2) experiment
are ontlined,

Te development of drift chambers, the principle of operation and their
future uses are discussed, The design considerations and operating para-
meters of the (g-2) chambers are nxpléined. A gas mixtuare of argon-methane
(90:10) was nsed in the chambers. The computerized data acquisition
system developed at CERN is described in detail. It incorporated a new
Drift Time Digitizer system,

The data were analysed to produce chamber drift velocity calibrations,
Electric equipotential plois were derived to cnable the computation of
theoretical drift velocities., The existence of variable drift velocities
throughout the drift spaces was revealed. Particles traversing the chambers
near the cell houndaries were abserved to produce recorded drift times at
both adjacent sense wires, Analysis of the data in these dnal detection
regions produced be tter estimates of the drift velocities which were in
good agreement with the theoretical values, An experimernial scanning
system is outlined which would provide accurate drift velocity calibrations
in such complex fields.

The performance of the drift chamher array is evaluated and the
principles of the track reconstruction outlined, The analysis produced
uniderestimates of the radius of curvature of the circulating muons and the
decay electron energies. It is demonstrated that low spatial resolutions
due to inaccuracies in the drift velocity calibrations produced such errors.
Improvements to the drift chamber design and operating parameters are

suggested that would increase the attainable spatial resolution.
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CHAPTER 1

DRIFT CHAMBERS AND THEIR APPLICATION TU THE (g:f)»EXPERthNT

The drift chamber is a nultiwire, gas filled, pusition sensitive
detector, A particle traversing the chumber leuves a trail of primary
ionization and the electrona are drifted towurds a collecting, or sense,
wire by the application of an electric field, A knowledge of the
velocity and time of drift alluws an accurate determination of the
pusition of traversal of the particle, Ay such the drift chamber has
become one of the most useful pusition sensing detectors available
to experimentalists in the field of high energy nuclear physics today.

This thesis describes the development, datan acquisition and
analysis asaociated with an array of eight apecialized drift chambers
used to traclk electrons decaving from the Mion Storage Iing of Lhe

lateat (g-2) experiment at CEIN.

1,1 The kEvolution of the Dritt Chamber

Uver the past few decades several classes of detectors have been
developed for the detection of elementary particles in the fields of
cosmic ray physics and nuclear physics, especially since the advent
of particle accelerators. Many are gaseous detectors which may be
broadly categorized in two classes; contimously sensilive, or
primary detectors such as the proportional counter or teipger-Maller
tube, which are normaully used in the connting mode, and triggerahle,
or secondary detectors such as streamer and spark chambers used to
gain positional information, The sccondary detectors have Lo he

triggered using a primary detector, The distinction hetween primary

s
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and secondary detectors is mainly due to the magnitude of the
potential applied to the detector and thus the degree of charge
amplificatjon within the gaseous volume, Lf avalanching occeurs
close to the primary ionization and visible dischirges occur, then
continuous operation becomes impossible due to spurious breakdown,
In high ecnergy nuclear physics there was a need for a detector
that. would allow accurate reconstruction of particle trajectorics at
rates much higher than those obtainable with bubble chambers or
triggerable devices. Thus the detrctor had to be contimously
sensitive and have high spatial resolution, In 1968 Charpak et al,
at CERN(I) developed the multiwire proportional chamber (MWPC),
It operated on the same principle as the single wire cylindrical
proportional counter but had several parallel sense wires aligned
in a plame equidistant hetween two plane cathudes as shown in
figure 1,1, A typical sense wire spucing was 2 mm with a 5 mm gap
to the electrodes, The sense wireswere typically 25 um in diameter
and the electrons from ihe primary ionization, caused by the
traversal of the incident particle, were accelerated towards the
sense wire which was maintained at earth potential or a pusftive
voltage. As the field bhecame greater towards the wire Townsend
avalanching occurred in a controlled manner such that saturation
did not occur. The pulse height detected on the sense wire was
then proportional to the number of primary electrons, By careful
chuice of gas mixture and applied electric field a pulse would be
detected on vne wire only and the chamber resolution would he half
the wire spacing, The minimum wire spacing appeared to be | mm, due

to clectrostatic repulsion belween sense wires, so the resolution




of the MWPC was still less thup that of a spark chamber, which with
suitable readout methods could be capable o I spatial resolutions

in the order of 2 0,3 mm(2). It was noted, bowever, that the time

of arrival of the pulses on the sense wires was dependent upon the
position of traversal of the incident particle, This property

was investigaled further and the drift chamber was cvulved.(a’s)'

The sense wire spacing was increuased and the electrons drifted
from their point of birth towards the sense wire, where Townsend
avalanching veeurred atl clouse range, The velocity of the drilt
process was dependent upon the chamber gas and the applied electric
field, Knowing the time of traversal of the incident particle
using a scintillator, for example, the delav before the manifestation
of a pulse on Lhe sense wire conld be used to caleulate the drift
distance and hence the initial position of Lhe particle, A drift
chamber cun thus have a unit cell or a series of cells as shown in
figure 1,2.

A full descriplion of drift chambers and their theory of
operation is given in Chapter 2 so it is sufficient at this gtage
merely to mention their general properties, With drift spaces up
to 5 cm in length spatial resolutions of 100 uym and timing resolutions
of 5 ns mauy be obtained in the absence of magnetic fields., Using
electric field corrections drift chambers may be operated in magnetic
fields with reduced resolution, They are continuously sensitive
and may work at rates in excess of 105 pulses/wiru/second. Apart,
from their increased spalinl resolubion over MWPC! s, Lheir main
advantage is the reduclion in pumber of channels of electronics
required per unit chamber area. As an amplifier discriminator circuit
is required for each -ense wire the cost of large area MWPC's hecomes

prohibitive.
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The chambers discussed in this thesis were designed to operate
in the inhomogencous fringe field of the(g-ﬁ)stnrugv ring. Chamber
design and testing commenced in 1973 following initial publication
on drift chambers around 1970(3'4’5). The array was one of the
firat Lo be designed to operate in a magnctic field, especially as
regards the severe inliomogencity present over the active chamber
volume in the (g=2) experiment,

Complete discussion of drift chambers, and the (g-ﬂ) chambers
in particular, is covered in the following chapters of this thesis,

The remainder of this chapter deals with the (g-2) experiment and

explaing the reasons why a drift chamber array was required,

1.2 The (g-2) Experiments at CERN

(6)

The (g—2) experiment at CFRN to which this thesis refers
was the third in a series to mrasure the anomalous magnelic moment
of the muon to increased accuracy. Such a measurement is a critical
test of the present state of the theory of Quantum Electrodynamics
(QED). Dirac theory predicts that for a relativistic particle of
spin § interacting with an external field B, the magnetic moment

should be equal to one Holir magne ton:

}—; =-g/l"§’ (1.1)

where Mo = éﬁ/Zmoc L referring to the rest mass of the muon.
8 is the spin obtained from the three Pauli spin matrices,

The g~factor is equal to 2 for Dirac particles and hence tLhe

measured magnetic moment is the maximum expectation value of A,
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which is predicted to be}uo. Due to radiative corrections the
g values for the electron and muon have values slightly different

fram 2 and hence the anomuly "“a" is introduced:
No= -2(1+u)x&? (1.2)

Thus ca & (g=2)/2 (1.3)
giving the experiments their characteristic name "g-2",

As described in section 1.2,2 the spin vector of the muon
rotates faster than its momentum vector in the presence of a magnetic
field, The frequency of this precession offers a direct method of
calculating the anomaly,

The first experiment was performed on the CERN Synchro-Cyclotron

(7,8,9,10)

during the period 1958=61 observing muon decays at rest,

The final experimental value reduced the anomaly from 15% uncertainty

to 0,4% by observing neurly one willion stuvpped muons.

ﬁp(exP) - (116235 ) x 1078

whereasa at the time 7u(theory)_ 1166 x 10-6

The second experiment was performed on the CERN Proton-Synchrotron

during 1964-68(11'12’13)

using 4 storage ring of 5m central orbit
diameter and a field of 1,711T, The stored muons had a momentum

of 1,282 0,2 GeV/c giving a ¥ of about 12, Combining data for
positive and negative muons decaying in flight, the latter providing
the majority of the data, the experimental result was:

o (exp) =(116616=31) x 1078

/.l
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equivalent to an uncertainty of 270 parts per million (ppm) of which
215 were due Lo random errors, the majgority attributable to an
uncertainty in the mean radius of the mon sample, By that time
the theoreticul valuc had been computed to greater accuracy:

al(t""""’) = (1165897%8) x 1077

(exp) _, (theory) _ uryyy ) 1078

giving n}_l b

i.c, u posilive

difference of 0,9 standard deviations.

1.2.1 Motivation for the Third (gjg) Experiment

By 196Y the theoretical value of 3l had been lowered to
(116564:1)x 1078 making the experimental result of the second
experiment 1,7 standard devialtions higher than the best theoretical
limit.(ﬁb) Whilst the discrepancy could have been due to undiscovered
rystematic errors, it could also be attributed to the first sign of
a departure from QED theory or hitherto unknown couplings of Lhe mmon
which could explain its muss difference with the electron, llence a
more accurate (g—Z) experiment was required in order to remove or
confirm the deviation. The level of accuracy aimed for in the new
experiment was to be 10-20 ppm,

During the intervening period before the new experimenl became
operational it could be expected that the computled theoretical value
would be improved upon,

Many lessuns were learnt from the second experiment and the main
(14,15)

contributory factors Lo the errors ocwuld be removed or lessened.

In particular a greater knowledge of the mean radial position of the
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mion population, and hence the mean magnetic field seen by the
ensemble was necessary, To awccomplish this it was proposed to
replace the radial magnetic field focusing ol the second experiment
by an extremely well defined and homogeneous magnetic field and
electrostatic quadmpole focusing in the vertical direction, As
described in the section below a "magic” value could bhe ascribed to
the energy of Lhe stored muons which would allow the electric field
to have no effect on the precession of the mion spin vector. This
would apply exactly for the central momentum of the muon ensemble
with only small corrections necessary for muons descrihing other
radii, This energy corresponded to a ¥ of 29.3 and a momentum of
3,098 GeV/c with a homogeneous field of 1,475T. Such a method of
containment of the circunlating beam would also reduce instabilities
and hence fewer muons would be lost from the storage region.

Anoiher major disadvantage of the second experiment was the
method of injection, Protons from a fast ejection channel were
impinged upon a target next to the storage vessel producing pions
which subsequently decayed into mons. Of these a small proportion
had the correct momentum and angle Lo be stored, However u large
non-rotating and rotating background of protons, pions and electrons
existed at early times which confused the analysis, Nol only was
the analysis of the precession frequency masked hut, more importantly,
also the fast rotation analysis, This followed the rotation time
of the injected bunch of muons in order to determine their meun radius,
A 25% loss of muons, between the time when Lhe mion radius was
determined and the time interval when the precession frequency was

calculated, raised the possibilitly o f a change in the mean radius




of the ensemble which could not be resolved and provided a large
error, Also the large initial background paralysed the counters
at early times,

In the new experiment a momentum selected pion beam was to be
injected directly into the ring with a higher acceptance, This
method would be cleaner and store a greater number of muons with
better longitudinal polarization. llence data al early times would
be cleaner and the precession asymmetry would have a greater amplitude.
As the energy of the stored muons was greater the relativistic time
dilation also increased und hence the muons could be stored for
longer, As the number of (g=2) cycles per muon lifetime depended
upon the value of YB the analysris could be extended to longer times
and hence the accuracy of the experiment was increased. In all
the new experiment improved the data taking rate by a factor of
24 per unit time, per injected bunch over the second experiment.

Not only was the anomalous magnetic moment of positive and
negative mions capahle of being measured experimentally io greater
accuracy than ever before, but also the lifetime of the mions in
flight, Confirmationo f Einstein's Clock Paradux was another result
obtainahle from the data, A subsidiary experiment would determine
an upper limit to the muon electric dipole moment (EDM).

Therefore apart from a more accurate check on the state of the
art ‘of QED theory the new (g~2) experiment would provide excellent

tests of relativity theory.
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1.,2,2, Brief Theory of 15—2) of the Mion and Analysis of the

Experimental Data.

The anomalous magnetic moment of the mion may be represented
as the sum of three terms:

a = quD . ustrong . awenk (1.4)

A

Discussion of the theory behind the three values is beyond the
scope of this thesis but is reviewed extensively elsewhere.(lﬁ’17’
18,19,20)

‘The QED contribution is derived from Feynmann graphs, up to
the tenth order at present, All the sixth order graphs, of which
there are seventy-two, have been calculauted by several groups,
al though some still contain numerical cowmputer integration errors,
The eighth order contributions have only bheen roughly estimated.(zl)

The QED term is given by a power series in @, the fine structure

constant:
aQED - 02('%')-» (J4 (_%_)2 + CG('&')3 + (:8 (%)4 L (1.5)

where a =.137.03604(11) is taken as the most accurate value

(22)

The latest estimates of the coefficients pive

a0 _ o 5@)s 0.765780) + 22,05 + (1120 4 (20%00)B)> (16)

available,

(23),

. , . stron . ) ] .
The hadronic contribution, a g’ comes from vacuum pelarization

k . . . . .
and a"®*"" is derived from Weinberg's theory of weak interactions,
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The latest estimates give:

. (QED) = (11658518 * 24) x 10710

o (strong) = (667 % 94) x 10~10

+ 9

ﬁu(wenk) =(2=2)x 10"

y ielding
iu(theory) = (1165921 2 10) x 10_9

An observable consequence of the muon's anomalous magnetic
moment is that, when in a magnetic field, its spin vector rotates
faster than its momentum vector, The angular frequency of this
precession is given by:

W =- e aB (1.7)

a
mc
which allows a direct method of measuring the anoualy,

However, as already explained, a homogeneous magnetic field
with vertical electric focusing was employed, so the precession
frequency was shifted due to the electric field, Assuming that
the muon moved transversely to I;und i?in the lab and that the muon

(8)

had no electric dipole moment
was(24):

y the corrected precession frequency

Ba =—_e_[nﬁ 1 —a) px E] (1.8)

2
Y T-1

It can be seen that by choosing ¥ = (1 +'&)% the E dependence
vanished and the spin effective field once more hecame identically
equal to B, For the muon a—l = 858 which led to the "magic" value
for Y of 29,3 corresponding to a momentum for the mions of 3,094 GeV/c.
The cancellation of the field applied only to muons with the central
momentum, small corrections having to be made for those with slightly

different orbits,
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Selecting decay electrons with energies greater than 1,75 GeV
in the lab ensured that they had decayed in the forward direction
in the mon rest frume, As the electrons were emitted preferentially
along the spin vector, and the muon sample was initially
longitudiﬁally polarized, it was possible to follow the polarization
with time by recording decay electrons emerging on the inside of the
ring, the count rate being modulated by the precession frequency
given in equation (1.7). Figure 1.3 shows the final data from the
(g-2) experiment, taken from reference 25, for electron decay energies
above 1,75 GeV with the precession frequency detectable over

120 (g~2) cycles. The data were fitted by the maximum likelihood

method to the function (25)
N(t) = N, L(t) exp (=t/y) {l—A cos(hht + ﬂ)} + B] (1.9)

describing an exponential decay with the muon time~dilated lifetime
T= Y'to. asymmetry A and phase § of the modulation, and constant

background B, which was very small, The function

L(t) =1 + A, exp (—t/tL) (1.10)

was included to make allowance for muon losses at early times and
gain changes in the electronic counters, All eipght parameyers
No,t ’ A,u:a, ﬂ, B, AL and tL were allowed to vary, optimization
being derived using the program MINUIT(EG).

Great care was taken Lo ensure that no faulty data affected
the overall results. Having checked the fitting procedure using
Monte Carlo methods the data was split into four energy bands and

fitted independently, Further subgroups according to beam

characteristics, counter position and the starting Lime of the fit
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were studied to ensure that no systematic effects were present
beyond the normal statistical fluctuations.

It could be shown(lq) that the error in(ﬂa was roughly
proportional to (tAJﬁ)-l. For the ringT, the time-dilated life-
time, was fixed, By raising the energy threshold of the detected
decay electrons the asymmetry, A, was raised but N, the number of
recorded mion decays, fell, An optimum threshold of 1,75 GeV
maximized the value of AJN.

To derive the value of %ﬂ from w, required a knowledge of the
value (e/ﬁucyﬁ as shown in equation (1.7), E-heing the mean field
seen by the muon ensemble, This could be calculated by measuring
the (g-2) homogeneous magnetic field in terms of the proton magnetic
resonance frequency Eﬂf By making the necessary corrections for
the bulk diamagnetic effect of the cylindrical water sample of the
NMR probe used, and the diamagnetic sereening of the orbital electrons
of a water molecule, the mias3red frequency comld be corrected to

27

that for free protons,® . .

From the Larmor frequency'w] of the muon at rest

U)L - geB = (1+a) eB (1.11)
Imc mc
- -1 —1)

hence eB=(1+w) W w : (1.12)
me —4 !

P

" The value of A =u&ﬂmﬁ was known very accurately from an

(28)

independent experiment, llence combining equations (1.7) wnd

(1.12) gave:
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[+
Y (Lee)l (1.13)
w a A
a
Leading to- as= 1 (1,14) where R, = o
p
Wa

Hence the whole (g-2) experimental analysis revolved around
the measurement of the ratio Bf. By using a master crystal
osciilator for the measurement of the times of the electron decays
and for the measurewment and stabilization of the magnetic field,
using nuclear magnetic resonance probes and magnetometers asa
described in the next section, any drift in the clock was nullified

by use of the ratio of the two derived quantities,

1,2,3 The Experimental Layout

Figure 1.4 shows a general view of the (g~2) storage ring
and figure 1.5 gives a detailed plan of the various parts of the
ring and detection system,

One to four fast ejected bunches of protons were incident upon
a Cu target producing pions which were momentum selected at
3.1 GoV/c bt 0.76%, About 100 pions were produced per 1011 protons
incident upon the target, the negative polarity being slightly leass
intense but without a high proton contamination. An electrostatic
pick~up in the proton beam gave the zero time reference for all
(g-2) timing.

The pions were inflected into the storage region using an

inrleetor,(zg) in the form of a coaxial line, as shown in figure 1,6,
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which was pulsed to cancel the local field of 1.475T, The
trajectories of the pions were straightened, allowing them to

travel about two-thirds of the way round the ring before being

lost from the storage volume, At such momenta the pion lifetime
is about 580ns; so as it took only 100 ns to move this far, about
one tenth of the pions decayed into muons within the storage volume,
0f these only two in a thousand had momenta and angles within the
acceptance values of the ring. The decay modes for the two

polarities were:

+ +
n -’p' "U)l (1015)

e -r‘T)')l (1.16)

By having pion momenta slightly above that of the central
acceptance momenta of the stored muons the neutrinos were used
to kick the muons into closed orbits, Accepting muons within about
1% of their maximum lab energy only, ensured that they were formed
from forward pion decay and hence an initial longitudinal polarization
of nearly 97% was possible, About two hundred muons were stored for
each incident proton bunch and they initially occupied a distance of
approximately 3m aziwuthally,

The (g-2) storage ring was in the form of a regular polygon of
40 C-ahaped bending magnets, the open side facing the ring centre.(so)
The field of }.475T was homogeneous over the storage voluwme which
had a central radius of 7m about the ring cemtre and a useful cross-
section of 8 cm in the vertical direction and 12 em radially. The
storage tank also contained the electrodes for the pulsed electrostatic

(31)

focusing field." It was built in ten sections, each spanning 36°

in azimath, but of these only eight contained electrodes, A field
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free region existed over the inflector section of the ring with
another such region on the opposite side, where the drift chamber
array was located, to prevent closed orbit distortion. For the
drift chamber section the normal 3 mm aluminium alloy inner wall
was replaced by 0.8 mm titanium to reduce scattering and showering
of the decay electrona, The tank was maintained at a vacuum in
excess of 10-7 torr to prevent muon losses due to collisions with
the residual gas molecules and to prevent breakdown on the application
of the focusing field, potentiala of typically 40 kV being applied
throughout the storage period. Vacuum tank sections removed from
the ring are shown in figure 1,7 with the thin-walled section
nearest the floor.

The magnets were shiumed to provide such an accurate
homogeneous field and each block was continuously monitored and
stabilized at one point using a nuclear magnetic resonance (NMR)
probe and two compensating coils wound around the yoke.(32) An
accurate knowledge of the stability of the field was essential so
37 of the blocks had "plunging" probes attached to the vacuum tank,
The NMR probes, multiplexed to eight automatic magnetometers, could
be driven into the storage tank radially on the median plane, under
computer control, and within ten minutes could measure over 400 points.
Such measurements were performed at least twice a day during physics
™na, Between runs the vacuum tank was removed and a mapping
machine, shown in figure 1.8, employing 8 NMR probes attached to
the same mugnetometers, measured the field at over 250,000 mesh
points, a complete scan taking 10 hours., By using a cycling method

when switching on the magnets the field could be restored reproducibly
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within the errors of the weasuring system, Careful calibration
of the NMR probes and corrections for the presence of the vacuum
tank, inflector and probes during normal running conditions allowed
the plunging probe measurements to be related directly to the
overall field map. With strict monitoring of the stability of the
2 MW magnet power supply, cooling water temperature and ambient
(g-2) experimental hall temperature, the average magnetic field
experienced by the muon ensemble could be eatimated to better than
3 ppm with an accurate knowledge of short-term and long-term
stability,

The muons circulated the storage region with a rotation period
of 147 ns, The precesaion period, given by 2“7hk' was 4.3 ps.
By following the initial bunch, up to 40 pus into the detection
period, fast rotation analysis yielded a mean radius of the muon
. ensemble accurate to ~ 1 mm. The decay modes for the muons in

flight were:

TR -a'u’l U (1.17)
B —»e -r'u}l + T, (1.18)

By only accepting decay electrons above a certain emergy in
the lab ensured that they decayed in the forward direction in the

(20)

muon reat frame, As the electrons generally have lower momentum
than the muon, they decay on the inside of the ring. Of the two
hundred stored muons only about thirty produced electrons above the
energy threshold, These were detected using twenty emergy measuring

shower detectors, in the form of lead plastic scintillator aandwiches(

shown in figure 1.9, distributed around the ring. For each decay

29)
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electron the time of decay, pulse height (in five bins) and counter

(33,34)

number were recorded using a Digitron system interfaced

with a PDP11/20 computer through CAMAC. Each shower counter pulse
was fanned-out six ways to yield a timing channel and five energy
levels, The timing channel was input to a Time Quantizer, to place
the times in the nearest 1V ns time-bin, hefore input to ome of
five Digitrons covering the twenty detectors and a sixth handling
all counters to study the queueing losses at high rates.(zb) The
arrival times of the decay electrons were measuredcrelative to the
proton pick-up pulse with a resolution better than 10 ns over the
650 ns deteciion period. The Digitron Controller used the same
100 MHz master clock as employed by the NMR magnetometers, The
entire system was rigourously checked on-line and off-line for
timing errors and queueing loaaes.(as'aa)
A seventh Digitron handled pulses from the five muon electrie
dipole moment (EDM) counters.(37) These were twin thin scintillatoyr
counters designed to cover an active area similar to the shower
counters as shown in figure 1.9. The two arms were mounted
vertically above each other to cover the upper and lower areas of
the magnet pole gap, thus being referred to as "up" and "down"
counters, They were used to search for a vertical component to
the precession frequency which would be caused if an EDM existed,
Thus the two scintillators labelled the decay electron as being
above or below the median plane, This did not correspond to an
upward - or downward - going electron as not all of the muons
decayed from the median plane, Corrections were mude using a

Monte Carlo simulation. The twin scintillators, of equal

efficiency, were adjusted vertically to give equal numbers of counts

in the "up" and "down" counters. This ensured that the split
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between them corresponded to the centre of the stored muon
population, which was not necessarily half way between the pole
pleces due to a small radiasl component of the magnetic field
displacing the median plane.

The shower counters suffered gain changes throughout the
detection period due to the high flux of particles at injection
saturating the photomultipliers.(sa) The effect was minimized
by blanking the dynode chains for the first few microseconds of the
cycle. The gain function was measured using a system of light-
emitting diodes (LED's), attached to the shower counters. A
fixed pattern of pulses were applied to the counters, using the
LED's, along with normal beam injection. Analysis of the
responses throughout the detection period showed that the counters
closest to the inflector had the steepest gain curves and they
were thus removed from the overall (g-2) anulyais.(ag)

A detailed study was mide of the mmon losses and proton
contamination of the T injection, the beam being unseparated,
With the negative polarity the anti-proton background was
negligeable, The muon detector consisted of four scintillator
counters, each preceded by two-radiation-length lead absorbers,

The mions could be discriminated from electrons on the basis of
pulse height and a small five—gap optical spark chamber which
confirmed their straight trajectories.(ag)

A method of electric scraping was devised, using the

electrostatic quadrupoles, to remove the muons in orbits closest

to the storage region extremities at early tiwmes, By moving the



ensemble downwards and gideways, with the vertical and horizontal
fields, the muons with the largest betatron oscillations in the
horigontal plane could be removed by inserting aperture astops,
The scraping voltages were applied for the first few microseconds
and then the muon ensemble was allowed to return adiabatically to
the centre of the storage region, with those mons most likely to
be lost removed.

Emplbying the above experimental wethods, along with
exhaustive calibrations and checks for systematic errors, the
errors in the analysis could be limited to purely statistical
fluctuations, Other small order corrections due to betatron
(40) (

oscillations

and pitch corrections 41) had to be included

in the overall resultis,

1.3 The Need for a Drift Chamber Array

As described in the preceding sections, an important
parameter that bad to be determined accurately for the (g-2)
analysis was the mean magnetic field experienced by the muon
engemble during the storage period, Thus not only did the magnetic
field have to be knowm precisely over the entire storage volume but
also the distribution of the muon radii. Using fast rotation
analysis, described in the following section, the mean radius of
the wuon sample could be determined to 21 m using data taken
during the first 40 ns of the (g-2) storage period. An independent

check of this value could be achieved by using an array of drift
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chambers to track the decay electrons back into the storage region
to their positions of birth, It was hoped that the drift chamber
array would yield results for the muon distribution to a greater
accuracy than that obtainable from fast rotation analysis., Also
the drift chamber array would be able to detect decay electrons
throughout the entire 650,15 detection period and thus be able to
determine if there was any shift in the distribution with time -
un effect which the fast rotation analysis would be unable to
detect.

From momentum analysis of the decay electrons an independent
calibration of the energy resolution of the shower counters would
be possible.

Knowing the arrival times of the decay electrons would enable
a time distribution to be constructed, which would show the
structure of the (g-2) precession frequency, and thus confirm that
the (g-2) data was due to decay electrons only and did not have a
contribution from lost wuons,

Additional use of three MWPC's,(42) which are not described
in detail in this thesis, within the array of eight drift chambers
would yield vertical co~urdinate information, This would confirm
whether the decay electrons were travelling horizontully and if
they bad decuyed from the wedian plane of the storage region,

Figure 1,10 shows the location of the drift chamber array in
the thin-walled field-free vacuum tunk section immediately across
the ring from the inflector and upstream of the UM counter and

shower counter C10, Positioning the drift chamber array in this
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section of the ring prevented distortion of the decay electron
tracks by the pulsed electrostatic focusing field and also reduced
showering of the decay electrouns on their passage through the
vacuum tank wall,

Drift chambers were used in preference to MWPC's or spark
chambers due to their inherently better spatial resolution and low
cost of construction and aasociated electronics. Initial work on
the use of drift chumbers in homogeneous magnetic fields in the
region of 1.5T(43) suggested that a spatial resolution of 200/pm was
attainable with correct field compensation, as described in Chapter 2.
It was expected that the inhomugeneous (g-2) fringe field would
slightly worsen this value. However, using MWPC's with a sense
wire spacing of 2 mm would yield a resolution of 1 mm and spark
chambers could be expected to have resolutions of the sawme order.(z)
eapecially considering that the chambers were required to be as
narrov as possible in order to detect several points on a track over
a short distance in azimuth. However spark chambers are not
continuously sensitive and would have to be triggered using shower
counter C10,

Initial simulations of track reconstructions(44) using arrays
of various geometries and an approximation to a homogeneous fringe
field, extending 20 cm radially inwards from the centre of the
storage volume, indicated the errors for various resolutions,.

Using MWPC's with 2 mm wire spacing, and a resolution of 1 ummm,
and assuming four points on the track over 60 cm in azimth,

indicated that the error in the determination of the muon radius

would range from 3 mm at 750 MeV/c momentum through 10 mm at
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1500 MeV/c to 48 um at 2500 MeV/c. By halving the wire spacing to
1 mm, and increasing the resolution to 0,5 mm, the corresponding
errors in fhe muon radii were halved, Thus, assuming a maximum
resolution of 200‘pu for the drift chambers, the errors could be
reduced to 0,8 um, 2,5 mm and 12 mm respectively by extrapolation
of the tremd in improvement of determipation, Addition of further
points to the trajectory would reduce the error further, However
for lower momentum decay electrons the acceptance of the array,

due to geometrical comsiderations of its length in azimuth and the
chambers only extending 14 cw inwards from the vacuum tank wall,
would prevent more than five points being detected.

Thus drift chambers were the obvious choice of detector to
obtain such an accuracy despite the increased difficulties
associated with operating themin inhomogeneous magnetic fields.
The exact geometrical layout of the drift chamber array and the

relevant design considerations are discuesed in Chapter 3.

1.3.1, Fast Rotation Analysis

The injected bunch of mions was initially spread over about
3 o in azimuth or 10 ne in time as opposed to the revolution time
around the ring of 147 ne., lence at early tiwmes the counting rate
was modulated at the rotation frequency of the bunch, However as
the mions were spread across phase-space there was a distribution
in radii and the mions on the inside of the ring_took a shorter time
to revolve than those on the outside, as shown in figure 1,11, The

smuons on the outside of the ring had to travel an extra distance of
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2nr per turn, neglecting betatron oscillations, and therefore the
bunch widened and eventually overlapped itself, A least aquares
fit to the time intervals between peuks, Tl_3 in Figure 1,11,
enabled the mean of the womentum distribution to be culculated, and
a study of the broadening of the bunch structure, W1_4, allowed a
calculation of the radial distribution of the bunch.(la)

Comparison wus made with a Monte Cuarlo orbit tracking program
to obtain the correction for the previously asaumed ideal phase-
space distribution. In fact analysis of data up to 40’ps into the
(g-2) detection period revealed a distribution due to uniform fillinmg
of the available phase space shifted radially outwards by 2 mm and
narroved by about two percent by the closed urbit distortion in the

(45)

clectrode~free sections. A section of the data is shown in

figure 1,12,

1.4 Results from the (g=2) Experiment

The final results from the latest (g-2) experiment represent
the analysis of 140 million omon decays. The time distribution of
the decay electrons has heen displayed in figure 1.3.

The final results for the mon anomalies, after taking account

of all correction terms,(zb) are:
-9
a , = 1166910(12) x 10 (10 ppm)
ju
a _ - 1166936(12) x 10™° (10 ppm)
}l
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giving an overall weighted mean of

a, = 1165022(9) x 107 (8 ppm)
Compared with the latest theoretical value of
ap(the‘""') = 1165921(10) x 107° (9 ppm)

Hence the agreement with QED theory is remarkable and the muon
appears to behave as predicted with no indication of a coupling to
an unknown force. llence the wass difference between the muon and
electron of ﬁn / @, = 206.84 remains as one of the mysteries of
nature,

The difference between the g~factors for positive and negative

mions yields:

(6 _-¢,) , 2
F_ »+ / & = 0,026 = 0,017 ppm

which represents the most accurate check of the CPT theorem applied
to muons.

Calculations of the relativisitic lifetimes,T, of the positive
and negative muons(ag) using the fitting equation (1.9) for a Y of
29,327(4) and the corresponding lifetime at rest, T » given by

T = Ytoare:
1" = 64,410(58) ps 1;; - 2,1966(20) ps
1~ = 64,368(29) ps r; = 2,1948(10) ps
giving a weighted average of

(1]
T, _ =64378(26) ps ¢ °,

poep pooep

_ = 2,1962(9) ps
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+ (46)

The most accurate value for T to date is 2,19711(8) ps.
Bence the fractional difference between the (g=2) value derived
from 't; -'t’ /7-and the most accurate value is 2 x 10—3, at the
95% confidence level, and represents the most accurate test of
relativistic time dilation to date,

For negative muons the moat accurate value of t; wvas (47)
2.198(2) ps so the (g=2) value, assuming the correctness of special
relativity, is the most precise value to date.

Comparing this value with the high-precision value of t:, the

fractional difference gives:
- + +
(ro -t,) /ro - 0,00105(46)

or at the 95% confidence level the difference is in the range
-0,002 to -0,00013, This limit, which should vanish by CPT
invariance of the weak interaction, is comparable to the best
direct meaaurement(“) of t; /1 :.

The muon revolving around the (g-2) ring has a transverse
acceleration of about 10183 and may be considered as the moving

clock in the so called "twin or clock paradox",(48'49) the
stationary clock being the muon decaying at rest, The 0.1%

precision in the time dilation factor at a transverse acceleration
of 1018g is the moat accurate test to date.

It has been suggested that special relativity breaks down at
small distances and Redei has calculated a correction for the ouon

lifetime in flight(au):
T=YT, [1 + (2.5x1024Y2 ha) ] (1.19).

where b is in centimetres. From the (g-2) value of 1% the limit

on b at the 98% confidence level is
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b<9.6 x 1010 cn

(49)

which puts an upper limit on the granularity of space-time,

(37)

The independent EDM experiment sought to measure the mon's
electric dipole moment, The existence of such a moment would alter

the precession frequency of the mion so that equation (1,8) becomes:

(—,,;--T:; {a—l—i,+(-y—21:-—1— ) FXE"’%(E"’E’" -1.3.)} (1.20)

where the dipole moment is defined in analogy with the magnetic moment

as:
D = (f/2)(eh/2mc) (1.,21)

As the electric field was small compared to the magnetic field,

and the "magic" value of ¥ wus used, the precession frequency became:

—_

'(D'-wu ’Uedm - - & (aB + g px 1) (1.22)

This would cause the plane of the sapin precession to tilt and
the (g=2) preceasion frequency would appear to increase. The EDM
contribution would introduce a vertical component which would
congtitute the directly observable effect seen by atudying the
number of decay electrons travelling upwards and downwards from the
mion decay. Hesults calculated from 11,4 million decay electrons

yielded the values:

D, = (8.6 2 4.5) x 10"1_9 e.cm

n
D = (0,8

P

Assuwming the CPT theorem for muons the combined value was:

4,3) x 10719 e.cm

I+

%u = (3.7 2 3.4) x 10“19 e.cm

One standard deviation errors being quoted.
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At 95% counfidence lgu' < 1,06 x 10718 o ca whieh represents
a factor of 27 improvement over the previous best direct measurement
realised in the first (g-2) experiment at CERN(a).

By assigning to the EDM contribuntion the entire deviation of
the experimental value of w_ from theory, in the latest (g-2)
experiment, would yield an upper liwit of h;J < 0,74 x 10-18 e.cm
at 95% confidence which is comparablc to the above result.

Hence apart from measuring the anomalous magnetic moment of
the muon to the highest accuracy to date, and thus confirming QED
theory related to the mion, the latest (g-~2) experiment haus provided
stringent tests of special relativity and the CPT theorem relating

to muons, plus a new upper limit to the EDM of mons.
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CHAPTER 2

THE DR1FT CHAMBER PRINCLPLE

2.1 Introduction

This chapter describes the various constructional philosophies
of drift chambers in use today and the laclors determining the
accuracy of their operativng The processes occurring within Lhe
gaseous volume ure outlined and a comparison of the coumonly used
gas mixtures is made, Factors governing the pusitional wccurucy
and efficiency of the chumbers are discussed, The use of drift
chambers in a magnetic field, as in the case of the (g-2) chambers,
ig covered with regard to operaling technigues and expected
results, Methods of combating the inherent lcfl./right ambignity
ure described, Finally a brief review is made of present and
future uges of drift chumbers as well as hybrid derivalions

designed for specific tasks,

2,2 Drift Chamber Design

The positional information is devived from a knowledge of Lhe
drift time and the drift velocity, The drift time is defined as
the delay between the time of traversal of the particle, normal ly
provided by a scintillator, and the manifestation of a pulse on
the sense wire, The drift velocitly is primarily dependent npon

the gas mix ture and the electric field applied Lo the gaseous

volume,
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Three basic design philugophies have heen ugsed in drift
chamber construction since their inception, The main difference
hetween them lies in the homogeneity of the electric field
produced over the chawber and hence determines Lhe cliaracteristic
apatial resolution and space=time relativnship across the
detection region, The waximum length of the dritt space depends
upon the type of construction,

The first type, reported by Walenta et ul,(l) in 1971 and
developed by the Heidelberyg group, was a direct extension [rom
the MWIC with the sense wire spacing increased Lo 1 em, Ay
shown in figure 2.1, field wires were placed alternately betiween
the scnge wires to maintain a high etectric field seross the cell,
Typical chamber parameters arve also displayed, The ficld wires
were either maintained at the ciathode volLage or at u negative

)

potential with respect to .it..k However tLhe field was still

inhomugeneous, as shown, causing nun=lineariiy of the space-time
relationship due Lo varving dritt velucities acroas the cell aund
the paths taken by the electron swarmg following the field lines,

One sulution was to use nop=lincar clocks to detemine the drvift

diisi.ance.(d'q) By careful choice of the cathode spacing, applied

field and gas wmixture Lhis method alforded an attractive wode of

.
congtruction for large area (:humlu-rs.( ) By eirther using sivips

. : . . R . 6,7
of almost the inter=cathode gap width instead of field wlr(-.-g,( »7)

b .
or large diameter sense wires( ) (I(lenn instead of :_'(_))nn), the

electric field conld be made more homogeneons throuphout the
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chamber volume, Spatial resolutions of up Lo 0.2 ma hiave been

: . R (v)
achieved and such chambers alsu operated in magnetic riclds
without the need for field compensation due to the cylindrical
nature of the clectric field, However the cathode spacing mst
he comparable to the half-cell length, i.e. sense wire Lo field

-
wire distance, so only short drift lengths may be used il close
chamber packing is regquired,
. . (10)
The second type ol chamber was developed at Saclay,

(11)

after initial work at CLIIN y and had the advantage of a

completely homugenenns drift tield ay shown in ligure 2,2

Drift lengths of up to 1 m proved feasible but involved the use
of extremely high potentialsg, The electron swars drifted in a
unigque direction towards a single sense wire, As the diffuasion
of the swarm is proportional to the drift distance, as shown
later in this chapter, the resolution varied frem 0,6 mm for a
10 cm drift length to 1,6 mm over 50 c¢cm, For many applications
such resolutions sutfice anml the melhod is cheap due to the low
number of chunnels of electronics used per unit area,

The third mude of constructron was developed at CERN by
Charpak et ul.(lz) and is often called the adjustable field drift
chamber (AFDC). The (g=2) chambers are of this tvpe, Figure 2,3
shows  the application of the graduated ficld and typical
egquipotentials in a halr—cell, Al though more difficult to
construct, this type of chamber offers a wmeh higher intrinsic
spatial resolution, 60-100 pmw being attainable in the absence of a

(13,14,15)

magnetic field, The cathode wires are mounted parallel
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to the sense wires and the graduated putenlials produced using a
voltage divider network, the maximim potential being applied to
the field wircys and the two neighbouring cathode wirces, Either
one supply may be used, as in the (g-2) drift chamber case, with
the sense wires grounded and all cathode wires at negative

Y
potentials, or two supplies may be used to provide the drift
field and a posilive potential on the sense wire independently.
The two supply system offers greater flexibility when studying
chamber parameters such as the drift field and the acceleratiun
field around the sense wire,

Chamber design 13 very dependent upon the specific application
and type. The frumes of chambers with wire cathode planes have to
be strong as the wires are monnted under tension (o prevenl sagging
and electrostatic repulsion, The frame also has to be light (o
enable easy manoveuvrability and, in some applications, to present
the least density of absorber possible to the incident particles,
Commonly used muterials which fulflil these requirements ure perspex
and G10 -~ glass=fibre  ecpoxy-resin, The chamber volume is mude
gas=tight using thin windows of melinex, In applications where
the absorbtion length is not critical the cathode planes may be
etched on printed circuit hoaurds, which al yo serve as the chamber
windows. .This option is especially attractive for large chambers
as rigid frames are no lunger reguired, In all chamwbers the sense
wires have (v be of small diaweter, typically 20 ym, and are

acenrately attached to connection boards on the chamber f(ruame,

As their positions have to be knownprecisely complex surveying
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techniques are required in large arrays and overall chamber rigidity
is important, Due Lo the attainable spatial resolulions of Lhe
chambers the overall mechanical tolerances of all components must
be high., This applies not only tv the positionul accurucy of the
3ense wires but also to the inter—cathode gap which determines the
electric field around the sense wire, The chamber frame must also
support all electrical connections and provide means of flushing
the chamber gaus continuously,

A wore detailed discussion of chumber design is given in
Chapter 3 where the construction of the (g=2) chumbers is

explained,

2.3 Electron Processes in Drift Chambers

Having discussed the general design features of drift chambers
and the methods of producing the electric fields it is pertinent at
this stage to describe the electron processes occurring within the
gascous volume, Various processes occur from the time a particle
traverses the chamber,leaving a trail of primary ionization,to Llie
stage when the resultant electron swarms have drif ted towards the
sense wire, entered tLhe uvalanche region and forméd u pulse on the
wire, A diagrammatic representation of the processes is given in

figure 2.4,
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2,3.1 Primary lonization

The particle traversing the chamber liberates primary ion pairs
along its path predominantly by inelastic Coulomb collisions, At
the elec£ron energies concerned in the (g-2) experiment, 1 -~ 3 GeV,
the energy loss is on the flat part of the dli/dx curve and is thus
constant., For the Ar 90%/0]!4 10% mixture used in the (g=2) chambers
a relativistic electron typically deposits 2 keV per cm.(lﬁ) The
primary electrons have typical encrgies of 70 eV, which is clouse to
the maximum ionization cross—section of the gas, and a mean free path
for ionizing collisions of about 1 um, llence the range of the
clectrons will be only a lfew microns as they quickly lose energy
through elastic and excitation collisionys as well as liberating two
or three secondary electrons by further ionization before heing
stopped, Thus about YU ion pairs/cm are formed in the gas. The
distribution of the total enmergy of the primary electrons is of the
Landau form which has a long tail at high energies., 'This is due Lo
the formation of 8§~ electruns at short distances with high energy
transfer., However even for §-rays of 6 keV energy their range is
less than 150 um, By limiting the width of the chauwber the
probability of §-ray formalion is lessened and the initial track
width is small, Unce resolutions of hetter than 50 pm are altempted,
however, tlie range of the primary electrons becomes an important
factor and may, indeed, he the decigive limiting factor of attainable

drift chamber resolution,




—40-

2.3.2, The Drift Yrocess and Diffusion

The processes governing Lhe drifting of the free electrons
towards the sense wire are dependent upon the electric field and
the gus-mixture. This section deals only with electruns drifting
in an electric field, the contributions associated with the
additional presence of a magnetic field are dealt with in section
2.4,

If no electric field is present the free electrons quickly
assume a characteristic thermal energy by elastic collisions
with the gas molecules, This is given by the Maxwell formula
3/2 kT corresponding to about 0,03 eV at room temperature and a
velocity of 107 cm/s. 1f an electric field is applied the
electrons maintain a random velocity, v, ut also exhibit a
small drift velocity, w, along the field direction, This is
typicully in the range 105 to 107 cm/s, The random velocity
introduces a diffusion term which describes the uncertainty in
position of a single electron vr Lhe deviaution from the centroid
of a swarm of electrons, Exhaustive studies have bcen made in
the past regurding drift velocities in guses(17) but these mainly
dealt with pure gases and not the mixtures norwally associated with
wire chambher operation, Hecent studies by Palladino and

Sadoulet(lﬁ'la)

have extended the classicul theories of electrons
in gases to such mixtures and also considered the effecls of
operating in a magnetic field,

The free electron is contimonsly aceelevated by the electric
11

field, K, and reaches a stable drift velocity in about 10 .,

The mean drift velocity in the direction of the sense wire plane
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may be defined as:

we<v > ',[/f"x F(F, Vv, L) d¥ (2.1)

where F (T, V, t) is the velocity distribution of the electrons
at the point T at time t, In the presence of external fields P
does not necessarily refer to a Muxwellian distribution,

The mobility is defined as: '

n =W / E (2.2)

which is dependent upon the pressure and temperature,
parameters which are normally constant for drift chambers,
Unfortunately, howevcr,lx is also a function of K, as is w, so the
concept of mobility must be nsed with caution.

A swarm of electrons woving in a field 0 with drift velocity w
travel a distance x = wl in o Lime L with an associated longitadinal
and lateral deviation due to diltusion, The diffusion coefficient,
D, may be defined as the ratio between the net number of particles
flowing through unit area per second, J, and the density gradient
of the diffusing particles, VN vto give Fick's Law of Diffusion:

J==DVN (2.3)

Alternatively, Townsund(]7) expressed it in terms of the mean
of the collision distance and velocity:

D=<lv>/3 (2.4)

(16

It may be shown ) that the rms of the dispersion of the

elecirons in one dimension is given by:

c - by = /2_1_»_‘ - ﬁekf (2.5)
W /Mi el

where €, = eUAJ (2.6)
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is known as the characteristic energy which is related to the
electron temperature, Te' and may be determined e¢xperimentally,
Becunse of the ratio of the clectron and molecular magses kinelic
energy is not normally lost in elustic collisions due o momentum
conservation, Tihus in electric frields electrons have temperatures

higher than the gas temperature given, in the nsunal notation, by:
3 0 m 1 2 [}
/g klp = mp v (2.7)
A rigourous mathematical approach given by Palladino and
: (16) : _— . oo
Sadoulet derived a formula for the drift velocity from the
equatiomof motion, They used the thermal velocity, v, and the
meuan free path for electron collisions with gas wmolecules, 1,
Assuming that the differential cross—seclion for electron-melecule

scattering was isolropic and allowing fur non—=constant collision

frequencies with rise in energy yielded:

w = Jels <i> + el M> 2.8)
dm v 3m dv .

Assuming constanl collision tfrequencies this expression

naively becouwes:

w = 1 <_l_> (2.9)

where tLhe averaginpg is over the energy distribution of the
electrons, Introducing a constant, €, for the tvpe of distribution
used gives:

w=(elll (2.10)

v

Combining equations (2.2), @.4), (2.7) and (2.9) leads to the
relationship

D /,1 = KT / e (2.11)
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which, by comparing with equation (2.6), shows the relationship
between characteristic energy and electron temperature,

The Maxwellian distribution assumes that only elastic
collisions occur and that the cross—section is proportional to
v_I. A better approximation is Found to he the Druyvestian
distribution which also assumes elastic coltlisions hut a crogss—
section independent of v,

Attempls to theoreticully simulate the relationships bhetween
drift velocity and diffusion with increasing eleciric field are
complicated by the dependence of the characteristic energy with
field, through w and D, as shown in figure 2,5 taken from reference
16 fur Lheoretical amd experimental results, Also experimental
crosg=section data for common drift chamber gas mixtures are either
sparse or non-existent so approximations have to be made, Figire
2.6 shows the dependence of the cross—-section for momentum transfer
with electron energy, € = § mpvz, for argun taken from reference 16.
The fractional energy loss per collision and mean free path are
dependent upon the electron energy through power law relationships.
For a constant cross—section the drift velocity increuses with tield

as shown in equation 2,10, As seen in figure 2,6, towards the

Ramsaner dip at 0.3 eV the cruss—section falls and €, and w rise

Kk
rapidly. For higher energics the cross-=section rises and €, and
w are almost constant, This continues until the tail of the energy
distribution passes the excitation potential) of 11,5 eV, At this

stage the energy loss increuses and w rises sharply and €, levels

off.
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The additionof swall amounts of orgunic gases purtiully fille
the Hamsauer dip and also introduces vibrational and rotational
energies which are important fuctors., The drift velocity levels
off at lower energies, the organic gas effectively cooling the
electrons, and produces the observed relationship between drift
velocity and field. The addition of available vibrational and .
rotational energies explains the saturation of the drift velocity
at high fields. The relative behaviour of noble gas mixtures
containing various concentrations of added organic gas may be
explained in terms of the degree of filling of the Ramsauer dip.

Palladino and Sadoulet have developed the theories of other

), 18
workers to produce numerical methods.(lb'l )

using Bultzmann

transport\equations and theoreticul or experimental cross-sections,
to derive models for the variation of drift velocity and diffusion
with field. Their results for some common drift chamber gases are

shown in figures 2,7 and 2,8, the values for argon agreeing well

with experiment over five orders of magnitude of field,

2,3.,3 The Avalanche Region

Having drifted from their primary and secondary ionization
positions, the electrons experience very high lields at a distance
of a few wire diameters from the sense wire, They attain high
enough energies to cause further ionization and excitation of the
gas molecules and successive ionizations form an avalanche, The

electron multiplication may be described in terms of Townsend s
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first coefficient, @, which defines the fractional increase in the
number of electrons during a 1 cm movement in the direction of

constant field L:

97':=adx (2.12)

The field arovund a sense wire is roughly cylindrical as far
as the nearest cathode wire but is not constant, due Lo the ‘/r
effect, and may be approximated to that in a proportional counter.

For a sense wire radius ry» sense wire to cathode spacing r, and

(19),

cathode potential V, the field at distunce x is given by
E(x) =V / x 1n (r2 / rl). {2.13)
Al though Townsend's cvefficient is valid for constant E,

Palladino and Sadoulet have demonstrated(lb) that it is still

valid in an inhomugeneous field although equilibrium of the

avalanche may not be achieved. The gain in the number of electrons
in moving from X, to X, may be given as:
X
[" e o
N1 - N0 exp[ ) a (x) dx (2.14)
0
. . . . (19)
where @ is varying with E and thus x, It may be shown

that the amplification is typically of the order 106 and that the
majority of the multiplication occurs within 100 pm of the sense
wire,
The resul tant pulse, seen acrogs a resistor to earth, has a
fast risetime of a few nanosccounds due to the electrons incident
upon the wire, The majority of the pulse, which may last many micro-
seconds, is due to the slower movement of the positive ions formed
in the avalanche, These migrate down the entire.potential towards

the qathode wires,



The avalanche forms such a high density of positive ions around
the sense wire that a space charge exists, over a length of a few

(20)

hundred microns, which lowers the effective field around the
wire. A dead—space is produced on the sense wire at this point

for several microseconds and limits the performance of drift chambers

at high rates.

2.4 Operation of Drift Chambers in a Magnetic Field

It is often desirahle to operate drift chambers in a magnetic
field, as in spectrometers, Unfortunately the field direction is
usually parallel to the sense wires and the Lorentz force tends to
sweep the.electrons from the chamber volume as shown in figure 2,9,
Mach of the early research(gl) studied low fields where the deflection
angle, 6, was small, For the electric fields encountered in drift
chambers and magnetic fields of 1T the angle may be as large as 50°.
Thus much of the data has been acquired experimentally as the cross-
sections and transport covefficients are insufficiently known to
produce theoretical predictions, It has been found by Charpak's
group at CERN that a simple‘model proposed by Towns;nd predicted
results in good agreement with those obtained using a specially

(15)

designed chamber. Writing the differential equations of motion
of an electron moving in a gas with random velocities and crossed

fields it is found, by suitable averaging over the velocity

- distributions, that:
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W= w (E, B =0) = keET (2.15)
m
w (E, B) = kE Wt (2.16)

o
3] l+u2t“

and tan B8 (E, B) = wt (2.17)

where T = T (E, B) is the mean free time between collisions,
a function of both E and B, and W = eB/m the Larmor frequency of
the electrons, The value of k depends upon the velociiy distribu-
tion, 0,75 corresponding to a Maxwellian distribution(17c) was
found to give gouod agreement with experimental results.(ls) The
above equations include modified drift velocity components that
make allowance for the curving of the electron path in a magnetic
field. Palladino and Sadoulet demonstrate(IB) that this decreases

DT T
the mean ‘free puth by a factor (1 +@ "t ") !

. Figure 2,10
presents the various drift velocity components discussed in this
section,

Equations (2.16) and (2.17) are only valid at low fields as
they are derived on the assumption of isotropic elastic collisions
which do not occur when the electron energy, or collision cross-

section, is a strung function of E, Making the crude assumption

that t (E, B) = to (E) = Tt (E,0) the equations may he re-written as:

y 2_2 .-k -3 .
w (E, B) = w (1 +w®T ) % = w, [1+ Bw (2.18)

kE

tan 8 = WT = Bwn/kE (2.19)
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Figuré 2,11 shows the results obtained by Breskin et al.
indicating the good agreement between the theoretical values (solid
line) and experiment, divergence occurring at higher fields, Com-
bining equations (2.16) and (2.17) allows a correlation of drift
velocity and deflection angle with field:

w (B, B) = kE sin O (E, B) (2.20)
B

(15)

Figure 2,12 from the same reference shows the good
agreement obtained with a special chamber, the theoretical values
of w (E, B) being shown as a solid line,

The simple theory adequately describeys the drift velocities at
low fields but is incorrect at higher vulues where the drift velocity
saturates for all magnetic Tields us shown in Figure 2,13 taken from
the same reference,

Palladino and Sadoulet have derived a mure rignurous theory(lﬁ’le)

for drift velocities in magnetic fields, They used the concept of a

magnetic drift velocity, L defined by:

wm -h E (2.21)
LT B
and thus tun 8 =w B/E (2-22)

Equating (2.19) und (2,22) reveals the relationship

w o= w /k (2.23)

Figure 2,14 shows the good agreement of their theory with
experimental data for v and w, due to Charpak et al,, for argon
isobutane mixtures,.

The design of the adjustable field drift chamber allowed a

novel solution to the problem of inefficiencies caused by the angle
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of drift, 8.12)

The electric drift field could be tilted by
staggering the potentiuls applied to the cathode wires, as shown

in figure 2,15, By correct compensation of the Lurentz force

the drift velocity could be restored to the sense wire plane.
However only discrete angles of tilt, Y , were possible corresponding
to multiples of the wire spacing. Thus the compensation may not

be exuct, as shown in figure 2,16, the drifi velocity in the sense

wire plane, vy being given by:
wo=w (E, B) cos (¥Y~-0) (2.24)

Knowing the value of B and using equations (2.22) and (2.23)
a value of b is chosen and values of v and O deduced. The nearest
value of ¥ is userd and if necessary the value of E altered to give
exact compensation, 1t must be noted that the value of E used in
all the above equations refers to the field nt an angle ¥ to the
sense wire plane, as shuwn in figure 2,16, which is constant regardless
of the electron drift direction, In terms of Eu; the applied field

in the sense wire pluane, the field E is given by:
E=E /cos¥ (2.25)

Although the field is ‘constant over most of tlie chamber volume,
it hecomes radial around the sense wire, However as it is also
higher the electrons tend to follow the field lines without influence
from B, Avalanching occurs as in the non-tilted case bhut, due to
the slanting, the potentials opposite the sense wire are higher and
the resultant higher field gives different chamber characteristics,
To .reproduce the non-slanted characteristics the potentials may be

adjusted accordingly.
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FIG. 2.15 : TILTING OF EQUIPOTENTIALS FOR

Sense
Wire

MAGNETIC FIELD COMPENSATION
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FIG. 2.16 : OBSERVED DRIFT VELOCITY WITH
NON-EXACT FIELD COMPENSATION
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Chambers operating in homogeneous magnetic fields np to 1,.6T
with exact field compensation and saturuted drift velocities have
achieved spatial resolutiomsof 100 - 200 um, depending upon the

(12,13,15)

drift length, Exact calibrations and complex software

. . . (13)
corrections are necessary for inhomogeneous fields,

2.5 Factors Determining the Choice of a Drift Chamher Gas Mixture

Several factors determine the choice of a specific gas mixture
for a particular chamber,

As Aescribed in Chapter 4 the maxiwwn timing resolution of the
digitizing electrunics is normally 2 ns due to cost considerations.
Thus fnr_shnrt drift spaces the drift velocity of Che gas mast not
be too high or the maximum realizable spatial resolution will
correspound to a timing resolution in excess of 2 ng, Similarly
the maximum digitizahle drift time using commercial electronics is
of the order of 1 us so for long dritt spaces the drift velocity of
the gas must be high,

The degree of diffusion vver the drift space is a major
contributor to the uverull‘uccuracy of the chamber, From the
expressions given in cquation (2.5) for d;, the rms of the dispersion,
it may be assumed Lhat to lower its value the characteristic energy,
€ K’ should be lowered and the field, E;, raised. However tignire 2,5
illustrates that the two parameters are not independent and figure 2,8
demonstrates the dramatic effect of the addition of a smu}l amount of
mlti-atomic gas to urgon, The effective temperature is lowered and
bence also the diffusion, A lower limit to the cooling effect exists

due to the ambient temperature of the gas.
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A further requirement is thut the gas should have an extended
drift velocity saturation region at higher fields. Any small
variation in the field over the drift space, due to the method of
application uvf the field or constranctional imperfections, would then
have no effect on the linearity of the drift time/distance
relationshib.

In the case of chambers operating in a wagnetic field, where
the drift velocities and trajectories are modified, it is preferable
to use a gas which minimizes the effects and has a saturated drift
velocity at higher electric fields for all magnetic field values,

The temperature and pressure may vary in some applications so
it is necessary that the saturation region also exhibits stability
towards such variations. When using gas mixtures a small percentage
change in the concentration of the constituents shyuld preferably
have no effect on the drift velocity,

Figure 2,17 shows drift velucity curves against field for a
variety of commonly used chamher gases., The runge of available
saturated drift velocities suggests their specific application for

luong or short drift spaces,

2,6 Uperationul Considerations of Drift Chambers

In a drift chamber system four additional factors relevant
to their operation have to be considered to allow a full understanding

of their working and to achieve correct interpretation of the results,
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2,6.1 Angled Tracks

The leading edge of the pulse delected on the sense wire
represents the arrival of the avalanche formed by the primary
electron created closest to the sense wire, distance X, in
figure 2,18, and not necessarily the shorbtest distunce to the
track, x, due Lo the statistical nalure nf-Lho formalion of the
primary ionization, Lf the electronie threshold for detection
of the pulse is set low enongh this minimum time will he recorded,
Lf the particle is not incident orthogonally to the sense wire plane
then the drift time recorded corresponds to the shortest distaunce
from the track to the sense wire following the field lines, as shown
in lfigure 2,19 taken from Breskin et nl.(ls) Simple geometirical
models for predicting the drift length in the sense wire plane from
the angle of incidence agree well with experimenta} results obLained
Ly accuralely scanning the chawmber, Figure 2,20 shows the approxi-
mation used by Charpak et al. which assumed radial drift up to the
sense wire/cathode spacing and then drift along the cathode plane
itaelf, The equations deriving Lhe intercept of the track on the

sense wire plane, s, from an angle of incidence 8, drift time t,

constunl velocity w, and sense wire/cuLhodv gap d, are:

s =wt / cos® for U<t < g / w sinB 2.206)
and s = wt+ [ ( 1 -1 for t>g / w sin®@ (2.27)
il|e CUSG

Results pained by Charpak et ul.(|J) show guod agreement between
experiment and the simple theory for the drift time/distunce relation-

ship as shown in figure 2,21 for the zero magnetic field case and
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figure 2,22 for a field of 1T, In the latter case, with exact field
compensation applied, the tracks were incident at b 45’ to the normal.
The experimental points indicate that there was no difference in
behaviour for tracks inclined in the same direction or opposite to
the direction of field tilt,

Al large incidence angles the electrons drifting close to the
cathode plane are perturbed by the defvormation of the field lines
around the cathode wires and hence a modulation is caused(la) in the

space~time relationship as shown in figure 2.23.

2,6,2 Heduction of Pulse leight around the Sense Wire

(13,15) n

It hus been noted by other workers

(22,23)

8 well as during the
study of the (g-2) drift chambers that the pulse height measured
on the sense wire is dependent not only upon the chamber operating
voltage and particle energy but also the driflt distance, Figure 2,24
sliows results from the (g-2) chambers using a 908r source and

fignre 2,25 resnlts using a minimim ionizing heam, Laken from
reference 15. Similar lowerings of the pulse height are shown in

both cases.

Several factors contribute to the effect. Most amplifier-
discriminator circuits used for drift chamber readoat have_a
differential function and thus the time development of the pulse is
important, For p#rticles traversing at long distances from the

sense wire the primary electruns have approximately the same drift

length and they reach the avualanche region at about the same time
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giving a large fasterising pulse, HHowever for particles traversing
close to the sense wire the drift lengths runge from zero to scveral
millimetres and there is a greater Lime spread in the pulse
formation and thus the overall pulse height is lower.

The ahove explanation would suggest that for the detection of
X-rays where, for example, the 5.9 keV photuproduction event associated
(24)

with an 55Fe source hus a space extension of only 150 pm, no such

lowering of the pulse height would occur, However, as shown in

(15)

figure 2,26, Churpak et al, found similar eftects for 55Fe and
evidence that the applied field was the contributory factor rather
than the time development of the pulse, Tt-is inferréd(ls) that
interaction bhetween avalanches occurs at distances helow 220 am and
thus charge magnification is lowered for particles traversing close
to the sense wire, For longer drift distances diffusion causes the

primary electrons to separate and the resultant avalanches interact

to a lesser degree and form a larger pulse,

2.6.3 Rate Effects

When attempting to operate drift chambers with high incident
particle fluxes similar space charge problews arise as observed in
o (20) T o . .
MWPC's. A dead-space localized to about 200 ym on the sense wire,
corresponding to the position of incidence of the avalanche, occurs
due Lo a space charge of positive ions which modify the electric field
and reduce the multiplication factor. The sense wire hecomes
insensitive over that length for maybe several tens of microseconds

whilst the positive ions migrate from Lhe sensilive région, An upper

limit to the efficient detection rate of a drift chamber corresponds
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to an incident flux of 2 x 10 particles cm 8 l. (13)

Apart from the space charge effect there is a liunit to the:
minimun detectable separation of particles, This is due to the
occupation time of the amplifier-discriaminator circuit, which is
normally a minimum of 50 ns, Assuming that the electronics is
capable of handling multi-track events, the minimum resolvable
separation is the drift distance covered in the occupation time,

Care has to be taken that the zero timing trigger refers to
the traversal time of all the detected particles or erruneous drift
times will result, The maximm repetition rate of the triggers is
limi ted by the magimim drift time in a cell, often called £he memory
time,

Thus there is a limit on the frequency and density of the beam
of particles incident upon a drift chamber if full efficiency is to

guaranteed,

2,6,4., Solutions to the Left-Right Ambiguity

A fundamentual problem in the analysis of drift chamber data is
the ambignity as to which side of the sense wire the particle passed.
Referring to the drift space on either side of the sense wire, this
is called the left-right amhiguity, Several solutions to the problem
have been suggested, of which some are presented diagrammatically in
figure 2,27,

The simplest solution was (o stagger two chambers by a half-cell

(3)

spacing, as suggested by Walenta et al,

(25)

and nsed successfully in
large chamber arrays. Summing the two drift Limes produced in

the chambers by a traversing particle not only allowed a continuous
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monitor of the maximum drift time, and thus the drift velocity, but
also allowed immediate rejection of spurious hits giving an
unambiguous track, Using three chambers with the middle one
staggered by half a cell compared to the outer pair presented a novel
solution whereby an independent zero Liming trigper was no longer

reqnired.(lz'ld)

The relative drift times between the chambers
provided hoth the timing and the positional information,

These methods, however, only provided a solution te the
ambiguity after computation which was costly in both time and money
for large arrays. A more elegant solution would consist of a direct
chamber signal indicating from which side of the cell the electrons
had drifted,

The initial solution devised by Walenta et al.(l) consisted of
a pair of 20 um sense wires spaced by 1 mm with individual readout.

A negalive pulse was observed only on the sense wi;e closest the
traversal of the particle, liowever for particles passing between

the two sense wires, or close to them, some ambiguity still existed,
Electrostatic repulsion problems were also encountered between the
pair if the wires were long. ‘This problem was uvercome(z) by having
a triplet of wires with a 100 um diameter potential wire, at a
negative potential, positioned between and 1 mm from a pair of grounded
20 um diamcler sense wires, The voltage on Lhe potential wire was
adjusted to pruvide stable equilibrinm hetween the sense wire puir,

(1)

The original paper by Walenta discussed the possibility of
resolving the left-=right ambiguity by observing the time difference

between the induced positive pulses on the potential wires of a



Walenta~type chamber with a single sense wire, Recent work on the
effect(aﬁ) has shown that the previously observed difference in
arrival times was in fact due to differenl induced pulse heights,
The latest research has shown that a larger induced pulse occurs on
the poteﬁtial wire closest the traversing particle than on the
similar potential wire on the opposite side of the sense wire,
Observation of the polarity of the difference signul between the
potential wires permits an accurate solution of the ambiguity,

This effect may be explained in terms of imaging of churges and the

(27)

discovery that at lower fields the avalanche is localized on

the side of the aensge wire closest to the traversing particle,

This phenémenun was confirmed by observing that positive ions could
only be'collccted on the potential wire locuted on the same side of

the sense wire as the primary ionization, Unly at higher fields did
the avaianche begin to surround the wire and thus allow positive ions
to drift along field lines towards the far potential wire, Such a
solution of the ambiguity is valid for angled tracks and for traversals
of particles close to the sense wire, For large drift spaces, field
shaping electrodes close to the sense wire may be used as pick-up
electrodes. It appears that such a method will become widely used in
the near future,

A similar method suggested hy Charpak and Suuli(zs) involved the
use of pairs of 20 um diameler sense wires sepurated by 0.2 mm and
spaced every 6 mm; The wires were only 25 c¢cm long so no electrostatic
problems were encountered. The wirc pairs were electrically connected

but it was found that the wire nearest the traversing particle had a

negative pulse formed on it und the other an attenuated induced positive
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pulse due to effective screening by the equipotentials and avalanching
occurring only at very close range. JPositive pulses were also
induced on the two neighbonring pairs of wires, the pair necarest the
traversing particle having a pulse height double that on the opposite
pair, Using differential amplifiers a resolution of the ambiguity
could be achieved, However due to the many wires and channels of
electronics required this method has not found widespread favour,

Another approach developed by Charpak et al.,(13) similar to
the sense wire doublet solution o f Walenta but applicable to large
chambers, used two 20 pm diameter sense wires separated by 100 pam
with independent readout, The wires were joined by small droplets
of epoxy every 50 mm over their 50 cm length to limit electrostatic
repulsion and the ambiguous region bhetween them so that the error was
below the 50 um spatial resolution of the chamber, A negative pulse
was observed on the wire nearcst the traversing particle and a
positive pulse induced on the other, allowing solution o f the
ambiguity,

A coﬁmon approach for large area drift chawbher arrays employs
three layers of multi-cell single sense wire chambers with the sense

wire planes aligned at 60" in relation to each other.(5’29)

The

three wires hit for each incident particle define unambiguously its
position in two dimensions and alsu its time of pussapge by combination
of the drift times, removing the need fur an independent timing trigger.
Excellent timing énd spatial resolution is achieved and any spurious
hits may be rejected. Mulii-track resolution is also possible at

high rates using suitable electronics,

Using arrays of chambers, as in the (g-2) experiment, with large

curvature of the particle track in a magnetic field allows removal of
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the ambiguities through track reconstruction, lHowever fore-
kuowledge of several trajectory constraints is necessary and the
computation is complex, Single sense wire cells may be used and
the chambers need not be staggered but in muny cases such a system

would be undesirable and often impossible for resolution of multi-

track events,

2,7 Summary of Factors Limiting the

Spatial Resolution of Drift Chambers

Having described the principles of drift chamber operation it
is useful at this stage to summarize the varivus contributions that
limit the spatial resolution of a drift chuamber, A detailed
discussion of such contributions was given by Walenta during the
early stages of drift chamber development.(z)

Several factors are associated with the primary deposition of
electrons, The process is statistical in nature and the ionization
occurs in clusters of one or several ion pairs. The drift tiue
recorded corresponds to the distance drifted by the cluster with the
shortest drift path, along the field lines, to the sense wire, This
distance is normally greater than the shortest dislance hetween the
particle trajectory and the sense wire, Also the amplifier-
discriminator syastem is set at a certain threshold which may not be
the minimum possiﬁle. Therefore the timing derived from the sense
wire pulse may not correspond to the arrival of the firast electrons
in the avalanche and time slewing many occur, This is especially so
if there is a strong time dependence in avalanche formation, as

for angled tracks or tracks traversing close to the sense wire, or if
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the traversing particles deposit various amounts of energy and thus
numbers of primary electrons giving variations in pilse height. Any
b -rays formed by the traversing particle may widen the initial track
of primary ionization and worsen the resolution,

The effects of diffusion have been discussed, the degree depending
mainly upon the drift distance and the electric field.

The presence of magnetic fields, especially parallel to the sense
wires, distorts the trajectories of the drifting electrons, unless
compensation is introduced, and thus the space=time relationships are
altered. Particles nut incident normally to the sense wire plane
also introduce such effects.

If the applied elactric drift lield is not h?gh enough the drift
velocity may not be saturated und complicated non-linearity of the
spuce=~time relationship occurs if the field is not uniform,

Corrections mist be made either in Lhe hardware or software,

The timing resolution vl the digitizing electronics mst be in
excess of that required to achieve the maxiwum spatial resolution of
the chamber to avoid the introduction of time jitter.

Drift velucity variations may occeur with altevations of Lemperature,
pressure and gas mixture concentratiuvns, A method of constant drift
velocity monitoring, such as the use of staggered cells, is beneficial,

Errors may be introduced by imprecise mechanical tolerances and
lack of cleanliness. Examples are perturbations of the Ffield due
to non-unifore cuthode gaps, dust particles or globules of gsolder on
sensge wires and incorrect alignment of sensc und cathode wires,

Chamber arrays nmsti be accurately surveyed to determine exact sense

wire positions.
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The latter contributions muy he minimized by careful design,
construction and operation. However contributions due to gaseous
processes are harder to remove and constitute the inherent limit to
drift chamber resolution.

Figure 2,28 shows one of Lhe most accurite sets of data

(30)

published to date with the overall resolution divided into three
contributory processes, It mmst be noled, however, that such
presentations of intrinsic acenracy in no way constitute the absolute
accuracy of a chamber as the data are tauken at discrete points in

the chamber over short runs. No account of any non=linearity of

the space-—time correlation is included. To obtain an indication of

the overall accuracy of the chimber both contributions must be known

to equal precision.

2.8 Present and Puture Uses of Drift Chaubers

Drift chambers are now used for various applicuyions in most
high energy physics laboratories in the world, Barly chambhers, and
those used for development, were normally quite small with an active
area of only a few hundred square coentimetres, However with the
advent. of higher energy accelerators, such as the 400 GeV SPS at
CERN and KFermilabh, mmch larger detector arrays are now required,

[n many instances the maximm possible resolution is required,
but for applicatians where resolutivn is not so c¢ritical and rates
are low, drift chambers wi th long drift spuces are used in preference
to MWPC's, Not only are fewer chinnels of electronics used per
unit area but also electrostatic instability problems are not so

great,
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A neutrino experiment at bcrmllub(t) used five chambers of the

9y
Walenta type with 5 cm drift lengths and an overall area of 13 m",
Spatial resolutions of 0,35 mm were achieved. At CFRN a current
(29)

neutrino experiment employs twenty hexagonal drift chambers

hnilt at Saclay totalling 720 m2. The chambers have three sense
wire planes aligned at 60° to each other Lo remove left-right
ambignities, A gas mixture of T0% Ar, 30% Ilsobntane plus methylal
and field shaping of a Charpak type yieldy a maximum drift time of
60U ns over the 3 cm drift space. The 3,72d sense wires are up

to 4 m long which introduces problems of signal attenuation due to
the resistance of the wire. Digitization circuitry hused on a

100 MHz clock provides spatial resolutions better than 1 mm,

(31)

Some chamhers designed for use on the forward spectrometer

of the Furopean Muon Collaboration ut the CERN SP$S yill have active
areas up to 4.5 x 9,6 mz. They arve of the adjustahble [ield type
and use sel f-supporting cathode planes of copper strips mounted on
insulating epoxy material which is attached to the lightweight
honeycomb material of the mainframe. The penetrating nature of the
suons to he detected allows the nse of such dense materials for
chamber construction.

Chambers using printed circuit hoards fur cathode planes have
been used for two projects at Durham, Test were perfnrmed(sz) upon
chaumhers of 52 x 62 (:m2 effective area built by International Hesearch
and Development Co; Ltd., for ESTEC to be nused in balloon experiments
to study cosmic gamma ray radiation. A amuller set of six chumhers(as)
with an active area of 13 x 13 cm2 were built in Durhum for use in

conjunction with a flash=tube hodoscope at the Daresbury Laboratory

Testbeam Facility. The chambers could be sandwiched closely together
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with the sense wires orthogonally aligned in successive chambers by
etching the cathode design mutually perpendicularly on opposite faces
of the epoxy sheet, Field penetration bhetween chambers was slight
and the method allowed simple chamber comstruction, They were used
to define the point of entry of positrons to'the flash-tuhe chamber,
The cells were staggered in allernate chambers, three chambers for
each dimension, to remove ambigunities and rescvlutions of 2 0,3 nm
were achieved for the 26 mm maximm drift lengths,

The use of three chambhers with sense wire planes at different
oricntutions to resolve the left—right ambiguity, reject spurious
hits and gain two-dimensional cu-ordinate information invelves emch
compu tation, A more elegant solution wuould he to gain the two-
dimensional information from a single chamber, For a chamber of
the Walenta type, with cathude wires orthoponal to the sense wires,
the localiged avalanche on the sense wires could he located through
the induced pulses on the cathode wircs.(34) For adjustable field
drift chambers however, where the sense and cathode wires are parallel,
other methods must be used, Initial research used the method of

5y e
"current division" on the sense wire.(]b’Js)

By observing the
current pulses propagaled to euch end of the sense wire, in direct
ratio to the distances travelled, the position of the avalunche way
he determined, The method is expensive electronically and the
resolution is only of the order of 1 c¢m over 1 m of wire, A more
(36) . _ . . . .
accurale method involves the use of a helical delay line which
may either be placed in a sense wire triplet, as shown in figure 2,29,

or positioned in the cathode plane. A pulse is induced on the delay

line corresponding to the avalanche on the neighbouring sense wire and
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the differcnce in propagation deluys to cach end of the delay line
determinea the position ol Lhe avalanche, Resovlutions of bhettler
than 3 nm over a 150 em long sense wire have bheen achiceved nsing
(37)

and 0.4 am over 10 cm for a delay

(48)

a 2 mm diameter delay line
line wound on & 6 mm diame ter ceramice cylinder, Lutest develop-

. : : . : . . (39)
ments include the use of a Lhin strip printed circuil delay line
pogitioned orthogonally to the cathode plane between a sense wire
doublet, This method has yielded a resolution of 1 nm for an

5., . .
Fe source and 3 mm for a muon beam over a 30 cm sense wire,
Future work un these methods should allow the resovlution of the
second dimension to approach the 10U pam attainable over the drift
direction, As the chambers also use sense wire doublets the left-
right ambigunity is suceeastully resolved throughout the chambher
volume,
Drift chambers have heen designed to operate at low pressures
in order to truck heavily ionizing particles. Using methylal vapour
ey . (40)
at 20 torr alpbha particles were focated to an acenracy of 1.5 wm,
. . . . _ L _ LG (41,42)
An application of the dritt chamher principle called 1SS ’
shown in figure 2,30, uses a plane of JUOU sense wires, similar to an
MWPC, to detect electrons drifted over distunces of up Lo 2 m.
Pasitional accuracy of approximately 2 mwm from the track and energy
resolution from the pulse heights enables the chamber to digtinguish
hetween kuons, pions and protons from 5 GeV/e to 100 (ie\’/c momen Lum,

Such a chamber represents the cloesest approach to a fully electronic

track chawber,
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Recent. development of spherical drifl chambers at CHHN for
X=ruy imaging illustrate the wide range of applications ol the
drift chamber principle. They may be used in the study of X-ray
diffraction patterns, pin-liole imaging and angulur distributions
of X-ray cascades in muclear physics, The prototype chaumber
discussed in reference 43 i8 shown in fipgure 2,31, The chamber
has an opening angle of 50 and a detection area of 10 x 10 cm2,

(a4)

althiough a later chamber has a 90° opening angle and a

50 x 50 cm2 detection area, X-rays diffracted from the rotating
crystal puss into the spherical drift region vhich has a radial
field, This is achieved using Lwo gphervical electrodes, El and Ez,
and a resistive divider on the conical outer face of the chamber

to provide potentials to conducting riugs. As the X-ray trajectories
are parallel to the drift field no loss ol resolution occurs on
cupture, The resultant eleclrons are drifted thr;ugh the field and
then across a transfer region into a multiwire chamber with a | mm
wire spacing, Two dimensional information is derived by the “"centre

(45)

of gravity of the avalanche" method using the pogitive induced
signals on the two cathode planes, which are perpendicular to each
ather, Using a gas mixture of argon 75%, isobutane 23%, methylal 2%
accuracies of 0,5 mm have been achieved with 8 keV X-ruys.(4u)
Using on=line computers these chambers may hove future applications
in medical physics and for X—ray crystallography study of rapid changes
in crystalline st}ucture which camot he contemplated using conventional
film techniques,

Another field of research at CERN involves the use of high density

(45,406)

converters to chect,x-qﬁys and neutrons, The converters have
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a uniform matrix of holes into which phatoelectrons, formed by the
conversion of the neutral particle in the solid, muy escape, The
converter is in the form of a silack of metal sheetls and insulators
to enable a field to he appliecd thrarghout its depth, The electrons
escaping inte the holes are drifted down into an MWPC as in the
spherical drift chamber, Figure 2,32 demonstrates such a system,
Much reseurch is being undertaken, including in Uurhum,(47) to
optimize the construction of the converter. Suituble chuice of
converter material and geometry allows the chambers tv operate nt
various energies. Initial resolts indicate the possihilily of
detecting 0,66 MeV photons to a spatial accuracy of 1,3 wm fwho
with 56 efficiency, the latter being almost entirely due to the
geomeiry of the converter,

[}
Recent development of the scintillating drift chnmbur(48'4J)

{50,51)

following initial work by Policarpo et al. has presented the

possibility of constmcting chumbers capuble of operating at rates
greater than 3 x 10(i particles mm—2 s-l. The chumber shown in
figure 2,33, tuken froum reference 49, relies upon the princiﬁle

that primary electrons moving in an electric ticeld with correct
gaseous conditions produce light without charge umplificutiun.(52)
The primary scintillatioen cuused by the traversing particle acts as
the zero timing trigger and the drift time is measured by recording
the incidence of a small pulse un the large diameter sense wire,
typically 0,8 um, . Due to the low field around the sense wire charge
amplification is low and space charge effects do not oceur, allowing
the chambers to be operated at high rates, With the correct

combination of chamber gas and photenmltiplier tube, and the sel f-

triggering property of the chambers, neutral particles, X-rays,
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heavily and minimum jonizing particles may be detected, This
extension of the drift chawber principle is receiving mach altention
at present, including at Dirham where a hiph~-rate X-ray detector for
use at the new Dareshnry Luboratory Syuchrotron Radiation Facility

is heing developed,

2,9 Conclusions

It bus been shown why drift chambers have become one of the
most important classes of detector in the field of particle . location
today, Unly for high rate and mmliiplicity applications are MWPC's
still preferable in high energy physics due to Lhe lower cost and
inherently better spatial resoluntion of drift chambeors, As indicaled,
the properties and modes of operalion of drift cmnthrs are well
understoud in terms of the classical theories of electrons in gases,

Recent developments concerning the incrense of attiainable spatial
resolution and the ability to obtain nmamhignous bLwo dimensicnal read-
vut has served Lo increase the number of drift chamber applications,
Iybrid chambers may also find applications iﬂ the fields of medical
physics and X-ray crystallography.

Although the ultimate spatial resolution attainable s limited
by basic gascous processes there are several areas where drift chamber
development is still far from complete, Corrent research is divected
towards improving-thv spatial resolution in the second dimension
along the sense wire, orthogonal to the drift direction, operation at
high rates and extension to the detection of neuntrals and heavily

ionizing partieles,
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CHAPTER 3

THE (g—2! DRIFT CHAMBERS

3.1 Introduction

The (g-2) drift chambers were not only novel with respect to
their intended u;e in the highly inhumogeneous fringc field of the
Muon Storage Ring but also in their methodlof conglruction, The
chambers had to be mounted between the pole pieces of the (g—~2)
magnets and present the maximum possible active area to the decaying
electrons and also the least possible mass of absorber, A special
curved end section had to be develouped to mutch the prufile of the
vacuum storage vessel,

This chapter summarizes the design considerations and the choice
of operating paurameters for the chambers. Much of the initial work
was performed by previous members of the Nuclear lnstrumentation Group
at Durham, the author asgisting in the 1utter slages of design and

the overall commissioning of the production chambers.

J.2 Design Cunsiderations und Melhods of Construction

The magnet aperture and the final chamber dimensions are shown
in fignre 4,1, This illuslrutes the basic réquirements; the total
active area tu be-compurublc to that of the shower counter, which
was to acl us a timing trigger, and the minimum possible dimensions
for the upper and lower support meubers, Not only did the curved

end have Lo be thin to reduce scattering of the electrons but it also
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had to have the ;mal]est pussible crossa-sectional area to allow
detection of electrons as cluse Lo the storage volume as possible,

The chambers were to be of the adjustuble field type which implied
that two planes of field shaping wires lmd Lo be wound on the frame,
The use of printed circuit board to act as both window and electrode
was not common at the time the chambers were designed, late 1973, and
in any case an array of eighi chambers would have presented too much
material to Lhe electrons, Thus the chambers had to incorporate two
field shaping planes plus the sense wire plane and use thin melinex
windows, It was also evident that the curved end section would
provide little rigidity to the overall structure and that the upper
and lower members would have to support Lhe wire plunes, attached
under tension, Therefore a unigue method of chamber design had to

be devised as a traditional rigid square frame was not allowed in the
(g=2) application. TFigure 3,2 shows the proposed geometrical
arrangement of the array. As the decay electrons would be between

1 and 3 GeV in energy a considerabhle range of curvatures had to be
catered for. A prerequisite was that at least three and preferahly
four points were detected on euach track. As they also had to be
detected by the shower counter, the active volume of which extended
about 25 cm radially inwards from the storage tauk, it was obvious
that the lower energy electrons would travel only a short distance in
azimth before being deflected too far Lowards the centre of the ring
to be detected. -Nencc it was necessary to have as close a spacing as
possible between the four drift chawbers closest to the shower counter

to provide sufficient pouints un the trajectories, On the other hand
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for the higher energy electrons, which were deflected much less, it
was necessury to cover a large distunce in azimuth in order that a
reusonahble sagitta on the truck was produced to enable accurate
trucking back into the storage volume to deduce the birth position,
Therefore the width of each chumber hud to be the minimim practicable
to allow close pucking near the shower couunter, but at the same time
the overall array had to extend one and a hal f magnet blucks in

azimth to accoumodate the full range of energies to be detected,

d.2,1 The Chamber Body

A complete description of the design and construction methods

is given e]sewhere,(1’2) a brief summary only being given in the
followi ng sections, The chamber body is shown schematically in
figure 3.4, The main frame had to be as rigid as possible
to allow accurate mounting in a cradle which was positioned un the
baseplate in the (g=2) ring. Also it wus preferable to extend this
main section aluong the side members us far as possible to increase
their strength, as they had to support the wire planes without deflection.
Thus the main member was constructed from 37 wm thick laminated glass-
fibre epoxy-resin (G10) und extended ulong the side members so that
when in position in the ring the fnces almost touched the magnet poles,
The upper and lower side members were constructed from glass, which
has a high Young'a.modulus. The lower wmember had a slot cut in it to
allow passage of the gas mixture [from an entry port in the muin body to
the curved cnd where it entered Lhe chamber volume, Exit was via a

port on the top of the main bhody, thus ensuring complete flushing of

the chamber volume,
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The curved end section was made from 0,5 mm G100 sheet bent to
the correct curvature and adhered under tension to the side members.
Various Araldite adhesives were used for the chamber construction,

The chamber therefore gained all its rigidity from the main and
side wembers, and hardly any from the curved end. Important chamber
dimensiuona are shown in fignre 3.4, all machining heing accurate to
at least 125 ym with emphasis placed upon the parallelity of the side

members and main mewmber to ensure verticality of the sense wires.

3.2,2, VWire Planes and Blectrical Conncetions

Figure 3.6 ililustrates the mode of assembly of a system of
printed circuit boards designed to allow internal mounting of the
wire planes with connection to external boards for.applicution of
the applied potentials and readout of the sense wire signals. The
internal and external sets of bourds were mutually perpendicular,
solder connections being made between the two. The laminate
structure was bonded in Araldite to ensure that the inter-plane gaps
were kept constant at 3.2 mm, The H.T. plane connection boards were
at the bottom of the chamber and the sense wire/potential wire board
at the top, all facing upstream,

The chamber was divided into eight cells of 28 nm from potential
wire to potential wire, giving a drift length of 14 wm, with a
variation in geométry for the curved end cell, as shown in figure 3.6
demonstrating a unit cell. The 120 pm diameter copper beryllinm H.T,
wires were wound vn a 2 mo pitch, They were altached to the counnection

boards, using low temperature solder, under a tension of 50 g.
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Positioning of the wires by eye to correspond to the middle of the
copper strips on the connecting board proved to be sufficiently
accurate, The 20 ym diameter gold plated tungsten sense wires were
attached under 30 g tension, They were aligned parallel to a
fiducial line, mounted vertically on the downstream face of the main
chamber member, to an accurascy of 100 um by a method of trinl and
error, The alternately spaced potential wires were of the same type
as the H,T, wires and also mounted under 50 g tension, their positioning
being done by eye to the centre of the copper strip. Figure 3,5
demonstrates that the step structure of the connection hoards allowed
easy replacement and cleaning of wires from the downstream side, as
also shown in figure 3,7 which shows a phvtegraph of the downstream
side of the chamber, Part of the aluminized mylar window is rewmoved

to reveal the wire planes and the fiducial sirip can be seen on the

main body, aligned with a fiducial line on the chamber cradle,

Figure 3.8 shows a view of the upstiream side of the chamber,
The 8 ns minature Lemo sense wire signal cables are seen running from
the upper connection board, The H.T., conncctions to the two wire
planes were via specially prepared printed circuit strips which
connected identical wires in each cell, fourteen strips heing reguired
for both the upstream and downstream I, T. planes, Correct potLentials
were applied to each strip via multiway ribhon cahles running tu the
voltage divider resistor network housed in a diecast box mounted on
top of the chumbe; spine, as shown in more detail in fipure 3,7. A
rigourous colour coding was employed for patching between the ribbons
and the relevant points on the voltage divider to provide the currect
field gradient in the chambers, This was vitul us the direction of

electric field tilt, needed to compensate for the (g-2) magnetic field,




had to be reversed when the (g=2) experiment ran with stored muons
of the opposite polarity, and hence reversed the magnetic field
direction parallel to the sense wires, In figure 3,8 wires can
also be seen leading to the potential wires on the upper connection
board and to the curved end section which had two 1 mm copper strips
adhered to the inner surface, coincident with the H.T, planes, to
-provida the field in this region,

Although this hard wiring method was laborious when altering
the patching from the resistor network to the multiway ribhons during
field reversal, it proved “to be the most reliable considering the
potentials involved and the space limilations for mounting the network.
No commercial connectors were available to simplify the reversal

procedure and also satisfy the electrical and physical requirements.

Allowing for the active chamber volume and the necessary width
of the external connection boards, the minimmm practicable width of
the chambers was 67 mm,

The chamber windows were of 120 um mylar, aluminized on the outer
surface and attached to the chamber frume using 3 M "Twinstick" adhesive
strip. This was the minimum window thickness that gave a reliable
gastight seal, The method of attachment allowed easy removal for
chamber repair and inspection, The whole of the chamber active volume
was enclosed by the aluminized mylar to provide screening, particularly
from the Suisse Homande television transmitter near CERN which caused
severe interference problems with unscreened chambers.(2) The windows,

earth braidiné of the sense wire signal cables and the grounded end of

the resistor network were all joined at a common point on the chamber.
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Throughout the construction of the chambers only non-magnetic
muterials were used to prevent distortion of the (g-2) wmagnetic field
and also to prevent stress upon the chambers,

The eight production chambers described above were built by the
International Research and Development Co. Ltd, (I.R.D.) under close
supervision from the University of Durham following the initial
developuent of a small test chamber and a series of prototype

chambers at Durham,

3.d. Application of the Electric Field

The final version of the voltage distribution nctwork is
described in Chapter 4, but for all tests of the prototype and
production chambers a similar design of resistor ngtwork was used.
As the (g-2) chumbers were uf the adjustable field type the gruded
drift field and acceleration field arouml the sense wire had tov he
produced using a voltage divider nelwork, A single stablized high
voltage supply was used and the resistor network altered to study
the effects of various acceleration and drift fields, The sense
wires were grounded throngh the pre—amplifier 50Q input resistors
and hence alleviated the need for decoupling circuits. Varying
the voliage across the resistor network necessarily altered both the
drift field and acceleration field, which was due Lo Lhe potential
on the H,T. wirg ;ppusite the senge wire, This system was not so
versatile as a two supply arrangement due to the lack of independence

of the two fields, but was easier to operate, Figure 3,9 shows the



-l

generul layout of the resistor nebwork with the eight negntive

putentials from Vm

ax to Vmin required with the (g=2) cell geometry.

The resistance to earth, RE' and the applied voltage determined the
value of Vmin and the applied voltage alone determined the drift
field with a particular network, To obtain various drift fields
with the same value for Vmin the value of HE had to be altered as

the applied voltage was changed. The drift field was deflined as

(v )/ 1.4 V cm which applied over most of the drift

max vm.in
region except in the immediate vicinity of the sense wire, The

high field around Lhe sense wire penetrated further into the drift
region for lower drift fields, For slanted field applications the
same potentials were used but displaced the required number of wire
spucings, the two H,T. planes being supplied indepenmdently, No te

that in thig case V is no longer oppusite the sense wire and the

min

acceleraling voltage 18 increased,

3.4 Choice of Gas Mixture

At the time of the prototype chamber development little published
data existed on drift velocities in suitable gas mixtures. Therefore
studies were mude in Durhum,(2'3’4) using a test chawber and a Time to
Amplitude Converter/Pulse Height Analyser system, Lo determine the drift
velucities of a variety of gas mixlures in order Lo chose a suitable
chamber gus. Thé main requirement was a drift velocity compatible with
the 14 mu drift length to yield a maximuw drift time of around 500 ns,

Thus an attainable sputial resolution in excess of 100 um, ussuming 2 ns

timing resolution, would be possible using commercial electronics,
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Also the mixture had to display low diffusion characteristics and u
saturated operation region where vartations in eleciric and magnetic
field or gas concentration wonld have a negligeable effect upon the
drift velocity.,

A collimated 905r source was used with a scintillator-photo-
multiplier system ay the timing trigger. The beam of Beparticles,

‘ of up to 2,27 MeV energy, was spread due to the geometry of the
collimating slit and by multiple Coulomb scaltering in air and the
chamber windows, lence spatial resolutions of only 2 0.7 mm were
attainable which masked any diffusion effects but did provide a
guide to the drift velocities of various mixtures,

Several mwethods were used by Browell and Short to deterwine the
drift velocities, The whole cell was accurately scanned to provide
the drift time/distance relationship from which the drift velocity
could be obtained. However the uethod was laborious if repeated
several times for ecach mixture suv the source was pusitioned over the
potential wire and the maximum drift time cul-—off observed to derive
the drift velocity., A novel method was devised for wmeasuring the
time to drift over 1 cm in the chamber.(z) When the collimated
source was positioned over the Fifth H.T. wire from the sense wire
and the drift time spectrum displayed, a dip was observed in the peak
corresponding to a "shadow" cast by the H.,T, wire, Accurate measurement
of the distance between the II,T, wire und sense wire and calibration of
the P.H.A, allowed a quick direct measurement of the drift velocity with
each mixture. [t must be noted, however, that the vulue obtained did
not allow for any alteration in drift velocity across the cell but did

act as a direct comparison belween mixtures, A simple gas mixing system
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was developed to regulate the concentrations of argon, wethane,

tsobutane and carbon dioxide uging Rotamelers,

The following results were ohtained by Browell and Short(4)
in advance of the majority of publicatiuns on chamber gus drift velocity

curves., In all cases the error in drift velocity measureuents is of

the order of = 1 um ps_l.

Figure 3,10 shows the results obtained for Ar/CII4 mixtures
demonstrating the variation with field and percentape methane content,
Almost complete saturation in drift velocity occurred for fields above
600 V cm -1. Dritt velocities were low for low methane concentrations
and appeared suitahle for the (g~2) application, However for
concentratlions less than 3% spontaneous hreakdown ocenrred at most
operating voltages.

Figure 3.11 refers to argon/isobulane mixtnres which possessed
higher drift velocities and moderate saturation at higher fields, the
curves being steadily riging functions of field, Comparisen is made
with the curve obtained by Charpuak et al.(s) which is of lower value,
This may be attributed to the measuring technique used in Durham.

The argon/isobutane/methune curves shown in figure 3.12 exhibit a
mixture of the properties ol the above two mixturgs as would be expected.
The methane content at low fields kept the drift velocity high and
reduced it at high fields. The isobutane content raised the velocity
steadily with field,

Figure 3,13 compares several ol the mixtures w indicate the wide
range of driftt velocities available,

Despite the imprecise spatial resolution obtauinable with the system
it was found, by observing the full width half maximim (FWIM) of the

drift time distribution, that measurable diffusion effects appeared to he
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present for mixtures containing isobutane, The effect varied with
pereentage isobulane content and dei 6 dislance, bl no suecl variakions
were observable with an Ar QUE/CH4 10% mixture,

Considering all the mixtureg tested it appeared that the argon
me thane mixtures were the most snitable with respect to their low drift
velocities, wide operating regiou and small varialions with methane
concentration plus lack of wmeasarable diffusion., As Ar 90%/0”4 10p
was ubtainable as an accurate standard mix at low cost, and therefore
did not require a complex mixing system, ils use became attractive as
Lhe chambers would have to he tested at urham University, Dareshary
Luburatory and CEEN with subsequent trunsportation of equipuent. It
waus also a saler gas to use Lhan thouse containing isohutane, More
exolic mixtures, such as the "magic gas" favoured by Charpak's group(ﬁ)
of Ar 67.2%/1suhutune 30,35 pluy 2.5% me thylal, have been used success—
fully in drift chambers hut the simplicity of the Ar 90%/CH4 10% mixture
comuended itself as the final choice for the (g=2) chambers.

It must he noted that all the abhove tests were pertormed using a
prototype chamber in the abhsence of a magnetic field and with no electric
field slant. In the final application the slanting of the electric
field would increase the effective field in the chamber and hopetully

ensure operation in the saturated drift velocity region.

3.5 Choice of Ficeld Compensation Mechanism

Severul designs were studied in an attempt Lo obtain the best
electric field compensation mechanism for use in the (g-2) wagnetic

fringe field. As nuted in the previous section a drift field of at
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leust 600 V cm_‘ was necessary Lo ensure a saturated drift velocity in
Ar 90%/CH4 106, Tests with protolype chambers had shown Lhat the
potential on the H,T. wire opposile the sensc wire had to he at least
1.3 kV to guarantee high detection efficivnciesﬂz) Magnetic field
data taken whilst the (g-2) C-magnetis were under test before installation
in the Maon Storage lting were used in the computation of the
compensation parawelers. Figure 3,14 shows the radial median plane
mapgnetic lields, in terms of the howogeneous lield value of 14,745 kG,
measured at the magnet block centre and the junction of two magnet
hlocks, The azimuthal variation of the radiul field is shown and the
profiles of a (g=2) drift chamher and the mgnet block al the Lwo
azimuthal positivns are indicated, The experimental drift velocity
data displayed in figure 3.10 were also used in the calculations,
Knowledge of the above parameters allowed three compensation
wechanisme Lo he considered. The first involved computing the
poltentials required on cach N.T, wire in the chamber to exactly
compensate for the inhomogencous fringe field, Such an approach wasg
impracticable due to the large number of H,T. commectious that would
have heen necessary on the external connection boards in the liamited
space availahle, and also because of the resulting complexity of the
voltage divider network, The second method, which was thoroughly
tested with prototype chambers and a 7.5 kG magnet at the Daresbury
Laboratory Test Beam and in the (g=2) field at CEMN.(Z) had three
different Field tilts down the lenglh of the chamber, The tilting was
performed by stapggering the H,T. wire potenlials on opposite sides of
the sense wire plane by the required mimber of 2 wm wire—=spacings, The

two celly nearest the vacuum tank had a three wire—spacing Lilt, the
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next three cells a two wire—spacing tilt and the three cells closest the
centre of the ring a one wire-spncing Lilt, This method probably
provided the most accurate compensation throughout the chamber, However
uncertainty in the hehaviour of the drilt velocilies at the dis-
continuities of tilt value, in the potential wire region, led to its
replacewent, by thethird and final mechanism,

Using the known radial magnetic field values at the magnet block
centre, an assumed electlric field of EG- 600 Vv cm—l in the sense wire
plane and the experimental drift velocities, Short computed(z) the
radial variation of drift angle, 8, along the chamber in 1 mm steps
using equation (2.19) and k = 0,75 corresponding to a Maxwellian velocity
distribution. The calenlations were performed for 2, 3 and 4 wire-
spacing slants, with corresponding values of tilt angle, ¥, and absolute
electric field, E, defined by equation (2.25), The values of 8
obtained led Lo an evaluation of the modified drift velocity in the gas,
w(E, B), as given by equation (2.16) and a knowledge of the corrésponding
values of (¥~ 8) allowed the drift velocity parallel to the sense wire
plane, L to be calculated from equation (2,24), Figures 3,15 and
3.16 show the values obtained by Short for (¥-0) and L exhibited
radially from the vacuuwm tank wall towards the centre of the ring, It
was obvious thut the three wire-spacing tilt values offered the best
compensation mechanism throughout the chamber volume with constant values
of hoth parameters for the threc most importunt cells closest to the
vacuum tank, The observed drift velocity decreased in the higher
magnetic fields clouse to the vacuum tank as expected, The variation
in drift velocity throughout the chamber was small because in the lower

magnetic fields towards the ring centre, where w(k, B) increased, the
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electric field compensation hecame worse, llence the electron swarms
drifted at larger angles Lo the sense wire plane and the cosine
function caused v to remain low, The values of v indicated that the
maximum drift times would be of the order of 500 ns and thus would fall
in the range of commercial digitizing electronics, lence the voltage
distribution network was designed to provide the necessary wire potentials
to form a field in the gense wire plane of 600 V cm-1.

Several points must be noted about the above model, The value of

Eo was computed from the wire potentials as (Vm - Vmin) / l.av cm_l,

ax
as described in section 3.3, which in no way represented the true field
throughout the chamber volume, especially once the tilting mechanism was
applied. Also the caleculations used an inter-cathode gap of 6 mm
rather than the 6.4 mm chawber specification valge. This led to high
values of ¥ and (Y -8). The value of k = 0,75 wus used as other

(7)

workers found thal a Maxwellian velocity distribution accurately

described their experimental results., However studies performed by
Browell(s) using small drift chambers of similar cell design and operating
parameters to the (g-2) chambers suggested a value of k as low as 0,25,
The experimental drift velocity data due to Short and Browell were used

as little other published data existed. Also the method of field
calenlation nsed in its derivation was identical Lo Lhat used to compute
the compensation mechanism, Electric field simlations performed by a
numerical relaxation method yielded similar drift fields along the
majority of the drift space to that derived by the approximate methud.(2)

Therefore the compensation mechanism was modelled on the most

accurate data uvailable at the time,
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3.6 Initial Evaluation of the Production (g~2) Drift Chambers

After initial mechanical inspection of the chambers the sense wire
positions were measired with respect to the chamher fiducials using a
travelling microscope. All sense wires had to be parallel to within
50 pm to ensure their verticality when the chambers were mounted in
the (g=2) ring. The chamhers were cleaned and then clear mylar windows
attached using Twinstick, Unce Lhe gastight properties of the chambers
had been confirmed and the Ar 90%/CH4 1U% mixture had been flushed,
through for several hours, the drift field was applied and all chamber
potentials checked using an electrostatic voltmeter, The chambers
were tested for breakdown and an 55Fe ur 905r source used to produce
the chamber pulses. Initially severe breakdown problems were encountered
and space charge effeets noted on the curved end electrude strips,
Thorough cleaning of the chambers to remove any dust and solder particles
from the sense wires and rcmoval of any spikes of wire showing through
the solder connections greatly enhanced the chamber performance, The
use of corona dope on any remaining points causing continuous hreakdown

eradicated the problem, The chambers operated betler having had

continuous flushing for several days and the potentials applied for long
periods,

However the chambers were still found to break down at luwer applied
potentials than the prototypes. Measurement of the cathode/sense wire
plane gaps along the length of a chamber revealed that instead of.being
constant at 3.2 mm they in fact varied by up to z 0,4 mm from the
specified value, Figure 3.17 indicates the vuriation in plane gaps
measured across a Lypical chamher at the top and bottom of each sense wire,
The discrepancies were caused by the method of mnnufgcturing the

laminated connection hoard assemhlies and were irrevocable, Therefore
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the potentials had to he modified around the sense wires to lower the
field, Of course the situation was exucerbated when the throe wire—~
spacing field tilt was applied, With reference to figure 3°9’Vmin .1

would have been opposite the sense wire on one cathode plane and
Vmin L2 0on the other, In the final compensation mechanism vmin = 1360 V
with 120 V increments up to Vmux = 2200 V giving a drift field of

EO = 600 V cm-l. The voltage divider network had to be modified so

that the four lowest potentials became 1360, 1430, 1550 and 1730 volts
respectively, These values lowered Lthe field around the sense wires
sufficiently to almest eradicate spontaneous hreakdown,

Pulse heights of 25 mV into 50Q were measured with a 90 Sr source
placed close to a chambher. llowever the efficient vperating plateau of
the chamhers was very narrow. An applied véltage of 2.9 kV was required
acrosy the resistor network tu produce a drift field of 600 V cm-.1 in
the sense wire plane. An increase of more than 100 V in the applied
voltage caused spontaneous breakdown to begin in many cells. lHence it
was impossible to operate the clumbers at higher field values with the
field compensation mechanism in operation,

It was obviously impossible to repeat all the testis performed on the
prototype chambers for each of iLhe production chambers, However
extensive tesls were carried out at the Daresbury Lahoratory Test Beam
by Short and the authur(2) with an operating system very similar to the
TDC system used at CERN, which is discussed in Chapter 4, All tests
were performed in the abhsence of a magnetic field and hence no field
compensati on was applied, A drift field of 600 V cm-1 was used. Four

chamhers were used in several geometrical arrangements in order to

evaluate their performance, Clear mylar windows were used for ease of
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inspection and thus the earth plunes formed by the aluminized windows
that were fitted later did not exiut, Efficiencies of 99,5 were
obtained using a stringent scintillator telescope system and positrons
in the range 1-4 GeV, Linear drift time - distance relationships were
confirmed in the cells and hy staggering alternate chambers by a half-cell
spacing constant drifi velocities were observed on summing the four drift
times associated with a straight track. Anpalysis of the data from the
four chambers indicated an attainahle spatial resolution of 150 z 50 um
(standard deviation) ftor the normal cells and 300 2 50 ym for the curved
end cell, The results were ohtained from a least squares fit to a
atraight line for the four chamber hit co-ordinates.

The successful operation of the chumbers in the absence of a magnetic
field, with reasonable spatial resolution, indicgted that they would
provide accurate data in the (g—2) environment so long us the field

compensalion mechanisu was courrect.

3.7 Mounting of the (gwE) Drift Chambers in the Muon Storage Ring

As spatial resolutions of the order of 200 pm were anticipated from
the drift chambers it was nccessary to design a mounting system that
could be re-locatable to such an accuracy.

Figure 3.2 indicated the baseplate that was accurately positioned
in the region of magnet blocks 22 and 23. A complete gnide to the method
of determining the chamber sense wire positions is detailed elsewhere,(s)
an outline to the series of measnrements required is given here, The
baseplate was mounted horizountally on tubnlar supports with the aid of
locating dowels which fitted into reamed holes in the magnet blocks,

Measurements of the vertical height of the ring centre face of the

baseplate and feeler gauge measurements of the gup between the haseplate




and magnet blocks confirmed its correct positioning, The 0° datum line
corresponding to the radial junction of magnet blocks 22 and 23 was
checked by viewing three 4 mm pins that could be fitted in holes reamed
at intervals along the datum line, All datum lines scribed on the
baseplate und holes reamed in it were performed on an accurate drilling
table.

The drift chambers were mounted vertically in assigned cradles, as
shown in figure 3.7, The cradles in turn were mounted on the baseplate,
the centre lines of chamhers A - G and the upstream face of chamber H
being radial, The chamber and cradle fiducials were alfigned and the
cradle accurately pusitioned on the baseplute with the aid of a spacer
which had twe 4 mm pins positioned 114.95 wm apart centire to centre,

One end ol the spacer was positioned in a hole reamed in the baseplate
at a nominal radius of 6452 mm from the ring centre and on the chamber
centre lines, The oLher end fitted easily into a hole recumed in the
centre line of the cradle, approximately 90 mm from (he cradle fiducial,
after appropriate manipulat ion of the radial adjustment screw, The
.cradle was then locked in position and the verticality of the chamber
fiducial re-checked using an accurate spirit level, Any necessary
alterations were perfurmed using the two adjustment screws on the cradle,
The curved end memher of the chamber was now positioned approximately
15 mm from the vacuum tank,

Figure 3.18 shows the set of measurewen ts required to determine the
exact radial sense wire positions, An accurate rod und micrometer
system was used to measure the distance from the ring centre to the ring
centre face of the reamed hole in the baseplate -~ indicated by 6425 + Z mm

in figure 3.18, The spacer distance wus known and the distances Y
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between the cradle fiducials and ring centre side of the rcamed hole

were measured with vernier calipers. The distance F bhetween the chamber
fiducial and sense wire "7" and the other sense wire displacements had
already been determined, lence addition of all the measurements produced
the radial sense wire positions, A maximum error of 0,3 mm was quuted
for the series of measurements,

A small correclion had to be made, as indicated by figure 3.19, to
compensate for the chamhers heing mounted radially along the centre line
or upstream face rather than the sense wire plane, Hence the distances
measured above referred to I by the nomenclature of figure 3.19,
Calculution of the valuecs of A® allowed the corresponding R' values to
be derived.

Knowledge of the mounting angles 8 allowed the sense wire angles 8’
to he calculated and hence a cartesian co-ordinate system could be

. . o . . .
derived with the O datum line as one axis and the ring centre as the

origin of the co—crdinates, Such a system was used in the data analysis,
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CHAPTER FOUR

THE EXVERIMENTAL SYSTEMS USID FUR DATA ACQUISLTLON

4,1 Introduction

The experimental system required to operute the (g=2) drift
chamber array had several independent component parts which covered
the operation of the chambers thewselves and the processing of the
signals from the mense wires. iAs described in Chapter 3 the eight
drift chawbers were accurately mounted in cradles upon a hLaseplate
positioned in the region of magnet blocks 22 amd 23 of the forty
magnet (g-2) storage ring. [mnedintely downstream of the last drift
chamber were gn EDM counter = clectiric dipoule moment - and the (g=2)
shower counter Clu,(l) a lead plustic scintillator sundwich detector,
which was used as the timing trigger. As shown in figure 4,1 three
MWPC's(z) were aleo purt of the system, tuo give vertical co-urdinate
information, but these were nut operated in the total system and hence
are not discuased in this thesis.

The pulse, due to the passape of an electron, in counter C10, was
used as the trigger for the tiwing and the tiwmes of arrival of the
pulses at the relevant sense wires, correspouding to. the drift chamber
cella through which the electron passed, were digitized relative to this,

This chapter descrihes the various parts of the svstem in detail
and explaina the varions logic systems in 1se during the developument
of the system, The werits of the DTD CAMAC modules - Drift Time
bigitizers - over the MY modules - Time tv Digital Converters - are

discussed in relation to the (g=2) drift chamber array. Many aspects

in the development of the data ucquisitivn system for this array are
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relevant to the application of drift chambers in other experimental

detection systems 8o tlhe details are discusaed fully,

4,2 The Overall System

The overall system is presented in the forw of a block diagram
in figure 4.2 which also shows the location of the various cowponents.

The eight drift chambers had independent gas anh H,T. supplies
to allow individual demounting without affecting the overall system.
Each chamber bad eight pre-amplifiers ussocianted with it and these
are shown mounted in screened boxes in a rack immediately below the
baseplate, alongside the gas monitoring rack, in figure 4,3.

Cables were run from the ring to the counting room through an
underfloor tumnel and conduits, There were sixty-four 50Q cahles
for the amplified sense wire signals running to a patch-panel in the
counting room, eight H,T, cables from the distribntion box after the
Brandenburg power supply in the counting room to the I!,T, diatribution
boxes mounted on the drift chumber frames, and ulso several spare cables
for use with the gas monituring alarm and checking of the system,

The C10 counter signal was routed via the shortest physical path
a8 it had to be prucessed in the electronics, introducing further
delays, and Btill arrive before the miniuwum delayed sense wire signal,
80 a8 to prevent a deud time ovccuring in the drift time digitization.
This was particularly important when the TDC systems were being used,
as will be explained in section 4.,3.1.

In the counting room,shown in figure 4.4, all sense wire signal
discrimination and system timing was performed using NIM modular

electronics and the drift Limes digitized using TDC or DTD CAMAC modules.
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The drift times and certain other items of data were interfaced with
the Hewlett Puckard 2100 mini=computer through CAMAC using software
written in ASSEMHLER, The data was blucked and read on to magnetic
tape, with rudimentary on=line low priority analysis, for future off-
line analysis on the CDC 7600 computer at CLHN or the IBM 370/168 at
NUMAC (Darham).

As two totally different timing philosophies were used, relating
to the TDC's and DTD's, the logic systems will be considered

independently.

4,2,1, The Gas Supply System

The layout of the gas supply system ia shown in figure 4.3,
The requirements of the system for the (g-2) chambers were a steady
flow rate with no surges, which would easily have damaged the meal
on the thin melinex windows, and the ability to operate over long periods
with no attention but with the provision of an alarm to indicate when
the input flow fell below a safe minimum,

A premixed Ar 90’,1':/Cll4 10% mixture was nsed which alleviated the
need for a complex gus mixing svatem, A reducing liead on the gus
cylinder and an anti-surge valve controlled the gas flow through the
nylon input line which passed to the monitoring panel in the ring, A
Flowastat valve contrulled the input rlow wlhich was monitored on a
Hotameter calibrated up to 500cc /winute, A light sensitive cell
attaclied to the glass Rotameter column activated the gas alarm when
the float passed through the light bheam and tripped a reed switch,

The reset was in the ring which ensured that the gus flow was checked

hefore resetting, The cell was positivned so that the alarm sounded
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when the input flow fell below 160cc/minute, i.e. 20cc /minute input
to each of the eight chambers. The chamhers were supplied in parallel
but each could be individually isclated by means of a stop-cock. The
outputs from each chuwber were individually monitored on Hotameters
with a maximum calibrated flowrate of 10Ucc /minute - 4Ucc /minute was a
typical operating value. The eight exhaust lines passed to the outside
of the experimental hall to prevent build-up of inflammable methune gas,
Periodic monitoring was performed and the alarm system proved to
be adequate. The system continned to function satisfactorily even if a
chamber developed a slight leak, The flow in a chamber was from the
base at the curved end to the top at the spime end, thus ensuring a

continuous flushing of the active ares,

4,2.2. H.T, Distribution

A layout of tle I',T, distribution system is given in figure 4.8.
Immediately after the output from the Hrandenburg regulated H.T. supply
a fan was made through right 1U MQ safety resistors to limit the current
in the cahles passing to the ring, A safety lock wus installed on the
Hrandenburg supply to ensure thut the power was swiched off whilet
working in the ring.

A separate length of H.T. cable ran fruom a patch panel on the
pre~amplifier rack to the l,T. distribution box un the drift chawhers
for ease of removal and ulso to ensure that the winiwum pressure was
exerted upon the chambers to prevent auccidental movement,

As descrihed in Chapter 3 the Ill,T. distribution network was
contuined within a smull diecast Lox mounted on top of the chamber
spine. Ingide the resistor networh was wmounted on a-sheet of veroboard

and the chambher potentials were patclied from the relevant points to the
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two multiway ribbons supplying the upstream and downstream rails,
A stringent colour coding was used a8 the network had to he completely
altered for operation with positive or negative muons, Although this
method was extremely tedious it wus considered the most relialle
within the volume allowed. No J2~way edge connectors small enough,
or capable of standing off the potentials, were commercially available
to simplify the procedure. The respective putentiuys for operation
with positive and negative muon polarities are shown in figures 4,7a
and 4,7b,

Imring the final checking of the chambers hefore a run all the
potentials on the rails were checked using a 5kV electrostatic voltmeter

to ensure that no shoerting ocvcurred either in the divider hox or hetween

the rails,

4,2,3, The Pre-amplifiers

The pre-amplifiers were of a low input impedance tvpe with discrete
transistors deaigned hy ll, Verweij at CERN(a) specifically for negative
drift chamber pulse amplification, They had an input impedance of 20U
and a voltage guin of 500 with a rise and fall tiwe pf about 5.5 ns.

As will be described in section 4,3,2 they were slightly modified when
the DTD system was introduced.

The amplifiers were huilt in Durbam and throughout the experiment
were used in preference to octul NIM module versiuns later introeduced
at CERN, They proved tov be extrewely reliable and withstvod severe
mechanical stress and electrical uverload, The sixty—-fonr pre-amplifiers

were powered, through a distribution syastem designed and built in Durham,
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from a NIM bin power supply sited in a rack immediately helow the
baseplate. ‘the pre—umplifiers had to be positioned as close to the
chambers as possible so that signal attenuation and distortion did not
occur, sense wire outputs being typicully 2 mV into 509 . 16 ns cables
from the sense wires to the pre-amplifier inpute proved to be the
minimum possible, due to physical considerations, The need for

remote sensing of the current being drawn on the three power rails

was not considered essential after perfect reliahility nsing

independent L.T. supplies during development at the Daresbury

Lahoratory and CERN,

4.3  The Data Acquisitiun System

The main requirement of the dauta acyrisition system, apurt from
processing additionul items of data such as the energy level of the
decay electron and the time into the (g-2) cvele at which the event
occurred, was to digitize the drift times in the celils or the drift
chambers. In order to do thut uccurately the zero time at which the
decay electron traversed the chambers had to be known, and for that
purpose the shower counter C10 was used as a trigger. The signals
from the sense wires hud also to he discriminated and shaped and then
the times between the C1U trigger and sense wire signals digitized,
Account had to be taken of the deluy hetwcen the arrival of the C10
irigger and the minimm possible drift time pulse, i.e. zero drift
length, which was caused by ineyualities in the pliysical delays of

the system and had to be corrected for in the sofltware,




-100-

Taking the maximum drift length in the (y=2) chambere of 14 wm,
a poasible resolution of 100 ym and a predicted maximum drift time
in the order of 500 ns implied a timing resolution of 3.6 ns.
Considering other drift chambers with longer drift spaces and greater
drift velocities implied an optimum timing resolution, without
introducing undue cust, of 2 ns. (4’5). Two types of CAMAC module
digitizers were available that would perform to such an accuracy. The
first type = DC's = will be discussed in section 4.4. They were used
during the testing of the prototype and production chambers at the
Dareshury Laboratory and during the initial runs at CERN, Several
limitations were apparent and therefore the UTD system was introducéd,
as will be explained in section 4,5, With tiwing resolutions required
to such an accuracy fast electronics and low discrimination levels of
sense wire pulaes were essential tuv reduce time slewing.

A block diagram of the data acquisition system is given in
figure 4,8, The sense wire and C10 pulses were processed in the
NIM logic and the drift timea digitized in CAMAC, through which they
were interfaccd with the HP 2100 couputer and aseociated 32K core.
This was done either directly using a dedicated crate controller, in
the case of the ovne crate TDC system, or through a Borer interface in
the case of the two crate DTD systen, Uperating under an acquigition
program written in ASSMMBLER the data was blocked and written on to
uwagnetic tape, Display of data or programs on the V.D.,J. was performed
using the CERN version of lewlett Packard BASIC called BAMBI,(6’7'S) in
either an on-line or off-line mude, A paper tape reader and punch
and a lineprinter allowed software development and loading of the

operating system,
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4.3.1., The NIM Logic

‘*he essential tasks of the NIM logic were fiveftold:-

i) Signals were accepted from the main (g-2) tast electronics
corresponding to energy bins tor the electrons detected in shower
connter C1U, which had a resoelution ot 2 25L \eV, The counter
signal was funned=out five wanys and attenuated by variovus awounts
and discriminated, thus giving signals if the energy was greater
than the preset levels. The levels were labelled Tiu, A, I, C,
uud D roughly curresponding to energies greater than 500, Yuu, 1800,
220U and 2800 MeV respectiively, T10 could thus be used to indicate
that a particle had been detected and used as a strobe for the other
levels., A particle with enorgy preater than 2200 MeV but less than

280U MeV would thus have bits T1U, A, Y and C associated with it,

ii) The second task was to attennate the ClU pulse and discriminate
at the — 650 mV level in order to unly detect decay electrons with
energies greater than 90U MeV und thus ensure that they had decayed
in the forward direction in the muon rest frame.

The gain of the V.M, tube un the shouwer counter altered with
varying heaw cunditiuns.ky) Also the applied 1,1, was altered on
occasions in connection witl experiments on the DM counter immediately
upsatream, so that only electrous with energies greater than J0UU MeV
fell into energy biu D. Thag the attenuation had tv be checked
hefore each run to ensure that only particles alivve YUU MeV were
accepted, To achieve this o program was written in bAMKI Lo
calculate the energies of one lmudred events frow their respective

energy hins, The at.tennation was increased nutil no events veccurred

with only level T10 triggeving as demounatrated in rigure 4,9,
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The valid C10 pulses were then used as the timing reference for

digitization if the event occurred during the timing gate descrihed

below,

iii) The third function was to form a timing gate with reference to
the proton pick-up pulse, which immediately preceded the pion
injection into the (g-2) storage ring. This was used in coincidence
with the processed C10 pulse to select a detectahle particle,

llere it may be noted that the drift chambers had a dead time of
approximately 50 yus after the injectionadf the polarized pion beam
into the (g-2) storage ring. This was due to the enormous number of
pions and secondaries passing through the chambers during injection,
which was known as the "initial flash", The drift chamber array was
immediately opposite the injection section of the ring which exacerbated
the problem, A crude estimate yielded 105 particles passing through
each chamber at that stage., Hence as the avalanches occurred around
the sense wires the number of ion pairs in the chamber could exceed
1010. It was thought that space charge effects around the sense and
potential wires plus slow charge leakage from the wmylar windows, which
were only aluminized on the quter surface, cansed the chamber inetficiency
at early times after injection, Such effects when operating with high
particle fluxes had been noted by other workers, us stated in Chapter 2,

When operating with negative polarity mons the injection was
cleaner(g) and the chambers were able to detect tracks up to 10 us
earlier than with the positive polarity. Dunring one run with negative
muons only one PS pulse was injected into the ring instead of the normal
two and analysis of the occurrence times of candidate events showed

that the array only detected a few tracks between 30 and 50 ps and only

became fully efficient thereafter,
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As the electronics was only capuble of storing one event per
(g=2) cvele the gute was normnlly oupaned ut hetween 50 and 100 na
into the cycle and extended until 500 us, As the number of decay
electrons fell exponentially with time the number detected after
50U ps was negligeable and in any case pick=up from the electroustatic

focuging field electrades occurred beyond 650 ps.

iv) Fourthly the sense wire signals had to be discriminated and
shaped fur inpmt to the TLC's or ID's, e to high background

noise in the chambers the level was set to —= 100 wV which, assuming

a linear voltage gain for the pre—amplifiers of xHuU, corresponded

tv 50U aV into 50 from the seuse wirces, This necessarily introduced
unwanted time jitter as a mich lower discriminution level would have

been desirable, but it was the best compromise solution,

v) Finally the rest of the NIM logic served as & series of fan-outs
for various signuls tu the CaMAC modules and will he discussed further
in the fullowing sectious,

For the DD system ouly the Clu punlse hud to he delayed to act
as a cuommon stup for the VID Controller. Also EDM information was

introduced «8 will be discussed in section 4,5,

4.4 The THC Systlem

The TUC system will he described in order tu demonstrate the
development of the system and the advantages of the UTD systen, 1t
must he noted, Lhowever, that the majority of the wnalysis, to he
discusaed in Chapters H and ti, was performed on the DTD duta due to
its greater accuracy,

The THC NIM logic systew is presented in fignre 4,10 with the



-104-

CAMAC system in figure 4,11 and on overall block diagram in figurg 4,12,

As previously discussed the energy levels A, i, C and D were
strobed with a shaped T1U pulse tu give an indication of the decay
electron energy. Those levels in coincidence were input to a
Pattern B unit in CAMAC whicl presented a binary word on the dataway
during readont. A couincidence between an attenated and discriwminated
C10 pulse and the tiuming gate indicated a valid event and was fanned-ont,
uging dual limiters, to perform several functions,

Fight Le Croy quad TUC's type 2220A and four octal TUC's type 2228
were used, Twelve of the coincidence fun-outs were required to provide
front panel common "stat" mignals. The Uctal ThHU's also required
artificial commwon stop signals because in the event of nu stops
occurring, i.e. no relevant sense wires hit, no Y response or LAM was
generated and the acquisition program saw an empty CAMAU slot rather
than eight locations, As the anulysis program relied upon sixty-four
channels vf data heing present this option cuused fatal software errors,
s0o two timing units and dual fan-outs were used to pruduce the artificial
stops after the required delays, The gquad THC's lLad no such option and
werely recorded overflow valaes, All Tbi's had a maximum digitization
time of 512 ns except for Lwo ovctal units adjusted to 1 us full range.

The other two fanned-out coincidences were used aus an input to
channel 1 of the Status "A" register, to rive an external comuwand to
the crate controller Lo read and clear the crate, and us u "set" to a
Cable Timed Shaper aucting in histable mode, A secund pulse frow the
end marker «f the timing pate produced the reaet and the resulting
output pulses were used as guiles for the Fattern B nnit and a wicro-
acaler, The latter recurded a 1u MIz pulse train over the duratiun

of the gate so that by kunowing the time of the end of the timing pate
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the occurrence time of the decay electron conld he compnted using
the inverse timing infurmation,

A scaler was attached to an ontypnt trom the tLiming pate to
record the number of (g—z) eycles daring a ran, A decay electron was
not necessarily detected every cycle 30 this ucted as a guide to the
efficiency ol the svsteu,

The amplified sense wire pulses were discriminuted at the
= 100 wV level and the Le Croy octal G2UAL discriminater units adjusted
to give an outpul pulse of 15 ns width at the NIM level for input to
the TDC stoupsg.

Termination of u run wusg accomplished hy preasing a butlton on
the Status "A" register or a switeh on the cowpmter,

By making use of the pulsing system for the LiD's, which were
used in the muin(g—2)experimeut tu measure Lhe gain of the shower
cuuuters,(g) a aystem was devised to meausure the dilference in arrival
times at the THU'ae of the "start" und "stop" signuls, The stop sipnal
corregponded to a zero drift lengil iind by carefal nateling of delays,
to repregent the original system, the difference could be disylayed on
a calibrated oscilloscope, Altowing 5 ns rfor Lhe traversal of lipht
down Lhe scintitlaltor in tlie shower cuanter to the josition of the
LkD, juast in front of the phoroaaltiplier window, the ClU0 starts were
found to arrive 4u 24 ns before the sense wire stops, Lbence Llere
wun no dead time in the digitizalion range aud this value Lid to be
deducted frum all drift times in the suftware, TLis value upreed

well with the thevretical figore calenloted from Lhe culble and

photomltiplier delavs plus propogation deluys of the NTM modules.
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4.4,1. Culibration of ihe TUC's

Time tu digital conversion was acceomplished in two stapes with
the lLe Croy units, A capacittor was charged up by a conslant carrent
soarce initiated by the common "sturl™ aipgnal and terminated by the
"stop" signal - each channel keing independent, liemee the total
charpe on a capacitor wns an analegne repregentation of the tinme
interval, The charge was then removed at a counstant rate wiiilst a
20 Mz vscilliatury, in the case of the octal units, was gated into a
scaler, thns producing a digital output.

tuch channel had to he calibrvaied Lo weasure the offset at zero
delay and the slope of the calibration curve, A prupram was written
in HAMHBL te record the delavs set on twenty—fuir chaunels at a time
nsing a pulse generator and a series of fan-outs in NIM and delaya
produced using Jdelay boxes, en recordings were made at each 8 ns
step throughout the time ranpge of the Thi's,

Figure 4,13 showg a typical channel's colibration apainst true
linearity and figure 4,14 dewonstrates the difYerent deviationa frowm
lincarity throanghont the lour independent claurmels ol a quad TG,

The ecurves show the extreme nont=linearity of certain channels; up

to 12 ns change in deviation over tull-rauge, and the vast variation
hetween the channela in a module, Tia was duae to €} e design
pMlilosgophy of the TDC modules which had independent charping and
discharging current generators and capaciturs fur eacl channal, it
st alsu be noted thoat TLU calibrations tended tov deil't with time,

I'o nge 10C data aceuarately in analysis programns a least squures
tit. wonld have to have been made tou Lhe data and suftware currections

made accordingly,
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4,4,2, Linitautions of the TLUC Svstewm

The wvat seriovs limitation of the TDC's was that they only had
a one hit capability in each cell, lence if o donble or mltiple
hit occurred in a cell and the hit not connected with a correct track
Lad the shorter drift time, then the track would appear to he perfect
even though incorrect data were recorded, In the (g=2) experiment,
where the decay electrons were detectable np to 500 us after injection
it would have heen feasihle in many cases tu detect twu tracks per
cycle, especiully if the drift chumbers had been efficient from say
10 ps, liowever the THU's had a digitization tiuwe of 50 as (due to
the 20 Mz oscillutor scaling in H0U ps bins) which when added (o
the CAMAC cycling time reqrired to read and clear the crate made the
proposition untenable over the allowed 40U us timing gate.

The awount of software correction required for calibration ot
the drift tiwes was also unwieldly, espucially if on-line analysis
hind heen attempted,

As far as the data acquisitinn system was concerued, several
faults were noted, The Fattern N gate fur acceptance of energy level
signals was open from the receipt of the correct ClU pulse until the
end of the timing gate, hnn;; if any later decay electrons were of
higher energy than the particle detected, then the corrcapouding lLiigher
energy Jevels would he recorded in association with the lower energy
track, A narruwer gute and u vebu were added in the DTD systen,

The use of the Triple Shaper units for CL0 and ecnergy level
signal shaping, as shown in figire 4.1t, was not totally sabisfactory
us they tended to pruduce doable or triple outputs at lower discrimination

levels or output widths, suo they were replaced in the 5Tl systeu.
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4,8 The DID System

The (p=2) drift chawber :vay was vne of the first experiments
to use the CEBRN designed Drift Time Digitizer systew, The mode
of operation of the DID's has bLeen discussed in detail elsewhere(lo'll)
bnt briefly an octul double widtili LAMAC DID 164‘12) was allotted to
each chumber and euch sense wire waa cunnected to an independent
clunnel, The DTD's thewselves were cuntrolled by a UTD Controller
Type 211‘13), ualso a double width CAMAC unit, An inverse timing
method wus used whereby the sense wire signals acted as "starts" and
a delayed ClU pulse was used as a common "stop",

The DTD system achieved u multi-track timing resolution of 2 ns
hy nsing a 125 MUz crystal oscillator to produce the c¢lock pulses in
the Controller, giving an 8 ns resolution, An interpolator was used
in each DTD timing channel to measure the deluy hetween the arrival
of the "gtart" pulse and the next positive guing edge of the clock
pulse, to 2 ns resolution, Another interpolator in the Controller
meusiired the delay bhetween the arrival of the “stop" pulse and the
next positive going edge of the clock pulse also to 2 ns resolution.
Using this system allowed the use of stundard cirenitry rather than
the wore expensive electruni;s that would have heen necessarily
associated with a 50U Mlz clock and would thus have defeated one of
the wain benefits of drift chambers over MW'C's - the cost of readout
electronics per unit area.

A software CAMAC command started the ontput of Lhe 1256 Mliz clock
from the Controller which was fammed=ont by a type N4lHY Fast Fanont(14)

to the clock inputs of the DD modules. 'he "enable" output was also

fanned-out to the DID*s to allow them to accept “"swtart" sipnals and
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begin sculing the cloch pulses, There were four timing clannels
per module, which were sised in turn, und any mmber of wires were
allowed to have hits at the same tiwe, hence a pussible maximum of
thirty=-two hita could be recurded in one moudule. Some restrictions
applied to the incidence of the Lits; starts ocearring within 2 ns
after the previous vne were recorded as having occuarred at the same
time, starts vccurring between & ngs and 4 ns after the previovus one
were recurded as having vccurred at the sawe tiwe and at a tiwe 2 ns
later, while starts vccurring wore than 4 ns after the previous one
were resulved and recurded us u scparute tiume, Thus suftware
corrections ha+d to Le made in the case of events occurriug ufter

2 tu 4 na3 to allocate the luter time as the true drift time,

When the Contrvller received the common "stou" signal fhe inter-
polator weasired the delay to the next positive going edge of the
clock pulse and the clock was stopped. The "atop" ovutput from

the Uontroller was set and fanned-out to the UID's 50 ns later

which enabled them to be read.

Un readout the wodiles presented a 16 bit binavy word for each
hit on the CAMAC datuway. The four most signilicant bits referred
to the station number, set by frout panel decade switclies to O = 7
for chawmhers A - H respectively, The next three biis referred to
thie channel, and thus wire, nnmber U - 7, Thie remalning nine bits
guve the drift time, including vernier, in 2 ns bins,. Thie three
bit step vernier, read frum the Controller, had tu be subtracted

frow this value in the software.
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Spurious starts occurriny helore the true purticle arrival tiume
caused the time weasuring channel tuv start digitizing. To uvvercome
this prohlem the time weasuring chanuel and associated wire register
were reset when the two wost significant scaler hits vreached "1",

Tims the maximum digitization tiwe aveilable was 768 ns,

4.5.1, The GID NIM Sysiem

The final version of the DTD NIM logic is shown in figure 4.15
along with the CAMAC system in figure 4,16 and a hlock diagram in
figure 4,17,

The NIM logic was randically different frum the THC system both
because the DTD's used an inverse timing wmethod and because tlie time
alewing ol the previous system wus too yreat, as discussed bhelow,

The CiU pulge was noet only attennated and discriminated to
provide enerpy resolution mt also, mure imperbantly, gave a
timing reference fur the Jdrift time digitization, C1l0 pulses
were artifidnlly produced unsing a pulse generator, bipolar amplifier
and attenuator to cover the expected ranve of = 140 @V, tor firing
level TiU, tv = 50U m\, Lu [ire level b. By independently altering
the attennation of thie resulting pulse from U to 16 dib hefore
discriminution at = 50 wV, ag performed during the runs, time slewing
of up to b ns occurred, which was unacceptable, The time slewing
was ueasured by displuying on an uscilluscope the difference in
arrivel times of the artificially produced CLO puldes and sense wire

pulses derived frum the same sourvce, Yith a fixed sense wire sipnal
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the C10 pulse height and C10 attenuoti on were altered inidependently.
For input pulae heipghts to the preegmplifier ranging froa § to

13.5 mV, i.e, the expvéted range, the delays in arrival times for
various ClU settings apreed to within 2 1ns und the time slewing
wuy identical for all values. This indicated that the enforced
Ligh discrimination level of = 10U uV for the amplified drift clamber
pulses produced less time jitter than that due to the method of
attenuation of the ClU pulse. l'esults are displayed in fijpure
4,18 for C10 pnlae heights corresponding te decay electron

energies which just "fire" levels B, { und D, The time slewing

is shown apuinst various values of ClU attenuation for three
separate sense wire pulse heights,

By fanning-out the ClU0 pulse into a fast timing clannel and
a"palse height analysis" channel the time slewing was reduced to
less than 2 ns which was cunsidered ucceptable. The "fast tiwming"
channel was amplified by 12 dB and discriminated at - 30 mV, to
reduce time jitter, and then delayed to walclh the other channel,
The "vulse height analyis” channel was attenuated and discriminated
at = 50 aV, as with the TDC system, and put in coincidence with the
event tiuwing gate as beforc, h liowever the cuincidence was now
gated by a veto pulse so thut only one particle could he detected
per (g-2) cycle. This coincidence was shuped to have 40 ns width
for input to a ceincidence with the "fast timing" channel to ensare
that the timing signal corresponded to a decay electron of correct
energy. This second cuincidence wus also pated Ly the vetu pulse

to ensure the detection of only one particle per cycle,
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The coincidence pulse was fanned-out five ways to perform
various functions:

The first was delayed by various methods und amounts, depending
npon the system in use, und clipped to act aa the DTD Controller "stop".

The second was input to a timing unit to produce a 1 ms long veto
pulse to gate the coincidence unit, The end murker from this pulse
supplied the external interrupt to the Crate Controller, via
channel FD1 of the LAM Grader, that initiated readout of the CAMAC
crates,

The third was used to "set" a Cable Timed Shaper in bhistable
mode, The "reset” was derived from a preset scaler in the (g-2)
electronics which produced an end marker from a gated 100 MHz clock
855,36 ps after the proton pick-np pulse. The resulting output
from the bistable produced a far more accurate inverse timing gate
for the determination of the occurrence time of the event, A clipped
1 MHz clock train and a 30 Miz amplified clock train were used as
inputs to the CAMAC pi-scaler Lo wmecasure the gate lenyth,

The fourth output was to a dual Dorer scaler tu act as an
event counter that could be c?mpnred with the number of protun
pick=up pulses recorded on the other channel whiclh .nsed the timing
gate as its imput,

The fifth output was delayed and widened to 80 ns to act as the
Pattern B gate, As the coincidence urit was gated by the veto pulse
the Fattern B Unit could only record the energy levels of the detected
particle, The energy levels were timed into the gate using the LLD
pulser on the slhower counter to adjust the delays, llence no shaping

0f the pulses was now necessary,
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Apart from the five enerpgy leovels tlhree hits of I'DM informatiorn
ware also included in the DI'D system, The I'UDM counter, positioned
between drift clhiamber H und shower counter C10, wus in the form of
two equally sized arms of thin scintillator mounted vertically above
each other and filling the magnet poule pap with an active areu
similar to that of the shower counter. The dead space between the
"up" and "down" counter was kept to a winimum after allowing for
light exclusivn, The least significant bit of inforuution recorded
whether a coincidence had occurred hetween the LELM counter and C10
and the other two bits recorded whether tlie "up" or "down" counters
had detected u particle, 1t was algsu posgible for either hoth or
neither counters to detect the decay electron or secomluries“ﬁ).
hence unalysis of (he eight bit binary word pgenmerated by the Pattern
B unit in the software revealed hoth the energy and LDM status of

the decay electron,

4.5.2. Modification of the lre—awplifiers and Discriminators

lndimentary anulysis of the first DTD dauta revealed a large
number of double or treble hits on a wire which appeared tv Le
excessive, Such problems would never have been detecled with the
TDC system whiclh only had single hit cuapability,

Ingpection of the discriminator ontput pulses triggered by
clean pulses frow a pulse penerator revealed a smuall after pulse of
80 = 1UU mV 3V ns after the start of tle discriminator output as
shown in figure 4.19a. This appeared to be internally generated

and indeed when the output pulse was udjusted from 10 to 18 ns




-114~

widtL, and the two unused ontputs of the octal discriminutors
were terminated hy 50Q,the secondury pulse was reduced to less than
60 mV and the overshoot was eliminated as shown in figare 4.19b,
The suppreasion of the secondary pulse was uchieved by terminating
the nnused channels despite the Le Uroy specification stating that
all oatpuis were independent, Although the specification for the
DTD modules guoted ar input threshold of 350 wV it was found in
practice to be in the 100 = 200 uV region with some ;hannels as
sensitive as Y0 mV(lu).

The pre—umplifier ontput also revealed an after pulse some
100 ns after the main pulse as shown in fipure 4,204, This had

(17)

heen noted by other workers and was thoaght to result frow

mismatches between the sense wires, which were thought to have a

)

typical impedance of 350(*18 , and the 50Q signal calle and, also,
between the cable and pre—amplifier which lad an input inpedance

of 21Q. hHy altering the pre—amplifier input resistor to 519

and changing an inter-stuge resistur to 24Q), to compensate for

the resulting loss in guin, the cleaner pulse, without damped
reflections at the back end, wus produced as shown in figure 4,20b,
The pre—amplifier circnit and.modificutions aresliown in figure 4,21,

These modifications greutly reduced the mumber of false double

hits recorded by the system,

4,585,383, Calibralion of the DTD System

As with the TDC system the NTD modules were calibrated against
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a series of known deloys at 1lU ns intervals, It would he

expected thal ag a magter clock was used for all cliunnels the

calibrations would be identicaul except for statistical fluctuations

in the interpolatorsa. Due to an internal time delay in the

Cuntroller and the fact thaut the clock pulse was stopped on the

following positive going edge after receipt of the "stop" pulse,

at least one pulse reached the DTD modules. llence a digitized

time of 11 ns was recorded for a meusured zero input start/stop

delay. Assuming that this property was constant throughout the

range, the calibration was wade from 40 ns in 10 na intervals.

This wonld nol only culibrate the DID's but also check the

randomizing of the interpolator as the 11 na offset would canse

the deluy to fall wmidway between the 2 ns resolution of the tiwing

bins, Figure 4,22 shows the calibrativn o1 a typical channel

against linearity with allowance vade for the 11 ns offset., As

may he seen the linearity was fur better than with the TDC's,

Figure 4,23 shows the deviation frowm linearity of all eight channels

in a module which indicates that ut ouly two points, due to the

statistics of the interpolator, does oune channel vary from the other

seven, The divergences from exact linearity coald be attributed

sulely to the method of using a series of delay units to produce the

set delays hecuuse these introduced errors due to faulty switches,

A more stringent method fur the calibratiun of the NTD's has been

sugrested following the calibration of the(g-Q)UigiLruns(lg).
Calibrations were unde of the length of the sense wire siwgnal

cables from the cvatputs of the pre~umplifiers to the patch panel in
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the counting room. Channel A0 was taken as the abhsolute length,
The cubles were left open ended ut the ring end and a pulse
generator attaclied to AU and iLhe other channels in turn throngh a
resistive split, The outgoing and reflected siynuls were viewed
on a calibrated oscilloscope nging LFMO T's after tlie resigtive
split ontputs, ~ The length of cahle A0 was fuund to be 160,5 :
0.5 ns and all other channels were found to be within 2 0.5 ns of
this value.

A check was ualsv made on the differences in arrival times of
puls;s input to the pre—amplifiery and passed to the counting
room and discriminated, the discriminator ovutputs being measured
relative to channel AO. All channels were within & 1 ns of AO.

A final check was made on the time slewing caused hy
variable size inputs to the pre-—amplifiers. VUsing a pulse
generator and resistive split followed by attenuators the pulse
on channel A0 was kept constant whilat the input to channel A1
wus varied from 1 to 30 mV, The time slewing was less than 3 ns
over the whole range, &s shown in figure 4,24, but the maximum
rate of slew occurred st the }ower input values corresponding to
likely chauwher pulses. ‘The time slewing caused by varying the
attenuation of the pulse to one channel oniy, and not the other,
was less than 2 0.2 ns over the range,

The difference in arrival times of the start pulses and the
Cl10 pulses were meusured at the entry points to the DTD's and DTID
Controller but with the C10 delay (of various values throughout
the runs) removed, The LED pulsing system was used once aguin to

enable a study to be made of variable chiamber pulse hLeights
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and C10 puise heights, Over ull possible combinations of the two
variables the sense wire starts were found to arrive 24 ~ 2 ns
before the C10 stops, account having been made for the 3 ns delay
in the scintillator of the shower counter, To obtuin the overall
maximum digitizable dritft time available with a particular syastem
the 11 ns DTD offset and C1l0 delay cable length wust be added to
the above value, Hemembering the inverse timing method the drift
time then becomes equul to the maxiomm digitizauble time minus the
DTD time recorded plus the Controller vernier. All such

v
calculations were performed in the software.

4,6 System Operation

Before each (g=2) experimental run the chuuber potentials
were checked and each ce¢l)l tested for breakdown, Any bad chambers
were removed from the system and cleaned. Uften when gaseous or
electrical hreakdown occurred in one cell the resulting U,V. light
produced photo-electrons in neighhouring cells thus producing
appurent breakdown in those cglls also, If the bad cell's input
to its pre-amplitier wis removed, i.e. the cell wus. "flunted", then
the sense wire poteutial rose to the locul field value and the
breakdown was prevented from occurring in that cell, Also the
neighbouring cells wer; then found to operate norually,

The chambers operated hetter with age, a coustunt applied
potential o f 3,0 kV across the divider network being possible

during the later cycles, This was probably due to any impurities

in the chamhers being totally ocutgassed and slso that all defective
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cells had been cleaned, or permanently floated if they were in
non~important detection positions in the array,

Apart from periodic checks for breakdown and monitoring of
the gas flow through the chambers it was found to be possible to

run the chambers untouched for a period of several days.

4,7 Data Acquisition and Analysis Software

The HP2100 computer was a 16-bit machine and the data was

»
written on to the magnetic tape using a standard CERN blocking
(20,21)

technique in order that off-line analysis could be performed

using FORTRAN on any computer with the aid of dedicated unblocking

(22)

routines, The acquisition program was written at CEIUN in
ASSFMBLER.

For the off-line unalysis the standard event block had a
variable length with the DTD data depending upon the number of
hits recorded in the event. However the first fourteen elements
were consatant and are listed in table 4,1. All are either self-
explanatory or have been described above, The possible values for
energy and EDM status record;h by the element correspunding to the
Pattern B unit are documented in table 4,2.

Knowledge of the above and the system calibrations allowed

the of f-line analysis to be performed to the accuracy of the data

obtained.




Array Element

(1)
(2)
(3)
(4)
()
»
(8)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
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TABLE 4,1

Description

101 = number of elements in array.

Number of words in event excluding self.

LAM

number, Always constant for this system ~ can be ignored.

livent number generated by acquisition program.

Pattern B register, gives energy and EDM information.

1 MHz clock scaler for event vccurrence time.

50 MHz clock scaler for event occurrence time,

DTD

DTD

Controller vernier.

times,

Number of further elements

depends upon number

of hits in array.
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EDM DUWN counter coincidence

g (g=2) Energy level pulse heights
)
)

Energy levels + EDM

informaution
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No signal,
>0 MeV
> 900 MeV
> 1800 MeV
> 2200 Mev
> 2800 MeV

No signal,
>0 MeV
900 MeV
1800 MeV
2200 MeV
2800 MeV

vVVVvy

No signal,
>0 MeV
> 900 MeV
> 1800 MeV
> 2200 MeVv
> 2800 MeV

No signal,
>0 MeV
> 900 MeV
> 1800 MeV
> 2200 MeV
> 2800 MeV

energy fault.

NO
CUOINCIDENCE

energy fault,

COINCIDENCE
up

energy fault.

COINCIDENCE
DUWN

energy fault,

CUINCIDENCE
UP AND DOWN
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CHAPYER 5

CALIBRATION OF THE (532) CHAMBER DRI1FT VELUCITIES

5,1 Introduction

Before any track reconstruction may be attempted, using the data
obtained, an accurate knowledge of the drift velocities in each of
the chamber cells is required,

For more conventional drift chamber applications, either operating
witg no magnetic field present or in a homogeneous field, accurate
scanning me thods may by employed to determine the drift time - distance
relationship acroas each cell, lNowever with the unique form of the
(g=2) fringe field no valid prior calibrations conld be attempted
before installation of the chambers in the Muon Storage Ning.

This chapter described the results ohtained with prototype chambers
using various systems and then discusses the most straightforward method
availahle for calibrating the (g-2) chambers, This involved measuring
the maximum drift time in each cell and comparing the results
obtained with the expected theoretical results, The lack of anticipated
accuracy is explained with reference to the choice of data used in the
analysis and the magnetic and electric fields present over the active
chamber voluwme, The fields calculated by the author are different from
those originally used to choose the field compensation paraweters used
in the chambers. Contributions from the spurious double firing of

digitization channels, as discussed in Chapter 4, were removed and the

best overall estimates of Lhe drift velocities are presented,
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An effect wus observed which was attributed to a splitting of
the primary ionization at cell boundaries causing simul taneous drifti
of electron swarms from a single track towards two adjacent sense
wires, The mechanisms involved are postulated and the results used
to derive further estimates of individual cell drift velocities.

Finally an experimental system is suggested that could have

provided an accurate calibration of the (g—2) chambers.

5,2 Calibration Techniques

The most accurate technique used in the calibrution of drift
chamber velocities is to precigely scan a chamber ucruss a well
collimated beam to determine the drift time - distance (space -
time) relationship of a cell, The zero timing trigger and location
of the incident heum is determined by a rigid scintillator telescope
and, sometimes, also a puir of identical drift chambers to define a
pencil beam, Such a asysiem is oullined at the end of this chapter,
Not only does this method provide a value for the maximmm drift time
in a cell, and thus the drift velocily from a knowledge of the drift
distance, but also it indicnt;s any non-linearity in the space - time
relationship, Non-linearity may be cansed by variations in a non-
saturated drift field across a cell, causing variation of the drift
velocity, or by local defects in the mechanical counsiruction of the

chamber, Thus the drift distance, x, covered in time t, whilst

drifting with velocity w is given by:

t

X = J[ w(t) dt (5.1)
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For a constant drift velocity this reduces to x = wt and a
linear spnce - time relationship results, Ubviously it is preferable
to operate a chamber with a saturated drifi velocitly so that any local
defects have no effect upon the space = time linearity and calibration
is straightforward,

Another method which reveals the maximum drift time in a cell and
the drift velocity, but not a detailed space — time relalionship,
involves the use of the integral spectrum of the drift times in a cell,
A uniform flux is required across the cell and may be provided by cosmic
ruyé, a radioactive source or preferably a diffuse high energy beam. A
scintillator is used tu determine the zero timing triggers and the drift
times are binned from zero to the maximum drift time to produce the

frequency distribution dN/dt defined by:

N = N, ds = N w(t) (5.2)
dt ds dt ds

where s is the distance along the sense wire plane. If the flux is
uniform throughout the cell the distribution is proportional tov the
drift velocity w(t), Integration of the distribution reveals the
s » s(t) relationship. Figure 5,1 shows the thenretical distributions
expected with ideal condition;. The slow rise to the flat-top in the
dN/dt distribution is due to the reduction in pulse height around the
sense wire introducing some inefficiency and also to the lower drift
velocity in the high field region, By the nomenclature the particle
traverses the chamber ut time tu and is detected at time t, An initial
peak in the distribution occurs four angled tracks which may erroneously

be interpreted as a higher drift velocity arvund the sense wire, It is

in fact due to the radial path twken by the electrons close tov the sense
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wire having initially drifted along the cathode plane, as discusséd in
Chapter 2. With a uniform l'lux across the chamber this geometrical
effect causes an apparently higher flux around the sense wire as the
electrons have a shorter distance to drift per unit distance in the
sense wire plane when moving radially to the sense wire rather than
parallel to the cathode plane, A siuilar effect occurs in a magnetic
field for angled tracks and alsu with incorrect compensation which causes
the electrons to truvel in curved trajectories and nearly reach the
calhode plune befure moving radially inwards towards the sense wire,

| This method has two severe limitations, however, which are especially
prevalent in the (g=2) application where such a method was used, If the
flux is not wniform across the cell the dN/dt distribution no | onger has
a flat-=top and the integral spectrum does nol produce a constant slope
for a saturated drift velocity, Due to the left-right ambiguity of
the cell the distributions are the sum of the two halves so the flux
must be constant from potential wire to potential wire, ‘'ms for a
non-uniform flux the results indicate an apparent non-linearity in the
space ~ time relationship and therefore a variable drift velocity,
which may not bhe the actual case. For an ideal chamber with a saturated
drift velocity, no magnetic field present and particles incident
orthogonally to the sense wire plane the cut—off at time T, the.maximum
drift time, for the dN/dt distribution is rapid as shown in fipure 5,1.
This is due purely to geometrical considerations as indicated in
figure 5.2a, However if the chamber is operated in a magnetic field,
and clectlric field compensation i1s applied, a cell muy be efficient uver
a length greater than the sense wire/potential wire spacing as shown in

figure 5,2b. Thus the cut—off may not he yunite nus rapid as in the zero
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field case and the muximum drift time, T, now refers to a greater
drift length,

A similar effect is present in both cases for particles incident
non~orthogonally tu the sense wire plane., Such tracks incident at
:@o are represented by dotted lines in figures 5.2a and b, Using the
precise scanning method the chawbers would appear to be efficient over
lopger delection lengths in the sense wire plane due to the greater
acceptance at the cell boundaries, This hkas been demonstrated hy

1)

Breskin et al.;( fignure 5,8 shows their resultls for Lhe increase in

the efficient detection region, measured along the sense wire plane, using
a chamber operated in a magnetic field of 10 kG with exact e]eciric field
compensation, For particles incident at —420, that is in the opposite

direction Lo the eleclric field tilt of +32°, the cell was 25% efficient

over a 2 mm longer distance than for particles incident orthogunully.

llowever, us described in Chapter 2, for inclined tracks the recorded
drift times correspond to the electruon swarms moving the shortest
distance from the truck to the sense ;ire along the field lines and
not to the intercept of the trauck on the sense wire plane, llence
the maxiwum drift time recorded corresponds (o the distance along the
cathode plane to the track. Therefore the integral spectrum method
sust be used with care and a full undersianding of the chamber geometry
is required Lo accurately interpret the results,

Any localized inefficiencies in the chamber, especially at the
cell boundaries, distort the dN/dt distribution and mask the true

cutl=uflfl value,
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5.3 Hesults of Chamber Calibrations

The culibrations derived [rom prototype and produclion chambers
using various systems at the Daresbury Laboratery could only he used
as a guide as the experimental conditions in no way represented the
actual (g=2) fringe field, The method of binning whole cell drift
times had to be used to ecalibrate the (g—2) chambers in the Muon Storage
Ring as historically a precise scanning method cmllq not be attempted.
In the final section of this chapter a method is proposed which could
have heen used to calibrate the chambers accurately if a single (g=2)

magnet had been available for use in a test heam system,

5.3.1 Initial Calibrations using Prototype Chambers

Severul series of calibrations were performed at various stages of
the (g-2) drift chamber development, Although of similar cell design
to the final chambers, wmany of the prototypes had different operuting
parameters and were never calibrated in the (g-2) fringe field.

Most ot the early work was performed in the absence of magnetic
fields and thus no electric field compensation was applied. Using
various drift fields and either collimated beta sonrcces in the
laboratory, or the positron Test Beam at the Daresbury Laborutory, the
chamhers were shown(z) to have reasonably linear space - time relation-
ships with only small perturbations around the sense wires, The curved
end also proved to have a reasonably linear relationship but with reduced
spatial resolution. However an important point to note is that all

chambers hud clear mylar windows for ease of inspection and not the

earthed aluminized mylar windows as in the final chambers, As shown in
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section 5.4.2 the addition of the earthed planes had a dramatic effect
upon the deift field in the curved end cell,

Tests using a 7.5 kG magnetl and a prototype chamber sugpestied that
an electric field tilt of two wire-spucings provided efficient

(2)

compensation at such fields. As all tests were performed at lower
magnetic field values than those experienced in the majority of the

(g=2) chamber cells, the results are not discussed in detail in this
thesis, However they did suggest that a suitable compensation mechanism
could be realised for the (g-2) chambers which wonld allow efficient
detection and a linear space - time relationship across each cell,

The theoretical and experimental field parnmeters used to determine
the final compensation mechanism, discussed in Chapter 3, led to
estimates of the expected maximum drift times in euch of the chamber
cells, Figure 5.4 shows the physical cell layout in u chamber and the
corresponding drift time values assuming linear drift time - distance
relationships.

A set of three small drift chambers, of similar cell geometry to

(3)

the (g-2) chambers, were operated in mapnetic fields of up to 13,5 kG
in the Daresbury Luboratory Test Beam. Although the magnetic fields in
no way represented the (g—2)~cuse, the results suggested that the
detection efficiency would be low for long drift lengths, The chambers
were operated with a three wire-spacing field tilt and a drift field in
the sense wire plane of 600 V cm_l. As the magnetic field in the (g-2)
chamber cells closest to the vacuum tank was higher than 13,5 kG the
effect would be exacerbated, An increasc of the electric field to

1000 V cm--'1 improved the detection efficiency at longer drift lengths.

llowever by this stage the (g—2) chambers were operational and as stated
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in Chapter 3 the potentials opposite the sense wires had already been
reduced to prevent spontaneouns breakdown, lence any increase in the
field, al though degiralile, would have been difficult to implement with-
out further distortiond the compensation mechanism, Figure 5,5 shows
the expected maximum drift times in the (g=2) chambers derived from the
drift velocities recorded in the small test chambers with extrapolation
to the (g=2) fields. Note the longer drift times at high magnetic
fields, probably indicating not only the expected decrease in drift
velocity but also drift wotion in a curved path rather than parallel to
the sense wire plane. This is due to the incorrect electric field
compensation which explains the lowering of detection efficiency at
long drift lengths as Lhe eclectron swarms are lost from the active
chamber volume.  llowever the errors in the quoted values are large

due to the limited data recurded and the lack of o uniform flux across

the chamber cells.

5.3.,2 Calibrations Derived from the (g—2)7DaLa

As stuted the calibrations had to he performed in situ using the
actual data recorded hy Lruc& detection, Figure 5.6 deronstrates the
variety of tracks that could produce a trigger in shower counter C10,
the chamber cells being indicated in chamber H, The geometrical
acceptance of the urray for the cxpected range of electron energies is
also shown, It 1s apparenl thal the cells clusest to the vacuum tank
received the highest number of hits,

The initial analysis was performed by bhinning all the recorded drift

times, irrespective of whether they relerred to gemnine tracks. As the

chambers were not staggered there wias no resolution of the left-right
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ambiguity and drift times from either side of the respective scuse

wires were sunmed, In addition the data from all chambers were summed
as it was assumed that little variation in drift velocity occurred
hetween corresponding cells in the eight chambers, Figure 5.7 presents
the results of the analysis, Apart from the Jack of the expected flat-
tops to the digtribntions other points may he noted. Firstly the
maximam digitizable drift time of the system in use was 676 ns which
explains the sharp cut—offs in some of the distributions, which may
otherwise have been interpreted aus the waximuam drift time cut-off.

Also us the DI'D's had a tull digitizable range of 768 ns the negative
drift times extending to =92 ns were valid due to spurious hits incident
upun the array before the C10 timing trigger. This allowed an average
background noise to be caleanlated and is displayed as a dotbted line,

The fall-off in particle flux from cell "0" to "7" is evident,

The total number of hits in cach cell was calculated and a lecast
squares fit using a thirvd order polynomial was performed to deduce the
form of the decrease in flox across the cells, The resultant curve is
displayed in figure 5.8 with its four coefficients, In turn a third
orter polynomial was derived which when integrated over the respective
cell co~ordinates, measured in millimet.res from the cnrved end (all cells
assumed to be 28 mm long), yielded the rumber of hits in that cell as
given by the lcast squares fit, Figure 5,9 shows the plot of this
lunction which, if divided into 1 mm bins, represented the expected
number of hils across cach cell agsuming that the flux fell uniformly
ay described by figure 5.8, As described in section 5,2, the method of
binning the drift Lime frequencies to derive the drifl velocily relies

upun a uniform flux across the chaumber, As the left-right ambiguity was
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not resolved the flux across a cell wunld only appear uniform on
sumning the {wo halves it the slope of the flux funciion was constant,
Figure 5,9 illustrates that a constant slope did nol exist so the summed
frequencies to the left and right of each sense wire weve computed for
each cell in 1 mm bins and are shown in figure 5,10, The maximum
variation in bin frequency across a cell was less than 1,5% of the
average bin fregquency so u near uniform flux could be assumed. However
it must be noted that the theoretical distributions mst be compared to
the experimental data with cantion as geveral assumptions have necessurily
been included in their determination. Their shapes may only be compared
if constant drift velocities, 10U detection elficiencies across the cells
and exact defection cut-offs ai the cell bhoundaries are assumed. Any
extension of efficient detection acruss the cell boundaries due to tilted
electric fields or angled tracks is not included. Nevertheless the
ideulized digstributions do indicate that il the chambers were fully
efficient and the drift velocities in each cell were constant then the
experimental distributions wonldhve flat-tops, An initial peak and a
slower fall—=offt at the maxiwum drift time wuld be expected due to the
geometrical factors mentioned ahouve,

Several conclusgions may dow be drawn from the distributions shown
in figure 5.7, Firstly as flat-tops duv nut exist at any stage across
the distributions it is obvious that the delection efficiency was not
1005, The expected inefficiency arvund the sense wires is observed and
the detection efficiency appears to be high for about half the cell lengths,
Beyond this the efficiency falls dramatically and for the cells in the
highest magnetic field close to Lhe vacuum tank the maximum drift time
appears to be in excess of the 676 ns recordable, In cells 3, 4 and 5

the distributioms fall and then plateau ahove the noise level at high
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drift times indicating an extension of low efficiency detection beyond

the potential wire, Othier effects exist which have ap unknown
contribution to the form of the distributions, Probable non-saturation
of the drift field alters the drift velocity in any localized low field
regions. The observed inefficiencies are probably due to non—exact field
compensution causing the electrun swarms to travel in curved paths, rather
than parallel to the sense wire plane, with subsequent loss of the swarms
at longer drift distances. Also as the maximum drift times fall towards
the ring centre it is likely that the drifti veloucities on the left and
right-hand side of the sense wires are different, As indicated in

figure 5,7, by extrapolating the fall-offs of the distributions to the
noige levels the maximum drif{ times in each cell may be roughly assigned
as 170, 750, 70U, 615, 580, 530 and 500 ns for cells "0" to “6"
respectively. The data in cell "7" is inadequate for firm conclusions

to be drawn,

The shapes of the distributions demonstrate that the assumption of
uniform particle flux reduction across the chamhers and the use of the
number of hits in each cell to deduce the theoretical distributions were
incorrect. However an increase to 100% efficiency would have raised
the number of hits in cach cell by similar factors and Lhe flux function

would have had a similar form,

5.3,3 Study of Multiple Hits un a Wire

The distributions of figure 5,7 displayed all the data stored on
tape which included not only spurious hits not associaled wi th the
Liming trigger and breakdown noise but also multiple Firings of the

digitization channels due to the amplifier and discriminator outputs
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as discussed in Chapter 4, These would lead to a false indication of
the maximum drift time, A program wrillen to analyse such occurrences
revealed a hitherto unknown property of the DID's. It was assumed that
if the data block was analysed in order the resultunt drift times on a
wire would be increasing in value. However when the first hit drift
time was subtracted from the second, if it occurred, a high incidence

of negative values resnlted. Inspection revealed that if a fifth hit
occurred in a chamber - each chamber being associated with a DTD module
having four timing channels - and the first timing channel had overflowed
due to a spurious hit occurring before the timing trigger, then the
drift time of the fifth hit was stuvred in the first channel, 1f the
latest wire to he hit had also been hit previously then the longer drift
time would be recorded first, Such evenls were discarded {rom the
analysis and the property of the DTD's noted for future programming.

The difference between the first and second drift times on a wire
were histogrammed and are displayed in figure 5.11 for runs performed
before the amplifiers and discriminators were altered as detailed in
Chapter 4. Figure 5,12 shows similar analysis for runs performed after
the modifications, The results were summed over all chawmbers and cells,
the results for individual célls being of similar form. The frequencies
of 0 und 2 ns time differences were high in both data sets, Indeed the
respective percentages in terms of the total number of data points were
identical - 18 and 2k for each data set, This indicated some systematic
double firing of the digitization channels which was difficuli to explain.

For the data taken hefore the modifications small peaks were secen at

42, 64 and Y6 ns indicating multiple reflections between the sense wires

and amplifiers, the cahle length bheing 16 ns, Also a very Lroad peak
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around 902 10 ns indicated the deformation of the amplifier pulse, as
noted in Chapter 4, cansing double firing of the digitization channels.
In comparison lhe data taken alter the modifications indicated an
enhancing of the [irst reflection at 32 ns, an identical percentage

of the totul data for the secund reflection at (4 ns as in Lhe pre-
wmodification data, and the removal of the broad amplifier induced peak
around 90 ns, The third and fourth retlections at 96 and 128 ns were
more distinet, The tails in both data sets were due to genuine double
hits in a cell cansed by showering of the electruns in the vacuum tank
wall or actual double decay tracks, Additional analysis, not presented
in detail here, revealed that the time differences between the second
and third or third and fourih hits on a wire, if they occurred, were
predominantly 32 ns with the modified system, before modification the
64 ns and 906 ns reflections were more dominant,

Correct analysiws of the data would remove any longer drift times
recorded un a wire, This would guarantee Lhat only the true drift time
was processed although in some instances two genuine tracks may have passed
through the sume cell, However it would be unlikely that they passed
through the same cells throughout the array and in the tracking analysis
if any chamber had two wires hits the event was rejectled,

Allowance for Lhe re-cycling ol the timing channels after over-
flows and the arrival of five or more hits did noi remove all
erroneous records, Many instances of incorrect drift time order were
observed when unly two hits occurred on a wire and no other hits were
reccorded in the module, Some maltunctiun of either the DTD input or
readont syslem was imlicated and any such events were rejected from all

analysis,
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5.3.4 Calibrations using Stringent Data Selection

Having noted Lthat erroneous drift times could he recorded wore
stringent constraints were applied to the evenis histogrammed in
attempts to derive more conclusive culibrations, Analysis was
performed upon data taken lor negative muons after modification to
the amplifiers and discriminators,

Figure 5,13 displays the first, lowest drift times recorded on
each wire in an event summed over all chawmbers for each cell. All
reflections and longer drift times are removed and the longer drift
time tails seen in figure 5.7 wonld be expected to decrease, This
does indeed vccur, but not to the expected degree, As hefore flat-
topped distributions would be expected in ideal conditions, Better
plateaus are observed with the lTatest analysis but still no definate
conclusions may be derived about the maximum drift time cut-offs,

In an attempt to select irrefutably correct data a routine was
written to select unumbiguous single tracks in the array. The
criteria were: a single wire hit in a chamber, no wmore than two hits
on a wire — with associated choice of correct drift time =~ and correct
curvalure towards the centre of the ring for successive downstream
chambers in the array,. Witﬂuut resolution of thelleft-right ambiguitly
the latter restriction was achieved by demanding that the wire hit
was the same as in the previous upstream chamber or nearer to the ring
centre, Successive chambery did not necessarily have to be hit,
allowing for inefficiencies in detection, The resulty are presented in
figure 5,14, Thev are not dissimilar to those of figare 5,13 but the
peak around 170 ns in cell "0" is more prominent, This gave the first
indication that the cell may have only been efficient for a short

distance on the vacuum tank side of the sense wire, This wonld cause
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4 peak and a rapid fall-off in the distribution if only one side of
the cell was efficienl beyond this distance,

It may be seen that reasonable flat—tops to the distributions
only occur in cells "4" to "6", cell "7" having insufficient data to
enahle fim conclusions to be wmade, This suggests that the compensation
mechanism was more exact. for the lower magnetic fields present in these
cells,

In all the distributions displayed no vscillations are observed
due to the incidence of large angle tracks, Angles of up to 25° for
900 MeV electrons incident upon cell "7" may bhe expected, lower angles
applying for cells closer to the vacuum tank and for higher energy
electrons,

Further analysis, not presented here, split the data into the four
(g=2) energy levels and did not reveal any difference in the form of the
digtributions with energy, Also histogramming ol the data into each
of the sixty-four cells revealed no discernilile difference between
corresponding cells in different chambers, except of course the number
of data points.

Analysis of the limited data taken with the DID system whilst
detecting the decay of positive muions indicated slightly betier plateaus
to the distributions, As the electric ficld was a mirror image of the
negative polarity field, and the magnetic Yield was merely reversed in
direction, the distributions would naively be expected to he identical,
Une possible explanation is that the direction of field tilt for the
positive polarity was in the same direction as the positron decay
curvature, so the geomelrical extension of the efficient detection area

was less than in the negative case where the decay curvature was in the
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opposite sense to the field tilt, Also the primary ionization was
deposited in the same dense as the equipotential lines for the positive
polarity rather than c¢rossing them in the negalive case, This implied
that all the resultant electron swarms formed across the inter-cathode
gap in the positive case experienced similar electric fields throughout
their drift paths, and hence equal velocities, Un the other hand any
inhomngeneities in the electric field wonld buve caused the electron
swarms formed in the negative case to have varying drift velocities,
lence the pnulse on the scnse wire would have had a shorter time develop-
ment in the positive cuse and thus a greater amplitude, leading to a
higher detection cfficiency at longer drifi times and an extended flat-

top to the drift time dJistribution.

5.4 Study ol the Magnetic and Electric Fields

In order to explain the inconclusive drifi time calibrations a
cloger study was made of the magnetic and electric fields present in
the drift clambers,

The magnetic field plots were performed during two sepurate.field
mapping runs of the main (g-é) experiment whilst the vacuum tank was
removed, The intention was to contruct an accurate set of mesh points
over the chambher array volume for use in the final tracking analysis.

The electric field simmlations were performed after data taking

had been completed in an attempt to explain the poor calihrations,
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5.4,1 Magnetic Field Plots

The measnrements of the (g=2) fringe field were performed usging a
calibrated Hall Probe which enabled uaccuracies of 10 gauss to be achieved,
The probe was attached to a traversing table which was accurately mounted
horizontally in Lhe region of magnet block 22, Positional errors of
2 0.5 mm are quoted for all the data presented in this section,

As no verticul co-ordinute was obtainable from the drift chamber
system without the use of the MWPC's the assumption was made that the
majority of the decay electrons ovriginated from around the median plane.
Data taken with the three MWPC's before instaullation of the complete
drift chamber array indicated that the electrons decayed in a horizontal

(1)

plane with a large percentape arouund Lhe wedian plane.

Analysis of
the EDM data sugpgesicd a semi-circular filling of phase-space in the
vertical directiun,(ﬁ) indicating that a large proportion would be
expecied to decay from within 2 20 wm of the median plane.

Figure 5,15 shows Lhe variation in field radially at two points in
azimith corresponding Lo the boundary of two magnet blocks and a position
offset 65 mm from the centre line of block 22, The radial distances
measured rom the centre of the ring and the cell boundaries are
indicated, The values obtu;ned are in agrcement with those ubtained
whilst the magnets were under test bhefore instullation in the Muon
Storage ting,

Variations between the twuo azimathal positions of up to 1.4 kG
at certain radii indicate that drift velocity variations hetween
corregponding cells in different chambers at varying azimithal positions
in a magnet block would be expected, However for cells 0, 1 and 2,

which contain the majority ot the data, the variations in rield were

not so great.
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Figure 5.16 demonstrates the field plot derived from a set of
measurement.s f.uken radially at varions vertical positivns at the
boundary of two mugnet bhlocks. Plots obtained at other azimuthal
positions reflected Lhe variation of field with azimuth shown in
figure 5,15, llowever the overall form of Lhe field plots were similar
wilh the indication that the field was reasounably constant over a
vertical distance = 20 mm from the median plane, The homogenevus
field present over the storage volume extended intv the region covered
by the [irst two drift chamber cells, Thus the majority of decay
electrons traversed o near identical fringe field irrespective of their
azimuthal birth position, Within = 20 muo vertically of the median plane
the magnetic field decreased ftowards the centre‘of the ring, For
greater vertical displacements fignre 5.16 illustrates that due to edge
effects from the pole pieces the field rose from the homogencous value
of i4.75 kG to aboui I8 kG hefore falling in value towards the centre of
the ring, Hence electrons decaving at large displacements from the
mediun plane would have complex trajectories and the drift velocities
in the extremities of the drift chamber cells would bhe different from
the median plane values.

It is obvious that an indication of the vertical co-ordinute of the
decay electron would have been desirable to enable a more accurate
calibration of the drift velocities, lHowever, us stated, no meusurable
variation in the drift time distributions of corresponding cells in
variovus chambers was noted, Therefore either the magnetic lield
variation had only a small influence upon the drift veluvcities or the
variations in the field vertically masked any variations in the radial

field at different azimths,
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Any exact calibration method would have to study both vertical and

radial drift velocity variations with azimth.

5.4.2 Electric Field P'lots

A more detailed evaluation than had previously been attempted was
made of the electric fields present in the chambers, The values used
by Browell and Short(2’3) were derived using a numerical relaxation
method computed by hand. They also only extended the plot to the
cathode planes, rather than the earthed windows, so0o incurrect béundary
conditions resnlled, As no sguitable soltware was available Lhe
relaxation method was employed in a computer routine written to determine
the fields with several cell geometries and wire potentials, Unfortun—
ately the method proved to be rather time consuming.

The area to be studied was divided inte a grid of square cross-
section, The boundary could be of any rectangular shape and any
boundary conditions and wire potentials could exist with suitable
adaptation of the prugram, The third co-ordinate, parallel to the
sense wires, was counsidered to be infinite, Figure 5,17 demonstrates
the grid, the step size beiug-ut most half the H.T{ wire spacing. From
the nomenclature of lipgure 5,17 the residues at each of the mesh points,
except the singularities at the bouundary and wires, were systematically
reduced until they were all below a fixed value. The residue was

defined as:

oo =V, v . . .= 4V, Be:
Rl'J iy j+l * i+l, ] * Vi,J—l * vl—1,J 1V| i (5.3)

where Vo delines the potentials at the relevani mesh point co-ordinates,

Initial arbitrary values were given to the potentials at non-singular

mesh points,
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As the wires were at fixed potentials they formed local singularities.

It has been Hhuwu(b) that the approximate solutivn derived by this method

is related to the exact solution four wires of radius r =ae -
at the singularities, where a is the stlep Bize. For all the potential
waps displayed helow the step size was 0.4 mn leading to an equivalent
wire diameter of =8O um, This was in good agreement with the 120 um
H,T. and potential wires but too large for the 20 jun gsense wires,
Thus the radial field computed arvund the sense wire wus lower than the
true value. However such a compromise step size produced the best
overall potential map available nsiug such a method,

The valurs obtained by Browell and Short were derived using the
H,T, planes as the houndaries of the grid. As earthed windows were
used in the (g=2) chambers and the distunces between the windows and
the upstream and downstreanm 11,T. planes were different, it was nccessary
to compute the Pield for the entire volume between the windows, 1t
(7)

had been noted that the presence of carthed windows tended to decrease

the expecled angle of field compensation tilt, Electric field

(&)

simulations perfoermed by Wylie indicated the alteration in field

along the scnse wire plane caused by varying the cathode plane to earthed
window distance, These ubsérvutions highlighted the need for the
extended lield plots.

Figure 5,18 shows the equipotentials present over the inter-cathode
gap of two neighbouring hal f—cells, The equipotentials betlween the
cathodes und earihed windows were cowmputed but are not shown, The
equipotentinls are exhibited in this way as the cell boundaries are of

most interecut, The radial fields around the sense wires are soon

distorted by the three wire—spacing field compensation slant.
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The ecquipotentials of iLhe drilt spuce on the vacuum tank side of the
sense wire are reasonahly evenly spaced over the wmajority of the drift
region and their tilts are almost constant but just below the design
angle of 430. However around the potential wire the equipotentials
ure widely spaced, especially on Lhe duwnstream side of the sense wire
plane, and hence the field values are extremely low, This is a direct
consequence of Lhe compensatlion being equal to an odd number of wire-
spacings. Had the tilt been equal Lo twu or four wire—spacings, such
an asymmetry would not have existed, The field plots of Browell and
Short did not indicate the high lields arvund the higher potential
cathode wires as the earth planes were notl included in their calenla-
tions, Hence the model used to design the field compensation mechanism
had artificially high potentials at the cell boundaries, Therefore the
fields were greater and the boundary between the two drilt spaces was
more distinct,

The immediate consequence of the low field region was to Jdrastically
alter the drift velocities in the area, More impurtantly, bowever, as
no discernible field tilt existed in the region, wanyof the electron
swarms were swept out of the active chawber volume by the magnetic field
and detection inefficiencies resulted.

Inspection of the drift space on the ring centre side of the sense
wire reveuls that not only was the rield umch lower over the majority of
the drift space than on the vacuuwm chawber side of the sense wire, hut
also the equipotential tilt angles were smaller, Hence not only were the
drift velocities different in this half of the cell but also, as the field

compensation was too small, the detection efliciencies were luwer,
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Also displayed in figure 5,18 is the electric ficeld meusured along

the sense wire plane, For comparison the value obtained from the

_ -1 . ) -
formla (V -V . )/1.4 Vem is shown as a doited line at 590 Vem 1.
wa min

x
T'he fields over the entire inler-cathode gap were comparable to the sense
wire plane values except near Lhe cathode planes, where there were
distortioﬁs due to the H, T, wires heing poles of potential, and arovund
the potential wire where severe field distortion existed.

As already mentivned the true radial fields around the sense wires
were of higher values than shown. Therefore the equipotentials were
more closely spaced arvund the sense wires and the perturbationo I the
tilting mechanism close to the sense wires was less than indicated, As
a consequence lower fields existed in the remainder of the drift spaces
and therefore higher drift velocities resulted if the fields were not
above the saturation value,

The mechanical imperfections in chamber construction, noted in
Chapter 3, led to intercathude gups of 6.4 * 0,6 um, llence the
theuretical tilting angle was 45’1 40 and the fields around the sense
wires could vary by over 1Uf. Also as the potential wires were not
surveyed as uccurutely as the sense wires the hulf-cell lengths were not
exactly equal, All these discrepancies led Lo variations in drift
velocities between cells, although their effects were not discernible in
the drift time distributions, as discussed above,

Equipotential maps were calculated for the curved end cell, Separate
plots were performed for the equipotentials at the top and bottom of the

chamber, where the sense wire to curved end distance was 8 mmn, and in the
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median plane of the chamber where the sense wire Lo curved end distance
was 18 mm, The results are shown in figures 5,19 and 5,20, The
detrimental effect of the addition of the carthed window on the curved

end member is immediately apparent., Heyond the potential wire,
positioned 4 mm from the sense wire, the drift field was directed towards
the uurve& end rather Lhun the sense wire, Hence traucks could only he
detected over the (irst 4 mm of the drift spunce rather thun the entire

hal f=cell, {f the ecarthed window had not been present on the curved end
member the high fiel ds around the strip electrodes would not have existed,
The nearest earth plane would have heen the vacuuw tank situuted approxi-
mately 15 mm from the curved end wmeuwber, Therefore a low drift field,

in ihe correct direction, would have existed throughout the cell, lfowever
the earthed chamber side windows would have affected the tilt angle of the
equipotentials in Lhe median plane due to the lack of potential wires over
the 14 mm drift space allowing field penetration. Hence the detection
efficiency at long drift lengths would have heen low, It should be noted
thaut as reported in Chapter 3 the curved end cells operated salisfuctorily
in a zero magnetic field enviromment with no earthed chamber windows,

As the dielectric constant of the G100 material ts about 4, the
thickness of the curved end wall was taken to he 1.6 mm, rather than 0.5 mm
in reality, when the grid was constructed to calcalate the potentials,
This compensated for the difference between Lthe dielectric constants of
Ar/CH4 and G100, In the displayed plots the true thickness of G110 is
presented und the positions of the equipotentials between the strip
electrodes and earthed window are estimated. The 1 mm wide strip
electrudes were each represented hy three adjacent equal valued singular

points on the grid. As with the normal cell plot the equipotentialsy
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hetween the cathode planes and earthed chamber winduws were compu ted

but are not shown, In all plots the eguipotential 1 ines were constructed
by hand using the potentials calculated at the grid points., After
computation all non-singular residues were less than 0,1V and hence from
equation (5.3) the prid potentials were more accurate,

The aedian plane plot of figure 5.20 algo shows the field in Lhe
sense wire plane, Apart from the low field region on the downstreanm
side of the potential wire, the equipotentials were almost circular
and therefore a radial field existed, especially along the sense wire
plane, The slight ellipticity seen in the 1200V equipotential would
be removed if the true higher field around the sense wire could hive
been caleitluted nging the relaxation method,

The normal cell plot displayed in figure 5,18, although not totally
accurate in the sense wire regions, has indiculed why the cells were
inetlicient at long drift lengths due tu the poor field compensation in
the potential wire regions, Lt also indicates that different drift
velocities are Lo be expected in the twu drift spuces on either side of
a sense wire, Fipures 5.19 and 5,20 show thut the addition o f the
earthed chumber windows drastically altered the drift rield in the
curved end region and mde the final 14 wm of the active volume in the
median plane redundant, Adding the 15 mm spacing hetween Lhe curved
end member and the vuacnum tank gives a total dead spuce of 30 mm in the
available radial detection region, Hence very few hiph cnergy electruns
could be detected unless they decayed a long way upstreamol the chamber
array. Unly then could they be deflected 30 wm radially inwards by Lhe

mapnetic field and he detected in the downsiream chambers,
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5.5 Theoretical Drift Velocity Calculations using the Field I'lots

Using the magnetic and electric fields derived in Lhe Jast two
secltions 4 tLheoretical assessment of the drift velocities across a
chamber could be made. The magnetic und electric ficlds were
calculated at 1 mm intervals from the potential wire in the curved end
cell to the sense wire in cell "5", The tilt angles of the
equipotentials, X, were measured and hence the Lrue eleclric field, b,
could be derived frowm the electric field Eo in the scnse wire plane:

E=1 / cos ¥ (5.4)

Using the equations presented in Chapter 2 the drift angles to the

sense wire plane, 8, could be derived using:

tan 8 = WY = |'1wo

k |

(5.5)

v

where k = 0,75 for a Maxwellian velocity distribution and the zero

magnetic field drift velocity values, W, were taken from figure 5,21,

(¥)

These values are due to Walenta

(1u,11,12)

and are in guod agreement with other
published results, Comparison with figurc 4,10 shows ihat
Lthe drift velocities are much higher than those derived by Browell and
: (2l3) X H .2 mh, 3 3

Short at luw electric field val ues, This is probably due tuv the
latters' methods of measurement and calculation of the electric field,

Knowing the values of 8, and thus WY, the magnetic drift velocities

w(E, B) could be calculated:

L

-2
0
w(k,B) = wull + (wl)" ] (5.6)
The non—-exact compensation angle given by (Y-8 ) was then used to
convert w(E, B) into the measured drift velocity, L along Lhe sense

wire plane:
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w, = w(E,B) cos (¥-8) (5.7)

The values of (¥-0) calculated in 1 mm steps across a chamber
are presented in figure 5.22, Unly the five cells which contained
the majority of the data are shown, the sense and potential wire
pusitions being indicated. A larper scale diagram of cell "1" is
given in éigure 5.24, The most ohvious features of the diagrams are
the large values of(X-S)closeto the potential wires in the half-cells
on the ring centre side of the sense wires, These explain the low
detection efficiencies at long drift times as the electron swarms
drifted at the angle (¥-8) to the sense wire plane. Over the first
6 mn of Jdrift along the sense wire plane, starting from the potential
wire, the averuge value of (¥ -8) was greater than 300 and hence the
swarms also moved about 4 mm perpendicularly to the sense wire plane,
Therefore, assuming a uniform deposition of the primary and secondary
electrons across the inter—-cathode gap, two-thirds of the swarms were
lost, Towards the sense wire the discrepancy was less and in the
high field region the flow-lines Tullowed hy the electron swarus were
glmust radial, For the drift space on the vacuum tank side of the
sense wire the values of (¥-8) were lower and hence the detection
efficiency was higher, Larger values of (¥-8) occurred 3 wm from
the sense wire, but in Lhis region the electric field was radial so
detection was not impaired,

Although the ftorm of the variation in (§-0) was similar in each
cell, the absolute values became swaller towards the centre of the ring.
Indeed in cell "4" over-compensation vcenrred, denoted by pusilive
values of (¥-0), and loss of electron swarms on the vacuum tank side

of the sense wire wuas unlikely, This explains the flatter tops
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vbserved in Lthe drift time distributions for the cells closest the
ring centre.,

Figure 5.24 shows the computed values of ws. the observed drift
velocity parallel to the sense wire plane, across a chamber, Very
low values are observed in the areas of incorrect field cowpensation,
The values on the vacuum tank sides of the sense wires are inure
cunstant, This indicates that flatter drift time distributions would
be expected in these half-cells, Corresponding values of w, in
successive cells towards the centre of the ring are seen to rise in
value, This is due to both the decrease in magnetic ficld causing
w(,B) to increuse, and also the decreuse in (-0 ) values which
increase the magnitude of the cosine term in eguation (5.7). 'The
values of w, in the two drift spaces of cell "1" are shown in more
detail in figure 5.25,

The space~time relatiouships acruss each drift space were computed,
The average values of w, over the discrete 1 mu steps were used to.
calenlate the step drift times and the summed vidues acrouss cach cell
are shown in figure 5,26, A larger scale representation of the two
cell "1" drift spaces are shown in figure 5,27, The space-time
relationships of the vacuum tank side drift spaces are reasonably
linear wi th only small deviations close to the sense and potential
wires, However the relationships of the drift spaces on the ring
centre sides of the sense wires are of complex form and cannot
accuralely be approximated by a linear relationship,

Certain comments must be made about the valuecs presented in
figure 5.26, As noted, the consequences of the true higher fields
arovund the sense wires caused higher drift velocities than indicated

vver the remainder of the drift spaces, This was due to the chambers
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being operated below the saturation drifi velocity and any lowering of
the field caused the drift velocity to rise ,as demonstrated in figurve
5,21, The higher fields immediately around the sense wires caused the
electron swarms to drift at the minimum—valued saturated drift velocity.
However as the high field regions extended over shorter distances than
indicuted.in the plots, the low drift velocities applied for a smaller
fraction of the total drift time than in the above caleculations,
Therefore, assuming that all other parameters used in Lhe calculations
were correct, the maximum drift times calculated over 14 mm were too
high,. {n consequence the precise form of the displayed spuce-time
relationships may be slightly in error,

The drift Lime distribmtions for cell "U" indicated a peak and
then a rapid fall=off around 170 ns, This was attrilmted to
inefficiency on the curved end side of the cell at longer drift lengths,
Figure 5,26 indicates a waximum drift time of 120 ns over the 4 mm to the
potential wire, Either the wrong conclusiun was drawn from the drift
time distributions or the saturated drift velocity at high fields was
less than the 40 nmlps_l used in the culculations, Indeed the published
data for Ar/CH4, previcusly referenced, only applied Lo drift fields up
to 1200 Vv cm—l. The data derived by Hrowell and Short indicated a
continued slow decline in drift veloucity at higher fields with a
minimum value as low as 25 mm Fs_l. Such a value would accurately
produce the suggested maximuw drift time of 170 ns if used in the
calculations.

lteferring to the detailed plots of LA in figure 5.25, some con-
clusiong may be drawn about the resulting form of {the drift time
distributions. The value of LA falls steadily from the sense wire to

the potential wire on the ring centre side of the cell, except in the
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imnediate vicinity of the potential wire where the value rises sharply.
This would cause the distributivn [requencies to decrease with iucrease
in drift time until near the end of the distribution where a plateau
would occur assuming a uniform incident flux of particles, Hence the
fall=off in the distributions is partially explained without relerence
to the deicction inefficiencies at long drift times, The vacuum tank
side of the cell has wore constant drift velocities over the majority

of the drift space, Between four and eight millimetres from the sense
wire the values of w, are similar in each half of the cell and almost
constant in value, In the other parts of the two drift spaces tlhe
values of w, are either dissimilar or are rapidly varying, or at longer
drift times only the ring centre haif-cell is contributing to the drift
time distribution. Therefore with a uniform llux of particles across
the whole cell, the greatest number of particles per unit length in the
sense wire plane thaut can be detected in the narrowest drift time band
are incident between four and eight willimetres from the sense wire,
This explains the extended peaks seen in the nmiddle of all the distribu-
tions displayed in figures 5,13 and 5,14, Al though higher frequencies
would be cxpected at short drift times due to the high values of L
around the sense wires, the lowering of the pulse height in these areas
caused detection inefficiencies and the peak commenced at later times,
Therefure from the theoretical calculations the drilt time distributions
would be expected to rise gradually to a maximum frequency, have a
reasonably flat-top, corresponding to ahbout a third of the drift length,
and then full rapidly due to the decrease in drift velocity on one side
of the cell and the decrease in detection efficiency, At long drift

times a low Irequency plateau occurs due to only vne half-cell contri-
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buting to the distribution, Any extension of the low fregquency
detection region beyond the potential wires would increase the length
of this plateau. This description closely resembles the experimental
distributions displayed in figures 5.13 and 5,14,

Comparison between figures 5,22 and 5.24 for the values of (J-0)
and L cnléuluteducwss the chamber with the corresponding values
obtained by Short in deriving the compensation mechanism, previously
shown in figures 3,15 and 3,16, highlights the poor field compensation
that actually existed, The idealized calculations due to Short used a
constant electric field value across the chumber which produced a
constant value for (¥-8) in the cells closest the vacuum tank and a
maximum value of 30" in cell "7" after a steudy rise from cell "J"
vnwards, In comparison figure 5.22 shows variations of up to 55 in
a half=cell, Similarly in Shorts' calculations W, was constant close
to the vacuum tank and ruse towards the ring centre, varying by 8b
overall, The computed values of figure 5.24 show variation by a factor
of three in a half-cell.

The above theoretical results, although not precise, have given an
insight to the true spauce-time relationships in the individual half-cells
and have explained the pvor shapes of the drift time distributions used

for calibration purpuses.

5.6 Observed Splitting of the Trail of

Primary lonization at the Cell Boundaries

The study of the electric drift fields and subsequent calenlation

of the theoretical space-time relationships was instigated not only to
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explain the shapes of the drift time distributions, but also to cunfirm
the results of other analysis, A high frequency of kils on adjacent
sense wires in a chamber was noted during preliminary data analysis,

It was tuvo high for genuine duvuble traucks or showering so the duta were
studied to see if the two recorded drift tiwmes could have originated
from a sihgle traversing particle, It was postulated that at the cell
boundaries the trail of primary ionization could he splii by the field
tilting mechanism and be detected independently at the two neighbouring
sense wires, With perfect field compensation the three wire-spacing
tilt would exactly define drift directions in the two half-cells and
splitting would vccur along the 6 mm boundary measured in the sense wire
plane - or more for angled tracks. However to produce a detectuble
number of electron swarms in each drift space the particle would have to
cross a certain depth of chamber associated with each drift direction, as
demonstrated in figure 5.28, Therefore a 4 wm overlap appears to allow
a finite detection efficiency at both sense wires, If such a process
could ocecur a resolution of the left—right ambiguity in each cell is
sinherent, This would present the only direct solution realisable in
the (g=2) array.

A program was written to scan the data to find any events with just
two ad jacent wire hits in a chamber. The two drift times of such events
were histogrummed in the respectfive arrays associated with the vacuum
tunk or ring centre drift spaces of each cell, The sums of the iwo
drift times were also histograwned, The values tor the ring centre
side of cell "U", the vacuum tank side of cell "1" and the sum are shown
in figure 5.2Y with the corresponding values for cells "4" and "5",

The results are summed over all chambers in the array. Unly the relevant



AYVANNOE 1130 1V NOILVZINOI

“M°S

S21IM 2SUdS

2)}piidoiddo spiomol bBulyjuip
Suoi}d2)2 uoj}pziuol Aipwild
[ J [ ] o [ J /

JYIM 3SN3IS 40

30IS 3¥IN30 ONIY
NO 33vdS 1Jlya

.\
XV,

uo1}2213 AboaQ

ENEINEIIEEIEE

DERIR N

AYVINIMd 40 1IVil

-6—0—0—

O

v

saonds 3ji1ip }0

Aiopunoq |p3{}2102y]
x<z>
L  J o
o eMd
[ ] [ [

40 ONIL1ITdS 8¢'S 9ld
e © ® ° o
JYIM 3ISN3IS 40
3AIS MNVLI WNNDOVA ‘M'Se
NO 30VdS 14140
' e °® o . ®
wwz| -

wwgl




ST1130 ONIMNOGHOI3N NI ONI¥YNOJ0 S3INWIL L41¥AQ 40 SISATVNY - 6Z°'S '9Id

SU JNWIL 1418Q d3INWKNS su JWIL 1d1da0 Su JNWIL 14140
00z 006 009 00¢ 0 oon 8m 00¢€ oot 004 00S 00t oot

mn
o
m
. ]
m 5
— 002 ”8 m
- 0
0SZ # : 8;¢ - oo <
LS. *.7. S1132 WNS 6. 7132 3QIS NV WNNIVA .%.. 1132 30IS JNINID ONIY
SuU IWIL 14130 omzz:m SU IWIL 14180 su IWIL 13180
00Z1 006 009 0 004 00§ 00€ 0oL 00L 00S 00€ 004
PLITNSYY RS |

001 . ,T)f . m.rﬁicf_..om | . ._\\?1( o

002 _ ~ - 00} % | oL
P | -8

00€ e n 051 il : - o m
c
00y .. . JTJ% - 00¢ gl - 00z 2
U (@}
00s # _ 0Se # osz <

Wda*.0. ST133 WNS LA.1133 3AIS MNVLI WNNIVA .0.7130 30AIS 3JAINIO ONIY



~154~

parts of the histograms are displuyed, The drift Limes in the ring
centre and vacuum btank sides ol (he senge wires are markedly differentl,
us expecled frowm the theoretical results, The cut—=off on the ring
centre side of cell "0" is due to the 6706 ns digitizing limit of the
system,

'I‘al)lf; 5.1 summarizes the theoretical and experimental values
obtained for the digtributions of drift times atl the cell huundaries,
The theoretical drift times derived in the previvus section were used Lo
culculute the sum in neighbouwring dreift spaces, measured in the sense
wire plane, and also the expected ranges of values over the entire inter—
cell boundaries, The buvundaries were defined by the theoreticul
moximun equipotential describing the three wire~=spacing field tilt shown
in figure 5,28, Detection efficiency was assumed to exist alonpg the
whole length of the boundary. Indeed non=uvrihvgonally incident decay
electrons would extend this overlap region, as measured in Lhe sense wire
plane, so such an assumption was val id, The theoretical potential wire
Lo sense wire drift vimes were multiplied by the relevant geowetrical

fuclors Lo obtain the theoretical range of drift times in the bonndary
regiuns, This approximation was valid as simidlar lield and compensation
angle values existed in the boundary regious as in the main parts of the
agsdoctated drift spaces, These drift time values in neighhouring hal -
cells were added to give the summed drift time ranges across the boundaries
Correspouding values derived 'rom the computer anulysis of the experimeatal
)

data are shown, The peak vilues ol the drift time distributions in the
half=cells are taken to represent the values in the sense wire plune for

particles traversing the potential wire, where detection efliciencies in

botl cells are preatest,
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Comparison of the two sets of values indicates thatl the theoretical
wodel was accurate tor the half-cells on the ring centre side of the
sense wires, where field compensation was poor, but underestimated the
drift velocities on the vacuum tLank side, These discrepancies may be
understood with reference to figure 5,18 and the comments of section 5,5
where it ;us stated that the true field around the sense wires was
higher than calculated and hence lower throughout the rest of the dritt
spaces. In the ring centre half-cells the lowering of the drift field,
which would ruise the drift velocities, wuld be accompanied by a
worsening of the field compensation angles due to the dominant role
played by the low field region arvand the potential wire, lHence the
vbserved drift velocity, L would remain almost constant, However on
the vacuum Ltank side the drift field wou ld be lowered, the cowmpensation
improved and hence LA raised, It should be noled that agrecmeut between
experviment and theory was betler in the lower magnetic field regions
towards cell "“5", Thig indicates that the approximations included in
the equations to derive the theoretical results are more exact at lields
of 10 kG.

Summation of the drift time puirs guve the experimental distributions
whose ranges and peak values are tabulated. Note the range in values
compared to the addition of the experimental half-cell drift times at the
boundaries, which wonld produce ranges in Lhe sum of only 0-40 ns,
Comparison of ihe peak values with the theoretical values indicate
agreement at lower magnetic fields but amch higher drift velocities tuwards
the vacuum tank, Also the varistion in summed drilft times across the
chambers is mch lower than theoretically predicted, This is due to the
increase in observed drift velocity in the vacunm taunk side drilt spaces

from cells "U" to "3", followed by a decrease in drift velocity, This
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wausg not predicted in the theovretical calenlations, A probable
explanation is that the field compensation in half-cells "0" to "3"
wus good and the increase in observed drift velocity was mainly due to
the increase in w(l,B) with gradually decreasing magnetic field.
Beyund cell "3", however, the magnetic field fell wure rapidly and

al Lthough the value of w(E,B) rose, the field tilt overcompensated the
drift angle and the observed drift velucity consequently fell, The
increase in ohserved drift velocity in the ring centre half-cells was
due to a similar rise in the value of w(E,B) and, wore importantly, tJ
the lower field tilt angles providing more exact compensation in the
lower mapnetic fields experienced beyond the boundary of cells "2" and
"3,

The trend tuwards near correlation of drift velocities in both the
drift spaces of cells closest the ring centre presents a hetter explanu-
tion of the fFlatter toups Lo the drift time disiributions of these cells
displayed in figures 5,13 and 5,14, The experimental peak values
presented in table 5.1 agree well with fall-off positions noted in the
drift time distributions,

It mst be noted that although the peaks of the experimental
distributions have indicated the mosti likely drift velocities, and have
heen related to the theoretical results, the widths of the distributions
are large and necessarily introduce uncertainties, Al though limi ted,
the experimental data probably indicate the true variations in drift
velocities throughout the chamber volumes, The distributions are so
significant. ahove the background of genmnine two track eveuts and noise
that the postulated splitting of the trail of primary ivnization must
have occurred., The width of the distributions may be explained with

reference to several factors, The distributions associuled wilh the
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individual half=cells naturatly have a range due Lo Lhe variation in
drilt distances along the cell boundary, Scecondary eflecls arce due
to the fields expericnced by Lhe majority of electrun swarms fumsing
the ohserved sense wire pulses, In cases where all the electron
swarmsg assovcinted wi th a drift space are formed close to a cathode
plane, the fields experienced over Lhe initial part of their drift
length are much lower than those in the sense wire plane, as shown
in figure 5,18, lience the space-time relationships vary across the
inter—cathode gap. The effect of the variation in magnetic field
parallel to Lhe sense wires has already heen discussed, Variations
of over 1U% in fiel d value vceur in cells close to Lhe vacuum tank,
reaulting in theoretical variations of driflt veluciiy of almost the
same order, The aziwuthal variation in wmagnetic field plays a minor
role in cowmparison,

The values for the sum of the assvciated pairs of drift Limes

wuiuld only be single valued il constant drift velocilies existed

throaghout the entire chamber volumes, In each distributlion the sums
of the drift Limes vary hy over *+ 11% of iLhe mean value, This gives

an indication of the variation in drift velocities throughout the entire
volumes at the inter=cell boundaries, The tails Lo the distributions
at high drift times reflect Lthe very low field values between the
potential wire and cathodes, The peuk values are taken to represent
the drift velocities in the sense wire planes of tLhe chambers and the
median plane of the magnet poles, where detection efficiencies and
incident particle fluxes are greatest,

The analysis assovciated with the stady of the splitting phenomenon

has not only clarified the mean chamber drift velocitics but also
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highlighted the variation in drift velocilies, especially at the cell
haundarie s, The long tails and imprecise shape of the whole-cell

drif( time distributions are also more readily understood,

5.7 Proposed System for Precise Chamher Calibration

The results presented in Lhe previous sections have highlighted the
paor drift velocity calibrations attuinable without an acenrate scanning
system, Using the drift chamber array in situ the only accurate
scanning that may bave been performed would have reqnired a coumplex
scintillator collimatur systew and cosmic rays moving in a horizontal
plaine to trigger the timing channels, Such an arrangemenl would have
taken a lung time to accumulate sufticient data and also necessilated
operatiun outside the normal (g-=2) experiment running Lime, kconomic
and operational considerations ruled out such an approach, Historically
unv chambers were built at the time (g=2) magnet blocks were available for
use 1n a testheam calibration systea, Alsoe the need for such aceurate
calibrations was not evident until operation in the (g~2) experiment had
commenced, Therefore, with hindsight, the following system is proposed
to provide accurate calibration of the (g-2) drift chambers,

For a tull calibration the drift velocities at all radial ; vertical
and azimuthal positions in the chambers need to be determined. ue to
the unique form ot the (g=2) fringe field the chamber would have to be
mounted between the magnet poles in the experimental position and the
incident beam and collimator system wmoved in relation Lo it, To
provide an accurate series of scans at diffevent aziwuthal positicus, it

is probable that at least two (p=2) magnet blocks would be reguired to




~160-

accurately repruduce the fringe field of the total ring. llence the
full system would cunsist of twu (z=2) mugnet blocks and the baseplate
to allow chamber mounting in the various experimental azimuthal positiovns,
The collimator system would have to bhe firmly mounted on a traversing
tuble which allowed independent adjustment in vertical and radial
directions., The beam would be steerable und probably diffuse to ullow
coverage of the entire chamber volume with variation of incident angle.
Such a system is presented in figure 5.30,

As low energy electrons have u high curvature in the (g~=2) rield
it is necessary to use higher energy particles such as protons or pions,
The collimator system must accurately define the trajectory ol the
particle, giving the pusition of traversal in the sense wire plane of
the chawber and the angle of incidence, The most accurate system would
include a cowbination of thin scintillators and drift chambers, The
vertical (SV 1=4) and horizontal (Sil i-4) thin fingers of scintillator
woruld be positioned upstream and downstream of the (g=2) drift chawber
to define & beam of small cross—scction and provide the timing trigger,
The pairs of single cell drift chambers, posilioned as close as
possible to the (g-2) chamber, provide more precise vertical and radial
co-ordinates, They nced to he small but do not require calibration,
The pairs of horizontally aund vertically aligned sense wires arve
accurately surveyed so that their intersections occur at identical
radial und.verticul cuo~ordinates.

The recurded drift tiwes in all five drift chawmbers, triggered by
the scintillator collimator, are analysed, Unly dpeitt times within a
very narrow time band are accepted from the collimator chawmbers, all

other eveuts being rejected, As the chambers are not calibrated the
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drift times must correspond to particles traversing very close to the
sense wires, where field compensation and calibration is net required,
A suitable range would be U - 3 ns, defining a pencil beam of square
cross-section with dimensions of a few hundred wicrons, Such a
"software collimator” has been successfully used by other workers in
chamber éalihrutions.(l) An uaccurate knowledge of the collimator
co—ordinates allows the exact trajectories of the incident particles
to be calculated and therefore their points of intersection in the sense
wire plane of the (g~2) chamber. Series of drift time distributions
are recorded in radial scans across the (g-2) chawmber at various vertical
displacements, From the resulting space-time relationships the drift
velocities may be determined throughout the chamber volume, The
minima in the space=time relationships denote the'sense wire positions,
80 checks may be made upon the alignment of the collimator systiem.
Also frowm the widths of the driftt time distributions the spatial
resolutions may he cowmputed, Sets of calibrations may be performed at
cach of” the azimuthal positions in the magnet blocks normally occupied
by the (g-2) chumbers, Additional studics may also be wade of the
variation in drift times with angle of incidence of the particles, The
beam would have to be realigned and the collimator system manveuvred
accordingly, Such weasurements would indicate any variation i n the
space=time relalionships for decay electrons of different energies.

The calibration system described above would necessarily involve a
complex, non-magnetic scanning table to mount the collimator, In
addition it would have to be surveyed precisely to produce the required

accuracy, The number of sets of readings required to deterwine the

drift velocities over the entire chamber volume is high and would be
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time consuming. lowever due to the form of the (g=2) fringe field

aml the non=aniforwity of the drift velocities, such a cowplex system
i3 reguired to provide a cumplete and accurate calibration, If such

a calibration had been perforwed the vertical co-ordinates ol the decay
electrons detected by the array would also have been required to

determine the exact drift velocities in each case,
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DETERMINATLIUN UF THE DECAY BLECTRUN THAJ ECTORLES

6.1 Introduction

The wmain purpose of the drift chawber array was to reconstruct
the circulating wuon beam profile by extrapolating the decay electron
trajectories buck into the storage volume, fdeally the tracking
programs would be developed with calibrated data. Knowing the general
bounds of the expected digstribution, any errors in Lthe programs would
Le immedialely apparent. However, as recorded in Chapter 5, the
calibrations were very imprecise, The more accurate theoretical
calculations were only completed during the writing of this thesis and
unfortunately time did notl allow program modification to test the most
probable space~time relationships, Indeed in the early stages of
program development the results of the tracking analysis were used to
test the drift velocily calibrations, Uthier members of the Nuclear
lnstrumgntution Uroup had attewpted tv analyse the data but had derived
wion radii that were touo smull; indicating the impussible conditivn of
a circulating beam ovutside the storuge volume, Therefore a new
cartesian co-uvrdinate system was devised by the arthor to act as a
check of the previoans results,

This chapter initially evaluates the array in terms of delection
efficiency and then presents additional information obtaiuned frowm the
data, The co-ordinate system and an oulline of the method of track
reconstruction follows, The results of the analysis, including
geveral manipulations of the array geometry perfarmed in the programs,
are presented. A manunal check of the methods of determining the

trajectories was performed to ensnre that computational errors were not
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producing the low muon radii values,

The muon radii distributions obtained wre discusssed and further
approaches to the analysis are supgested. Final ly more complex
tracking methods are outlined. These could be used on exactly
calibrated data in conjunction with a grid of magnetic field values over

the array volume, which had been produced.

6.2 lvaluation vf the Array Performance

The performance of the chambers, as regards drifi times and their
validity, has already been discussed. Alsgo the data acquisition systewms
used have been compared, However the overall efficiency of the system
in recording decay electrons of both polarities, after the initial

75 ps detection dead-time, has not yel been presented.

6,2.1 Chamber Efficiencies

The overall data tuking rate ol the array depended ultimately upon
the pumber of muons stored with each injection, As the chambers were
only fully cfficient 75 ps ufter injection @i could only detect one
decay electron each cycle, detection was dependent upon an eleclron
decaying at luler times in the correct section of the ring. A Lrigyger
from the downstrcam shower counter ClU, in coincidence with the timing
gate, was recorded in up to G0 of all cycles with good heaw cunditions
when vperating wi th negative polarity mons, With bad beuam the
proportion fell as low as 20k, The cleaner injeclion associnled with

storing positive polarity muons allowed detection at earlice times
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in the cycle and trigger rates of up to 70% were recurded.,

5=10k of the shower counter triggers had no assovciated drift
Limes, This was duc to the region extending 30 mm radially from the
potential wires in the curved end half=cells to tLhe vacuum tank, where
detection was nol possible, The trajectoriecs of some high energy
decay electrons would be confined to this region over the sector defined
by the drift chamber array. They would trigger the shower counter but
not he detected by Lhe array, Deteciion inefficiencies in the curved end
cells of the downstream chambers would also be included in this fFigare,

The duta were analysed for single track e vents, These were defined
radimentarily as those events which had only one wire hit in a chamber
and no more than two drift times recorded on that wire, the courrect
choice of time being made as previously described, In addition the
cells hit in successive downstream clivmbers had to trend towards the
ring centre, thereby agssuring cerrect curv#ture oif the decay eleciron,
These constraints rewmoved events cunlaining spurious hits due to chamber
nuise, showering or genuine multiple Ltracks. However events with
adjucent cells hit in a chamber, duc to the splitting of the primary
ionization, were also rejected, Single track events were oblained for
505 of the shower counter triggers with the Final data acyuisition system
ind negative polarity muons, However before the modifications to the
amplifier/discriminator circuits only 25% of the triggers produced
single track cvents,

The results of a long run taken with negative polarity wuons are
presented in ligure 6,1, The single track events are sub=divided into
the four (g=2) energy levels and also into the number of chambers hit on
each track, These are presented as percentages of the total in each

clagsification, 1t will be noted that the higher energy electrons




TOTAL NUMBER OF TRIGGERS =40,360

NUMBER WITH NO DRIFT TIMES = 4,497 = 11.14°%

NUMBER OF SINGLE TRACKS 1-8 HITS =20,529 = 50.86%
= 24-86%

NUMBER OF SINGLE TRACKS 3-8 HITS =10,032

L1 57 o e R PR
A e T 5 o SINGLE TRACKS 1-8 HITS
20

>900

>900 MeV 11,392 EVENTS

>1800 MeV 6,814 EVENTS

PERCENTAGES

Ti7 >2200 MeV 2,232 EVENTS

>2800 MeV 90 EVENTS

TOTAL 20,529 EVENTS

1 2 3 4. 5 6 7 8 # HITS ON TRACK

FI1G. 6.1: BREAKDOWN OF SINGLE TRACK EVENTS
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Lraversed a greater number of chambeys due to the smaller radius of
curvature of their trajgectories, However HOp of the eventy had only
one or Lwo points defined on the trajectories and hence reconstrction
1

was impossible, a minium o three being required. Hence with the
data presented only 25% of the original triggers produced candidaies
for track i-ng analysis, Before modilications Lo the acquisition system
this figure was as low as 1Ub,

The individual cell efficiencies are more dilficult to deflfine,
imring trials at the Daresimry Laboratory cell efficiencies of 9Y9% had

(1)

been achieved in Lhe absence of magnetie fields, No specific
measurements were performed in the (g=2) array amd off=line analysis
would be rather subjectlive. The two onter chambers of an adjacent
triplet conld be used ag a collimator wd the cell elfficiencies in the
middle chuwber calceulated, However the existence of a penuine
traversing paviicle may be defined in muny ways and the removal of
spurious hitls presents a problem, The ftact that all three hits nced
not, oceur in corresponding cells in each chiwber also introduced problems,
Therefore o more realistic estimate was derived for Lhe array as a whole,
Obviously some cells may be more inefficient than others, normally due

to mechanicial imperfections, bnt an ayerage value would give an
indication of the lower limit of chawber perforunce,

From the data presented in figure 6.1 may be calculated the number
of cells hit in all single tracks with at least three data points
recorded, Murther analysis indicated whether the track was first
detected in cell 0" and whether 1t was detected in succeessive chambers
until the end of the array. The mmber of excepiions indicated the

inefticicucy of the cells, Huwever rom geometrical considerations Lhe
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track would not always he detected in cell "“0" due to the large
gzimathal spucrug of the upstream chumbers, Alsu gome sense wires
were disconnccted due to breakdown problewms, Therefore the averapge
efficiency of 82% derived from Lhe data represents an underestina e

of the true value,

G.2.,28. llesults Trom Lhe DM Counter

The function of the twin—armed scintillator counler positioned
hetween chamber "H" and shower counter C1U has been described in
Chapter 1, As stated, either the "up" or "down" counter conld he in
coincidence with the shower counter, or hoth, or aneither, The ratio
of counts in the np and down counters indicated the positionol the
split belween the two scintillater arms in relation to the median
Plane of the vertical mon distribution, Figure 6.2 shows the average
distribution of coincidences over a twenty-iwo day period recording the
decoy of negative polarity wions, The percentages varied by only
+ 0.8%, even when the scintillators were inverted but maintained at the
same vertical position, This demonstrated the equal efficiencies of
the two independent scintillators and alse the stability of the stored
circunlat ing muon heam,

Also shown in figure 6,2 is a breakdown of the "no coincidence" events
into Lhe tour (g=2) enerpy levels.,  The high percentage of low energy
evenls sugpested that the decay electrons, although detected in the
chawbers and shower counter, paussed on Lhe ring centre side of the
velive arvea of Lhe HDM counter, A check of Che cells traversed hy the

particles confirmed Lhat the trajectories were of high curvature and
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that the clectruns traversed cell "6" or "7" in the most downsiream
drift chamber adjacent to the EDM counter, This indicated that the
eflicient detection area oi the EDM counter did not extend as far

towards the ring centre as that ol the shower counter,

oded. Calenlation ol Lhe j&-y Precession IF'requency

The occurrence times of the detected decay electrons, in relation
to the injection of the pion beam, were recorded using 50 Miz and
1 MHz c¢locks as described in Chapter 4. ‘“I(; times were histograummed
for all siugle track events with agrecement between the two timing
channels, The resultant distribution is shown in figure 6.3 for a
series of rung recording negative pulurit‘.y'muun decays, The
characleristic expunential decay with superimposed (g=2) precession
freguency is observed, The distribution begins at 75 pus due to the
delay set in the system timing gate Lo ensire full chamber efficiency.
The uverage precession period over the twenly-eight oscillations recurded
is 4,31 + 0.04 ps, which agrees with the computed (g~2) value of
4,29655 ps, This confirms that the analysis program successfully
selected single decay electron tracks and not nvise associaled with a

noen-rotaling hackground,

God Tracking Analysis

As previous attempts at track reconstruction by other suthors
had produced horizontal muon distributions outside the vacuum tank

volume a totally new cartesiun co-ordinate system was devised, This
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not only defined the sense wire positions more accurately but used the
haseplate datum line us Lhe ordinate axis and the cenbre of Lhe ring

as Lhe origin of the cu—ordinate system. Therefore the computed sense
wire positions could be directly checked with the physical measnrements
described in Chapter 3,

The ﬁriuciples of the analysis programs are explained and the
results prescented, A detuiled study of computer round-off eriors was
made to ensure that the low muon radii values were not the result of
truncation errors, The effects of varying the array geometry hy

modification of the computer programs are discussed,

6.,3,1 The Co=uvrdinate System

Bach dritt time recorded represented a pairo possible chamber
positions corresponding to drilt lengths on either side of the seuse wire.
& knowledge of the (X,Y) cu—ordinates of the appropriale sense wire, the
chamber azimuthal angle 8 and the drift length, x, allowed the exact
cu-ordinates ol the two pussible traversal pousitions in the sense wire
plane to be calculated, Figure 6,4 shows that the method of co-urdinate
determination was identical to the chamber mounting procedure deseribed

in section 3,7, The sense wire (X,Y) co-ordinates were calculated from

the weasured radial distances, R, and the correction factors, AR, used
to compensate for the non—-radial wounting of the sense wire planes,

The chamber angles, 8, were positive for chambers mounted upstream of
the datum 1 ine and negative for downstream chambers, The correction
angles, A0, culculated for each sense wire, were ulways directed down-—
stream, The drift length, x, calenlated from the recorded deift time

and the calibrated drift velocity, was weasured along the sense wire
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plane, The two possible pairs of co=urdinutes for the tLraversal
pusitions were given hy:

XA = X sin
YA =Y + x cos &

+
»
e

Xl
YB

X - xsin ¥
Y - x cos O (Ge1)

whe re sdffix "A" denovtes the vacuum tank side of the sense wire and

"H* the ring cenire gide, The sign of the angle 8 ensures that
equations (6.1) hold for solntions in chambers on both the upstream and
downstream side of the datum line,

An uncertainty of + U.1 mm in the value of R typically produces
uncertainties of + 0,01 mm in X and + 0,099 mm in Y,

1f the sense wire planes had been mmnted radially the use of a
pular co=ordinate system woulid have been adopted in prefercnce to the

cartesian systew used.

6432 Curve Miting Procedures

becay electrons traversing the (g=2) fringe field had trajecltories
vl complex form, However, as demonstrated in figure 5,15, Lhe magnetic
ficld fell less than 1 kG over cells "U" to “2", Therefore a cirvele fit
would represent a good approximation in these thiree cells which contai ned
the majority of the data. Fipnre 6,5 indicates the method of deter-
mining the radius of the umuwon orbit from the assnmed circular trajectory
of the decay electron, The electron decayed tangentially in the
torward direction Crom the mon orbit in the laboratory reference frame
as only decuy energies above 90U MeV were selected,

A circle could ouly be fritted to single tracks with at least three
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recorded drift times, Taking one of the pair of possible co-ordinates
in ecach of the three chawbers, represented in figure 6,5 by the puints
(X1. \1), (X2. Y2), and (Xu, Y3), a circle of radius Hh and centre
co-ordinates (p, q) could be fitted in the following manner. The basic
equation of such a circle, including the point (X, Y), is:

[J [}] : [
X2+ Y2 + p2 4 ¥ = 2ép - 2Yq = H,PZ (6.2)

Substituting for each of the three known points in turn, three
equations in three unknowns may be derived:

2 ) [ i)

2 2 2 e
1t Yl +p +yq - axlp - 2Y1q

nod (6.3)

2 2 2 2 . . 2 . oA
X,© + Yo© + pT o+ q” - 2K,p - 2Y,q = R (6.4)

2 2 D [} 2 H
+p~ + g axap 2Y,q = I, (6.5)

The following parameters were computed, each of which were always

positive valued:

2 4
A= X1 - Xa D = Yl - Y2 G = X1 + Yl
’ ' 212
B Al - X3 K= Yl - YJ Il = X2 + lz
2 2 L
C=X,-X, FeY,-Y, L=X"+Y, (6.6)
Frow equation (6.3)
1
PR T
lt.e = G+p +q = 2(X1p + qu)] (0.7)
Subtracting equation (6.4) from (6,3) gives:
q = (G = H = 2pa)/2D (6.8)

Similurly by subtracting equation (6.5) from (6.3) and substituting
the derived expression for g in equation (6.8) and re-arranging, an

equation for p solely in terms of the known paraweters of (6.6) is derived:
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G -H=|D(6 - 1)/E]
T [a - (s/i)]

[t may he seen that three expressiouns exist for ue depending upon

(6.9)

which of equations (6,3, 4, 5) is chosen as the source. Similarly
three pairings are available to derive q and six combinations to derive
P Hence the value of ue may be deduced rifty-four ways, Kach u ses
diflercnt combinations of the parameters listed in (6.6) and therefore
different truncation errors may he expected, Using double precision
arithmetic in the FORTRAN programs the values of He, p and ¢q agreed to
Lthe fourteenth significant figure in all cases. The paraneters used
in equations (6.7, 8, Y) gave results close to the mean values of all
combinatious and therefore were used in the analysis programs,
Tangentiality between the muon orbit, centred on the origin, aad
the extrapvlated electron decay circle vccurred at the point (XMU,YM),
This was defined by the outer intersection of the line joining the origin
and the point (p, q) with the electron circle. The equationof the line

ig yimply:

Y = q X/p (6.,10)
and the eguation of the electron circle which includes the birth

position (XMU,YMU) ist

‘ ]
(xMu - p)a + (YMU - q)2 = It © (6.11)

I\
lence substitution from equation (6.10) for XMU and calculation of

the pusitive root of the quadratic equation gives the value of YMU as:

L
& 4 l, E
YMU = ¢ + [ukz / (1 + pz/q“)] (6.12)


http://ti.1l
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und hence XMU = p YMU/q (6.13)
leading finally to (he radius of the muon orbit:
i, = u® + yu®) (6.14)

It wmusgt be noted that a parabolic or higher order polynomial fit
to the data points would produce a smaller value for B than the
gimple circle fit, Therefore if the muon radii distribution is
undervalued with a circle fit, the adoption of a more accurate fitting
procedure would exacerbate the problem. For this reason the circle

fit was persued at length in the analysis,

G.d.8. Description of Lhe Pracking Yrograns

All the programs had a similar structure, any detailed variations
are described in the nexi sectiovn with the presentation of the results.
Initially the sense wire cu-ordinates, chawber angles, maximum

drift times and cell drift velucities were read from permane#t files

and all counters, flugs and histogram arrays were zeroed. The tapes
were positiuned'ut the beginning of the required runs using the

standard tupe reaQing subroutines and the individual events read in

turno, ach event was tested for correct tupe format, number of drift
times recorded and the (g—2) energy level and EDM coincidence values
deduced, The drift times, cell and chawber numbers were unblocked and
tested tu see if a single track wilh currect curvature had been recorded,
Candidate tracks had to have at least three data points, If the track
was not first recorded in cell "U" or not recorded in succesgive chambers

until the end of the array a counter was incremented but the event still
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accepted, [f all three hits occurred in cells "0", "1" or "2" the
chawber und cell nuwbers plug driti times were put into arruys for
truusfer to the filting subroutines, The dritt times we;e checked
to confirm that they fell in the expected range. Any events not
fulfilling all these conditiuns were rejected, appropriate error
counlers being incremented,

The first fitting subroutine calenlated the pairs of possible
traversal co—ordinates as descrihed in section 6,3.1. The circle
fitting routineiwas then culled eight times for each possible
combination of three pouints from the three pairs of traversdl
positions, This subroutine calculated the radial distances from the
origin of the three points and if the values did not decrease in
successive downstream chambers then the fit was rejected as the
curvutufc was incorrect. The parameters of equation (6.6) were
compu ted and the values of p und g derived for the co-ordinates aof
the centre of the electron circle, A negative ordinate value, q,
would imply either an electron radius greater than the parent muon radius,
or a small electron rudius occurring on the opposite side of the ring to
the drift chawber array, Such solutions were not permissible so the
fits were rejected, The radial distance of the point (p,q) was
calculated and compared with the known range of possible radii for
900 - 310V MeV electruns decaying in a ‘14,7 kG field from any point in
the storage volume, Any solution outside these bounds was rejected,
A further check was wade knowing the possible ranges of electron radii
for each of the four (g=2) energy levels, Allowing some latitude in
these ranges, the computed value of Re was compared and the fit rejected

if it did not fall within the appropriate range, The birth position
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(XMU,YMU) and the wuun radius R were calculated for correct fits.
Also the decay elgctlrun energy could be calculated from the value of
Re. Using the expression for an electron describing a circular

trajectory in a magnetic field:
9
Bev = xmev" / R, (6.15)

and ignoring the small rest wass energy of the electron, the energy
in MeV is calculated from Ry weasured in wmillimetres, for an average

wagnetic field of 14,4 kG, by the formula:
b m¥m ve = ecBit = 0,432 R (6.16)
[ H e e

The computed variables, or error flags, were returned for each
of the eight lits, The calling subroutiné checked all the results
and incremented the counters. The muon radius was checked to see if
it was in the range 670U = 710U wm, a much greater range than expected,

If no currect fits were oblained for an event, an error flug was
set and a return wade to the wmain program,

If & single guud fit was uvbtained all the parameters were returned
tu the main program, With later irucking programs, if a fourth hit
was recorded a further subroutine was called to calculate the deviation
of this fourth puint from the fitted circle, In turn the co-ordinates
of the two puvssible traversal positions in the fourth chamber were
suhétituted in the circle equation, with known values of p and ¢, to
calculute the radius, R, The two values of R were cumpared with Re
and the smaller of the differences taken as the deviation., The
deviations were histogrammed according to (g~2) energy level and cell

number,

1f wore bhqn one good fit was obtained for an event the computed
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electron energy was couwpared with the range of the appropriate recorded
(g=2) energy level, It only one fit fell within the range, Lthen it was
tuken as the correct it and, if applicable, the deviation of the fourth
point computed before retuarning all parameters to the main program,
Utherwise ambiguity still existed and an errur tlag was returued,

In the muin program the counters were incremented and the returned
paramelers scaled for inclusion in the histogram arrays, The contents
of the counters were displayed at the end of each run tuv illustrate the
number of tracks selected and a hreakdown of the types of fits and
rejections wmade, The counters were alsov suumed over a series of runs
on an entire tupe amd a swmmary printed, The histograms were displayed
nging a general purpose routine written by the author, In the later
programs the values of p, o, Hu, XMU and YMU were displayed for all fits
with a counter for all errvor flags returned, Similar parumeters were
digplayed for single pood fils only, The c¢rfects of varying the array
geonelry and drift velocities conld bhe studied clusely with these
histograms, The deviations ol the fourth points, if computed, were
displayed next, followed by the calculated electrun energics sub-~divided
into the (g=2) cnergy levels recorded for each event, Finally the muon
radii were presented, initially divided inte the four energy levels and

then totalled over all energics,

ieded MHesulls ol the Track Analysis

The axis vi the storage tank had a ridius of 7000 mm and the tank
walls had radii of 6914 mm und 7086 mn, However the active storage

volume was limited in moust sections of the ring by tne electrostatic
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field electrodes which were only + 60,8 wn frowm the axis in the
horizontal plane, Therelore the expected disteibution of muon radii
would extend [rom 6940 mm tv 7060 wmn, with a peak around 700U wm as the
optimmm storage conditions applied for the axis. As the vertical
co—ordinates of the decay electrons were not recorded, the computed
distributions included electrons decaying from the entire vertical
dimension ol the active storage volume, which extended + 40 um from

the median plane. This would accentuate the peak around the axis
value,

When the first tracking program was developed Lhe drift velocities
were very uncertain, Therefore a series of fits were mude vver a range
of values, A rigorous track selection demauded al least three hits on
a track and the first recorded hit had to be in cell "U" with consecutive
chawbers hit until the end of the array, Constant drift velocities
were assumed thronghoeat each cell; Lhe maximmn dpifbt times in cells “0%,
1Y oand 2" ranged from 850, 81U and T80 ns respectively, down Lo
610, 590 and 57U ns 1o nine egqual sieps, A typical distribution [or
the muon radii, summed over all encrgies, is shown in figure 6,6 for the
Towest maximam Jrirt time values, Uver Lhe entire range of drift
veloucities the peak ol the distribution shifted From 6Y14 mm to 6Y21 mm,
wulntaining a similar shape throughout, Alsu the nuuber of fits obtained
wilh the same data ruse by 280 over the range. ‘I'nus the lower maximum
drift times, and heoce maximum dreift velocities, gave the best results,
However the majority of the distribution still lay outside the actual
storage vegion and a further lowering ol the waxiomm drift times would
not move the distribution an appreciable amount. It was noted that the

fits fur higher cnergy decay electrons did produce higher mon radii, the
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peaks of these digtributions approaching 6940 mu, However the majority
ul the duta were for lower energy decays and the higher radii fils only
formed the tail of the total distribution, The better fits were
probubly due to the higher energy decuy.elucbrons having low curvature
and therefore the hits occurred wainly in the vacuum tank half-cells

of wireQ "0" and "1", where the linear space-time relationships were
wore valid,

Another series of programs bad wodified inpunt parameters to
represent distortions in the positions of the drift chawber array.
Tracks with at least three hils were chosen, but they did not necessarily
have Lo be deteeted fFirst in cell "U" or in counsecutive chambers,

tnitially the azimithal chawber angles were altered by + 1”, far
wore than any pos§§ble error in the mounting of the baseplate, As the
fitting procedure was azimuthally symmetric the digtributions should be
unal tered. This way indeed ihe case with identical distributions for
all histogrowmed parawcters, Nov ounly did this cunfirm the currectness
of the fitting prucedure but it also demonstrated that truncation errors
did not veeur in the computation.

The second sevies of tests compared the normal distribution with
those ovbtained when increasing and decreasing the sense wire radii by
10 wm, The eftect was to slightly alter the forws of the distributions
and to move Lhe peaks slightly Tess than 10 mm'in the appropriate
directions. Al thoupl suwall errors were uoted for the measured sense
wire positions; they could not explain the errors in the muon radii
distributions,

Finally the correction angles A8, to allow for the non-radial

. . . 0 .
mounting of the sense wire planes, were altered by + U,1, This
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corvesponded to an vrror itn the nwounting of the chawber cradles on the
baseplate and also 1o a non-parallel al ignment of the sense wire plane
with the cradle axis, No discernible shifts in the peak values were
noted and Lthe distribuntion shapes were only slightly al tered,

As the baseplate was shaped to il clusely to the faces of the
maghe . blochs i b was thonght unlibely thal any wmis=alignment of the
whole arevay vecurred, From the results presented above it was clear
Lhat any possible chawber mis=alignment could not account for the total
error in the awen radii distribution, Therefore further studies
concentrated on the deift velocities used in the determination of the
drift distances, :

The whole cell deifi Lime distributions obtained during the initial
ditt unalysis had Jong tails al high drift times, which indicated lower
drift velocities in Lhe potential wire regions, A series of corrections
were applicd to the recorded drift times Lo compensate for the resultant
non=linearityof the space=time relativnships, Figure 6.7 demonstrates
three assumed forms of the space=Lime relalionship which could be

reduced to lineariny by Lhe foramla:
e = ot - [(wr/max)" x con] (6,17)
corr ‘

The corvected deitft Lime, “T(:urr' was calculated frum the recorded
drift time, DT, by subtracting a term derived from the maximim recorded
drifit time in the celly, MAX, and its difference from the maximam linear
relationship value, COlUL, The exponentiation facltor, n, determined the
|xr(.-(.-i.~w- form of departure from linearity, as shown in figure 6.7, The
fourth power produced Lhe least departure from linearity at shorter drift

times, The values of MAX and CORR used in cells "0", "1" and “2" for

all fits are shown, the displayed curves applying to cell "0", The
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apace—time relalionships were assuwed  to be valid lor Lhe drift spaces
o et ther sude of The sense waires,

Comparison ol Lhe results obtained with n = 2,3 and 4 revealed
higher wmuon radii with increasing values of n, and also an increased
mmber of singte good Fits achieved wi th the same data. This indicated
Lhal the spaco=tiwe relatiouships described by n = 4 most closely
resvabled the expecimental vatues, As betore, better fits were oblained
for higher cuergy decay electrons, However a lower proportion ot the

single track events produced siugle good Fits cuompared to lower energy

electrouns, Also more ambiguous Fits remained for the lowest energy
eclectruns, Figure G.8 provides a breakdown of the success of the
fithing prucedores tor cach (g=2) energy level with n = 4, Migure 6,9

presents the moon radii distribntions vhtained from the same analysis,
The shift towards higher radii is vbserved with increasing energy but,
us the lew cnergy dala dominale, Lhe total distribntion still peaks at
low values, As the lower energy particles traverse cells closer to

Lhe ring centre more often than the higher energy particles, it appeared
probable that the postulated space—Lime relationships applied more
accurately Lo cells "UO" and "1V, Indeed the theoretical space-time
relativonships derived 1in Chapter 5 showed cluse agreement between the
ring centre sidiee haltf=cell  values, shm‘vn in tignre 5,27, and the

n =4 tidt, However the vacuuw tank side half-cells appeared to have

wo e lillmur relationships and therelore the n = 4 fits did not represent
either the fors or higher values of the drift velocities in these lalf-
cells.  Henee the lower enecegy decay electrons, which traversed closer
to the ring ('l'ul.;'t', won ld tend tu include more data points in the vacuum

tank Lall=cells and therefore introduce a systewmatic  distortion of the
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trae drift Tengths and hence decay Lrajectories, Such a distortion
ts more Dihely Lo explain the low mon radir values Lhan an undebecebed
peometrical misalignment  of the array.

Further analysis allowed the iuclusion of dillerent drift velocities
in the vacunm tank and ring centre side hal f=cells, Unly constant
drift velocilies were used in the programs as the thorough theoretical
analysis bhad uot been performed at that stape, However indications
from the analysis ol the splitling of the primary ionization track data
and initial caleulations of the clectrice fieldys in the chambers allowed.
more accurate drift velovcities Lo be used, Also the maximam drift
time oo the vacuum Lanh stde of the corved end cell was 1imited to
170 ns vver the 4 wm active length, Fits which included drift times
beyomd this value were rejechted by substitating false co—ovdinates in
the litting rontine,

Atiiidy o0~ tning =ense wire o potential wire drift times of 170,

420 and 320 ny in the vacunm tank side drilt spuces of cells "Ov, "1
and M2, and 90, 6860 and DU ns in Lhe ring centre side drifl spaces
wave o cluse resemblance Lo the values presented in Table 5,1, The
pealkk ol Lhe muon radiit distribution, totalled over all cnergies,
sccurred at 6912+ 4w, However Lhe data were liwmited as only tracks
with at least Tonr hils were sclected, The circle fits were performed
upor Lhe second, Lhord awd fonrth hits on a track amd Lhe deviation of
the Tiest bk From the compuled circle was calenlated, The analysis

wus repeated with the fils made Lo the First, second and third hits and

Lthe deviatiows Lo the Fourth, The peak value was shiflted Lo G920 + 4 mm
and all mion radyvi inerveased, As the latter analysis iucluded wore

duata peints in coll "0 and the vacuun tank side of cell "1", a turther
i ’
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indication of the betiter approximation to linear space=time relation-

ships o these lall=cells was p

~

tven,

The distritmtion of deviations of the fourth point on iracks in
the lowest (pg=2) energy fevel, which ocenrred in cell “2%, is given
in figure G100 with o schematic ol the derivation of the deviation
valaes, o U the drite velocities were fully calibraled and the circle
fit altorded an exact solubion in cells "U" Lo "2, the dci.-vi.utious
would represcnt a measare ol the spatial resolations ol the chaumbers,
sy + U.H g, However figure 6,10 shows the majority of the data
lyitnpg within + 7 wm of (he peak at + 2 wm with many larger deviations,
As Lhe tlls'l,l'lhllli.nn only contains values frow the events with single
correct Fits, it implies that the olhier seven pussi ble fits produced
worse resalts, Theretore single track evenls salisfying the selection
condi Lions, but still contaaning spuriovns drifi tiwes, probably produced
the larser deviations = especially thuose over I4 ma which indicate a
Lraversal position in an adjacent cell, The luck ot rigid constraints
in the fitting vounltine allowed Ghe inclasion of such events and
produced the lomr tairl inw the non radii distributions, The width of
the peak of the distribution is due Lo the incorrect assumptionof
constant deaft velocities in the half-cells, The positive displacement
of the distethution feow zero indicates thal the fit to the first three
puints produced o systemalic lowering of the true electron radius, and
licnce of the muon radins also, Deviati on distributions in cells closer to
the vaconm tanh, ad For higher enerpy electrons, do not have such marked
displacements, indicating once more the effect of the drift velocity
approximbtions in the riug centre half-cells, This alsuv explains the
higher muon radir values obtained for the higher enecpy eleectlrons which

do not traverse so close to Lthe ring centre,
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The later analysis proprams displayed the recorded drift Limes in
the appropriate hall=cells Tor events producing single good Fils, Thisg
resolved the left=right ambiguity in cells "0" to "2" and the wmaximam
drift Gime VHIHHS>UIUSUIy rescubled che experimental values recorded in
Table 6,1, livwever the nuember of data points in the ring centre half-
cells exceeded thuse in the vacuun tank hal (=cells; the oppusite would
be expected coustdering that the flux of decay electrons fell towards
the ring ceptre, - This indicated that the incorrect drift velocities
Forced the wrong triplets of Lrack co—oprdinates to be chosen W produce
the hest fits,

The decay electron emergies were computed from the electron circle
viadii using equation G, 16, The values were histograuwmed for each
(#=2) encrpy level Lo check the calibrati on of the shower counters.
fowever ax the computed eleclron radii were known to be undervalued, the
derived vnergics wore also aubomatically low, Fipgure 6,11 displays the
values for (p=2) encrgy levels A, B und C taken frow the above analysis,
The cut—olfy are due to limits imposed in the track fitting routine,

The majority of the data lies at lower values in each range, as expected,
with the long tails ot higher energies refllecting similar tails in the
mion radii distribitions, hewce no fivm confirmation of the shower

counler encrpy calibrativn way be drawn I'rom the resulis,

God  Mannal Cheek of Lhe Track Fitli ng Routines.

in vrder o check the accuracy of the fitting routines, and also to
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confirm that the corvect il was selected, a wmanual reconstruction of

u decay ecleelron brach was mde, An acearate half seale drawing of
the drift chamber array was used to enable Lhe construction of a
theoretical track, The birth position lay vn a radius at + 1.60 to
the datum line and corresponded to o waon radius ol 6960 mw, as shown
in figure 6,12, The circular trajectory had a radius of 2500 mm and
traversed cell "U" in chambers I, F and G and cell "1" in chamber R,
all on the vacunm Lank side, The chamber cu=ordinates measured on the
drawing were compared with the Lhcureticul values, The X co-ordinates
were accurate to U1 mm and the Y co—ordinates to 1| mm; acceptable
rcsults: considering the difliculty of drawing a 1250 wm radius circle
hy hand, Suitable cunstant drift velucities were assumed and the
drift times calceculauted in cach cell, The track anulysis program was
wodified to allow tnput of just the drilt times for a single event,
Utherwise the program wis wdenticai to the main analysis program with

a circle (it made to the first three points and the deviation of the
fourth point calculated,

The effect of the swall distortion in the drawing of the electron
circle was tmmediately apparent when the track parameters were calculated,
lsl equalled 6GY61,7 mm, uc was 2515,2 mm and the theoretical value of
(124,5,4450,3) for Lhe centre of the eleclron circle (pyq) became
(138.4, 4444,3)¢  "The birth position (XMU,YMUJ) woved from the
theoretical pusi(;.inn of (194.3,6957,3) tu (216.7,6958,3)., HRuther than
wmanipulate the drift times to reproduce a true circular trajectory the
above computed values were taken asg absolute and all other sets of

results compared wi th them, However Lhe results imnediately demonstrated
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the effect ol small errors in the track cu—-ordinates upon the resultant
clectron and mion vadii, The computed electron energy was' 10865 MeV
and the deviation of the fourth point + 0,34 mu,

Uf the eight pussible fils Lo Lhe data, six were rejecled as the
radial displucctﬁunts from the ring centre of Lhe three track co-o_rdinates
did not decreuse in successive duwnstream chawbers, A seventh was
rejected as the centre of the electron circle was too far from the ring
centre to produce a valid decay electron, and therefore the eighth fit
produced the only correety, unambignous Lrack,

PTests similar to the ones applicd (o the experimental data were
performed, The chamber angles relative to the datum line were altered
by + 10" and the value of Il}I wasd unul tereds, I'he sense wire radii weve
increased and decreased by 10w, resulting in variationsof + 9,999 mu
in the value of lt)'l, 4 DB mm o in Ilc and hence a corresponding variation
in computed encrgy of + 2,5 MeV,

A Lilt was applied to the whole array by moving chamber A 3 wm
cluser Lo Lthe vacuum cank and leaving chamber H unaltered, sSuch a
deformation of the baseplate wrientation would have been detected
during the measureuent vf the seuse wire positiovns, The value of R
increased by only + 1,65 mm s0o such a perturbation would not explain
the low muon radii values,

The drift times were altered to simlate variations in ithe
spuLiui resolutions of the chambers and the incorrect drifl velocity
calibrations, An altervation ol 10 ns represented a drift distance of
U.18 mm, which was an underestimate of Lthe uncertainty in the half-cell
space=time relalionships, Initial variations of + 10 ns to all drift

times repeated the sense wire radii vieriations, the value of lll varying
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by + 0,18 mm, A more importanl test was to vary Lhe drift time in
the second chamber only by + 10 ns, The pousitive digplacement Lo-
wards the vacuuwm Lank caused the value ufll}l to decrease by 5.7 wm, and
the negative displacement Lowards the ring centre cuused an increase of
Hel 1w, The non=lincar theoretical space~time relationship ot the ring
centre side half=cell, shown in ligure 5,27, indicates thal an approxima-
tion to a linear relalionship with Lthe sawe maximum drift time would
underestimate the drilt length by up to 2 nm at intermediate drift times,
Hence the exact solution would displace the track co-ordinate towards
the ring centre in these half-cells, The large increase in bhe value
ul'li.)l for the nugﬂLivu displacement was due to the electrun radius
increasing from 2515,2 mm Lo 28G1,4 ma with a subsequent movement of
the centre ol the electron cirele and a rise of 150 MeV in the cuwmputed
energy, Also the birth postition was moved 125 mm upstream, The
positive and uwegative displacements altered the deviation of Lhe fourth
point by + 1.33 mm,

A displaceaent of 0.5 mn towards the ring centre for the second
puint increased the values of %l to T018,Y9 mn and Rc Lo 4718,1 am,
with the eucrgy equalling 1006;2 MeV und lhe deviation of the fourth
puint — 23,7 wua.

These wanipulations of the second hit pusition obviously have the
greatest effect upon the electron radius, By cowparisvon a variation
of + 10 ns in the drift time of the third hit only altered the value of
15' by = 2,5 wm and + 3,1 mm, with the deviation of the fourth point
altering by + 0.8 mm, However the calceculations have demonstrated the

inherently large variations in the value of B due to small errors in
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the determination of the Lrack co-ordinates, This is due to the
co=urdinales dv}ining Aeh a swall are of Lhe Titted clectron cirele,
Al though all track I'its would not necessarily huve a system;tic dis-
placement of the secomd point towards the ring centre il exact drilt
velocity calibrati ons were available, the errors due to the vnlue§

used may explain the resultant low muon radii values,

6.5 Discussion of Results and Supgestions for Farther Anaulysis

The low valued mnon radit disteibutions derived by previous authors
bave been improved upon, especially for higher energy decay electrons,
bitt not to the reguired oxtent, The best-distribuiion ranged from
6900 Lo T100 um wéLh a peak at 6940 mw, as against the expected values
of 6990 Lo 7060 mm with Lhe peak at the optimum storapge radius of
700U 1,

The previous section has dewonstrated the necessity for extrewmely
aucuruté drift velocity calibrations, Distortions uf the drray geowetry
have been discounted as pussible reasons for the low values, It would
he expected that Lhe theorelical space~time relationships derived in
Chapter 5, scaled Lo the appropriate experimental polential wire to sense
wire drift times, would produce improved distributions, llowever such
calibrations would still not exactly define Lthe true experimental relation-
ships, As previousty wmentioned, the eleclbron swarms assveiated with
particles traversing cells in the potential wire regions drifted close to
the cathode planes due Lo Lhe pour eleetric field compensation, Field
distortion around the cathode wires would perturb the space-time relation-

ships at these long drift tiwmes, Also, due to the non-saturated drift
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velocities, Lhe overall spatial resolution of the chambers was )ower
Lhian i Wiey had been operated anoa fally saturated mode,

Despite the inereased conlidence in the resal ts that would have
existed if fully calibrated data had been available, it mst be noted
thut extrewe variativns of the constant drift velocities employed in
Lhe analysis prograws bad remarkably little effect upon the shape and
values of the muon radii distributions, Analyses not reported in this
thesis rciuacd the constraints applied in the fitting routines and
included extreme variations in the drift velocities, The number of
successtul [ils obtained wilth the same data was not substanbially
increased fur any combinasi on of parametlers, flowever the correect fits
obtained with different paramelers were nol always necessarily associaled
with the same events or the same triplet ol possible track co-ordinates.
Therefure comparison of the resulls mway nol always have indicated the
true effecl of the variation in parameters,

Throughout the analysis the lack ol directl solution to the left-
right awbiguity presented problems, As ghe space~tiwe relationships
have been shown to be murkedly different in the two drift spaces on either
side of the sense wire, a direct knowledge o f which drift space was
traversed by Lhé electron would have allowed moure accurate determination
of the relationships, Sugges ted further analysis ewploying the theoret-
ical space=time relalionships could also divide the deviation histograms
into valuey calculated in the vacuuw tank and ring centre side of each
cell, as well as ihe distinction between decay energies already included,
Any ditference belween the two distributions obtained for a.cell would
indicate which hulf=cell space—time relationship used in the fitling

routlines was more inaccurate, The effects of varying the relationships
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connld then be studied wore closely,

Anothier problem was the low number of points recorded on each track.
The analysis concenlrated vn Fitting circles Lo only three points in the
cells where the magnetic field wis alwost constant, Further analysis
with calibrated data wonld have ineluded least squares fits to a circle
wilh four or more data points, This wou ld have allowed more rigorous
consbrainks Lo bhe applicd in {he l'il,l;il;g roulines, hut Lthe data were
Limited Tor trachs wi bl move than three hits recorded, The inefficient
region of the curved end cell drastically redoced the mamber of data
points recorded, especially for higher energy decay electrons, If
efficient detection wi th constant deilt velocities had existed through-
out this region it is probable that the basie circle fit would have
produced satisfactory resulis, Ultimately wore complex traching methods,
such as Lhose discussed in the Tollowing scection, could have been used
to trick the electrons towipds the ring centre through the inhomopgeneous
magnetic field where a circle Fit would no longer be valid,

ALl the traclk analyses  pertformed and supgested have used the
anticipauted resolts Lo gange the aceuracy of the drift velocities employed,
Ubviovusly this is the couverse to correct procedure and there can be no
substitute for an accurate calibration of the space—=time relationships.

The albove discussion has constdered errorvs in Lhe calenlated drift

lengths and the wme thods of analysis, liowever no consideration has been
miven Lo Lhe validity of the assumed circular electron trajectory, The

detected clectrons decayed Freom one of the two electrie field=free sections

of the storage tank, these Lwo regilony imparted a systemalic distortiion

to the horizontal and vertical bhetatron moibions which were assoclated with

wuons not stored at the optiwuan momentum corresponding bo circular orbit

5y
at 7000 um radius, where exact focusing uccurrud.(g) This tended tlo
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increase the ru?ii of the mion orbits in the field=free regious, lHow-
ever e anons woubd so Tonger be deseribing cirentar 4nr|;il.§ abhout the
ving conlre; an assamplion nsed in the calenlation of the electron birth
position. It may be shown Lthal in such cases the computed displacement
of the birvth pusition from the ring centre was always less than the true
value, Therelors errors ocear for electrons decaying from muons not in
the optimum orb1t, wlthough they ave less than 1 wum,

No accomunt has been tahen of possible scattering in the 0,8 wm

.

Lhick titaninm wall ol the storage vessel, As such scatlering would be
directed throughont a cone aroaml Lhe Forward decay Lrajectory of the
clectron, oy viewed oo Lhe taboratory, i Ls effech wonld be Lo widen the
tuon radii distriputiun rather thay systematically increase its value,

The radial wmapgnetic field plots displayed for various azimmthal
posibions in the median plane have indicated decreasing field values to-
wards the ving centre, As stated, a cirele Fit o Lhree poiniy on a
trajectory decreasing in curvature would prodice an overestimale of the
mion radius value, However for trajectories displaced mn.rc;» than + 3 wm
vertbically from the median plane the magnetic field rose from the
homogeneous lield value, due to edge eflfects from the magnet poles, be-
fove decreasing wore rapidly than in the median plane case, as shown in
Figure 5,16, Thus the decay electron trajectory would have constant
curvaturz in Lthe homogencous field region, increased curvature in the
bigher field regiovn and decreasing curvature Lowards the ring ceantbre,
Cells "O0" Lo "2" cover Lhe higher field region wilh the maximam values
occurrving around the boundary ol cells "1" and "2", The circles fitted
to data recorded in these cells would have lower radii than the true decay

curvatures in the homogencous field and thervefore low muon radii would

result, No direct measurement of the vertical decay co-ordinule was



http://rca.se

- 19g=-

recorded bui, as already discussed, the proportion of the total data
vecureing atl such lavpe displacemenis From the wedian plane way small,
Therefure the veduction in the wion radii values only occurred in a
minority of the recorded evenls,

lHence any possible departures in the recorded data from the ussumed
circular eleciron trajectories, fuimed tangentially to circular wuon
orhits about l,h«:. ring centre, would not have had any profound effects
upon the cowmpulbed maon radii distrilntions, Theretore the low muon
radii values obitained and the moderate percentage of single track events
which produced good fits were due Lo the approximate drift veloelty

calibrations available, .

Gt Discussion ol Accurale Tracking Methods

Accurate track reconstmiction ol particles traversing an inhomogen-
eous wagnetic field 1s necessarvily complex, The (g—=2) fringe field varied
in radial, vertical and azimthal directions, although it was symmetric
about the hurizun&ul median plane, As repurted, a series of measnrements
were performed tu allow the determination ol a mesh of field values
throughout the volume described by the drilt chamber array.,

The vertical co=ordinates of the decay eJectrons would be reyuired
in acenrate tracking procedures,; hnt bLrajectories in a horizontal plane
could be accurately assumed, Initial values for the mnmenﬁqaum
approximate birth poesitions o ' the electrons could be oblLained from the
basic cirele tit to the data, These would be used as the first iteration
villnes in the ilc;ﬂll?lLU tracking routlines,

Several approaches have been made to the problen of acenrately

(4,4) ALl

reconsbructing trajectories in sauch complex magnelic rields,
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rely upon a precise hnowledge ol the wagnetic lield at pepular intervals
and usce onnwerical integration melhods tu solve the equations of motion
for the particles, The step by slep reconstruction of the trajectories
tnvalves 1terative approaches to the corprect Lriack, often employing
Hunpe=hutta=Simpson technigues, The precise approach used normally
depends upon the cowplexity ol the Tield, the reguired accuracy and the
consequent computation time in\-ulvml,(5)

An approach used for a polarized tarvget experiment at CHHN(ﬁ) conld
have been modilied (o Lhe (g=2) case il the approximation to azimothal
symmetry had been acceptable. The parvticular wagnetic field was axially
symmetric with & wirroer s;mmolry aboutl the horizontal median plane,
Parimetrivation of the wapnetic field ted to the development of an
algoritha te adlow trach weonsbraetion, amd hence mowen bom de Lbemwination,
from the recorded Lrach co-urdinales, The azimuthal symwetry allowed a
veclor potential to be detined tn Lerws of the radial and vertical field
vitlues il he vadins from the axis of symaelry,

An extremely complex program has bheen developed for the Splil Field
Mapnoet Facility o Lhe ISR al UHHN.(T) This preogram tvacked particles
throueh the inbomuvgencons Field usinge co=ordinabes dervived from MWPC data,
fn adibntion it allowed wneertatnbies in the recorded track co-ordinates,
Frovision was minde for the spatial revolution of Lhe chambersy, multiple
seattering in the chamber array ol scatfering in Lhe wall of the ISR
vicenum Lank,

The uncertainties in Lhe calibration of the (g=2) data did not
warrant the utilization ol more complex trackiung rvonlines and certainly
the time seale did not al low the development o such complex programs as

those discenssed above.



~ 1=

REFERENCEES

Short, Ko A,y Phole Thesis, HUniversity of Darham (1975)

Comblev, Ve, Picassa, ey

Ihys. Heports 140 (1974) 1

Peters, M, W., Micl, Instr. Meth, 113 (1973) 371

Mckee, lt, J,, Noet. Instre Meth, 114 (1974) 321

Hock, M, Kep Louis, M.,

CERN NP-DHG Report 75-3  10/6/75

Birsa, Re, Bradamante, M., Danw, €.y Fidecaro, G., Fidecaro, M.,
Gioegi, M., Lanceriy, L., Peazo, Ay, Picmontese, Lo, Schiavon, P,
Vasscotto, Ay Villari, aA.,

Miels tmst, Meth, 146 (1977) 3567
Metealty, Mog Heplervy, Mgy Broll, €,

CEUN 73-2, lLaboratorvy 1,

Data Handling Division, 7/2/73



- 1Y ti—

CHAFTIN 7

~

APPIC ISAL OF 111 (p=2) DIt CHAMBER ARRAY AND CONCLUS LUNS

i1 Swmmary of the Urill Chamber Array Performance

The (p=2) drilt chamber array was an ambitious project from its
inceplion, The use of abvil it ehiaabers was in it inlaney and their
employment. in such an inbomopencous magnetic ield is still rare, At
Lhe design stage a sultable chawber pas and operating parameters had to
be found, The chambers E.lu-mm:lvvs were ol novel design due to the
physical constrainis of the deteclion regioun, In particalar the curved
end cell was of anusual contigiration tuv allow efficient detection close
Lo the thin=walled vacuum Lank section ol the (g=2) sturage ring, The
baseplute and chowber cradles allowed accurate, reproducible mounting of
l.lu‘e' drift chamber array.

Having cured initial breukdowa problems by wmoditication of the
cathode wire pobenials o the sense wire regions, Lhe chambers proved
to be reliable amd were operated for long periods wi thout attention,
Chawber efficiencies of over 9% and spatial resolutions of 150 pm in the
normal cells, and 200 jpm in Lhe curved end cell, were obtai ned during
comnissioning trials in magnetic tield free conditions,

The chambers were of the adgnstable tield ty pe and the required
clectric Field conpensation was determined theoretically, a three-wire
spacing thronghout the chamber Finally being nsed, The sense ol the
field tilt was reversed when the stored auon polarily was reversed.,

Data acguisition systems using THC modules to digitize the drift

;
Limes were used during Lrials al the Darvesbury Luboratury and initf,i,ully

al CRIN, Their inherent non=lincarity was a disadvantoge, Therefure a
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recently deaigned Drealt Lime Drpotiser system was employed which used a
masler osetllbator to drpateee all Twg chomnel s, This notl only ensured
linearity but alse corrvelation between all channels, Also miltiple hits
could be recorded on a wire wilh chis systew, However several inherent
design faults were encaunterved with the new syslem and modifications of
the pre—umplificr di~criminator cirenrls proved necessary, Uttimately
the duLh acguisibion system was developed amd tully calibrated, allowing
timing resulation. of + 2 us vider all delecbion conditions, llowever
only one triprer could he processed during cach (g=2) injection cycle,

The chiambers were not fully efficient until 75 ps afler injection,

This was due Lo spice clingre effecls around Lhe sense wires  induced by

the high flux of pavticles traversing Lthe chambers during injeclion, A
hlanking sy=tem using a thyratron cirenil wis contemplated. This would

reduce the applied chaaber voltapes at the Lime of injection and thereby
limit eharpe amplilfication arvund the senze wires, llowever as Lhe chambers
had such a narrow operating platean = in the repion of 50 V - any overshoot
in the applied blanking milse would induce hreakdown to occur. Az the
pulse would be applied at the W.T, distribution box in the (g=2) counting
room, stenal attemiatron amd deformation would ocenr in the cables ranning
Lo the ring, \iso the sen~ing circatits on Lhe output ol the Brandenburg
power supply wonld avtempt Lo compensate the chaupe in applicd vol tage,
For these reasons the blanking syswem was not pursaed, With good heam
sonditauns TUe ol W vagections produced Lrigpers in the drift chamber
array, Therefore the lack of detection efticieney at early times, when
the magority of the mons decayed, wias mob ceritical,

800 of the =vstem trigpers produced clean single track events suitable
for analysis, However as mwo accorate calibration or the chawber space-

time relationships was performed in the (p=2) fringe Tield the drift
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veloeities conld potr be detemined Lo the necessary accuracy, As no
on-line or ol Tine analysis propgeams liad beea developed duoring the data-
tahing perimd, the consequencies of the pour calibralions were not apprec-
tated, The whole celbl drift trwe disteibatlivns indicated the waxiwmum
deirt times v ecach cell, bt the precise forms o the space=Lime relalion-
ships were not revealed, Detection inefliciencies were appurent at long
drift lengths and tmmediately areund Lhe sense wires,

The chiwber elvetrie fields were determined theoretically and, in
conjunction with the vweasnred median plane magnelic field values, the
ih(-uru-l.'nrul space=time relationships were compn ted, The electic field
plots also rpdicated vhe ronelfrcient dotection region in l.lu; curved end
vells, Farticles traversing chunbers in the potential wire regions were
[regyuently obhserved to produce deift Liwes recorded at holh adjacenl sense
Wiles, Analysis of this data provided Turther dreill veloci ty inluv rmation
which wits 1o pood aorecewent wi th the theoretical resulls, However
accurale calihration wonld only be provided by an experimental system
stanning across a chinaber an the (a=2) Iringe Ffield, as proposed in
Chapter 5,

The arpgon—methane (0:10) pas wmixture bas been used succeesslully hy
other workhers., Al thougl, the use of other miatures such as argun—-ethylene
has become Tashionable, there is no reason to suppose that salistfactory
ve=ttlts cannot be obtained in mapnetie Cields with such a mixture,

bBespite modifications to Lhe measured array geowmetry and extreme
variations in the dey veloeities ased, al) altempl- al Lrack reconstre-
tion using o coeele Tt Tailed to produce maon cadii distributions in Lhe
anticipated rioge, Coninpemation of the compntational acenracy of the
Feviver roatines wos provided by o mannal veconstruction of a decay electron

Lrach, This analysis also revealed ihe inherently larvege varialions in the
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cowpuled vabue ol the muou radins when swmall variations were made to the
vecorded track coordinates, One wportant poinl Lo pobe is that Lhe
appropriate constratnts applicd in the fitting routlines ensured that in
the majorily of cases nuabtpgnons sinpte Ffils were oblained without direct
knowledge of the left=ripht ambipaity solutions in cach cell,

Having disconnted all uther pussible sourees of ervor, it was con-
e huded thal the tow mwaon radii valnes were due to systematic errors in
the deitt velucrries nsed in the caleulations, Further analysis employ-
inpg more accurat s space=time relationskips was likely to improve the
distribations. Infortanately trme did not permit the implementation of
the necessary modiPicatiow Lo the tracking routines,

As oo direct consequence wl the andervalued eleectron and won radii,
the (:uml-:u ted decay electron energles were also lower than expecied,

e data recorded alltowed the occurvence times of all corvect track
Fits Lo be histogramm d, The resufrant distribution revealed the
characlberistic (g=2) precession Frequency to gond accuracy. luclusion of
diata I'vowr an EBM counter sandwiched belween dreifl chamber I and shower
connter ClU imdicated that wany decay electronyg failed to he recovded in
cilher seintillator arm of the connler, These electrons traversed
chinber H oin the celbls elosest the ving eentre, indicating that the radial

detection regron of the HDM coanter was ot as greal as the shower counter,

o= Suggestod hmprovements fo e Drift Chawher Design

With the advantapge of hindsight many improvements may be sugpested
that would have cnsurved more accurate operation of the (g=2) drift chambers.
Pt has bheen Showa that Lhe basic problem was the non-uniforwity of the

drift velocities, This was due to the deitn field being tuo luw and Lhe


http://en.su

=)0

tivld compensalion non-exael Hovever as e cathode wire potentials had
abready been Towered o e e e ware repions Lo preventd breakdown, the
regarired increase wonid not hiave heen possible, A dritt field in the

. - -1 . . -
region ol 1H00-2000 \ cm would be reguired to ensure satnrated drift
velocttles at all maonetre eld values, The observed drifl velocily,
w o would then only depead npon the magnetie Ficld swhich albered Lhe drift
anple, A constane Cield compensati on angle throughout the ehamber would
produce satistactory vesults, bt an acenrale calibration of the space-

tiue relation=hips wold sl e necessary, b a variation in the

clectreie Tield it anple was regnaired, L wonld be preferable Lo mke

the tranasvbron an the v wire revaon, wheve the etectree fveld as
radial and hiph valacdy rathor than i Lhe potontial wire regilion, The

subsequent, distortion e 1 the demift velocilies would be mich lower,

The inter=cell houndary in Che (g=2) chambers was poorly defined due
to the odd wonher avre=spacing tilt, Re=designed chambers would have a
larger inter-cathode pap so that a four wire—=spacing tili could provide
the necessaey Noebd compen-ation anpley awd al so al tow Lhe application of
hipher deitt tiehds.

The mneltrereney wi che corved end cell severely redaced Lhe number
ol datla points recovded, Fresenl day constraction Lechnigues wonld
probably inelude printed cireait cachode planes; shaped to the cliomber
peowe Lry in thirs regron, on areder Lo provide a conbimous deitt field
Chronghout the cell, lnspection of the chawbers over two years alter
thetr conustruction revealed a slachening ol the wires in the curved end
region, This was alwost certainly due to a weabening ol the olass side
membe rs which were ander extrese tension frow the wire planes, with no
spport from the carve:sl vnd mewbe r, For this reason chambers constructed

in the futuee Lo suatlar dezren criteria will pobably emuploy printed
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circuit cathodes etebed on thin copper coated mylar, tnly the sense
wipe plave wan bd be constructed with wires atlached Lo a Frame under
tension, The printed ¢ivenit cathodes would be made planar by adhering
them to lightweight rawes wiler vacuuwm,

Although the Lracking routines successflly resolved the lefi-right
ambimiitics, a dircct chamber signal wonld have heen advantageous and
would have significantly reduced the track analysis computalion times,

Chuwbers bailt with Lhe above improvements wou ld have undoubtedly
produced superior resalts to those obtained, However considering the
period when Lhe (p=2) chimbers were designed, all Lhe diffienltics could

notl have been foreseen, .

Tedd (,'ull(fll__l_:_i_l__l;)_l_li'
The Lrack analysig has dewonstraled Lhat the co=ordinates needed
tu he delined to an acearacy of at least 200 pm, This represents the
upper bimit of chambcr resolution when operabing in such inhomogeneous
magnetic ficlds. The consequent need for saturated drift velocities
throughont the chambers; plus acearate calibration, has been ewphasised,
The methods of duta analysis and theoretical drift velocity
determination have produced the bhest possible calibrations of the data,
Al though iwproved mion vadii distributions may be achieved with other

space~time relationships,; the resalts could not be regarded with

complete conlidence as they wonld not be derived ffrom direct calibrations,

The ase of dril't chiawbers in the array was the logical choice as
they could provide the highest spatial resolution of any detector,
Lucreased understunding of drifo chamber operation in wagnetic fields

since the coustruciion of Lhe (g=2) chambers allows improved operating
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parame ters to he sippestod, These would vmprove the resolution to the
requirred aveuracy . In all other respecls the (p=2) array operated
snccesstully, Ln partientar an extremely accnrate data acquisition

svalem was evolved, ncorporating new hardware,

Phe results oF the main (pg=2) expervivent did nol rely ultimately
upon the drilt chomber datia, the experiment produced several results of
nnegual ted accaraey for both maon polarilies, as reported in Chapter 1,
In particolar the anomalons magnetic moments and wwon lifetimes were
deteruined to greal precision, The anvualies were accarate to ten parts
per million (ppw), the combined value yielding a result accurate to 8 ppm,
This was in rewarhable agreement with the theorcetical value, known to
Y ppw, and iundicated the correlation bewween experiment and the most
precise gquantum electro=dynamical caleulations for the uwuon,

The continued use ol drift chambers as precise position detectors
is assurcd, Not only do they provide cheap large area detectors in the
Freld of high encruey physies but, as demonsirated in Chapter 2, the
principle has also been extended Lo Lhe development of hybrid detectors
For use in many fiel 1s, e nltimate spatial resolution atbainable
wilh certain chambers is in exce=s of 10U jan, Mich of Lhe present
rescarch is directed towards the development of snch aceurate delecturs

and Lhe associated hardware Tor data acquisition,
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