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ABSTRACT

R study has been made of the displacement of sense wires
in large @ultiwire proportional chambers, and methods are investigated
to gounteract thig. R sense wire support which creates the minimumn
of dead-space while keeping the wires absolutely stationary is found
to be a thin melinex strip stretched tightly across the wires.

A brief review of some of the characteristics of transition
radiation is then made; the epplication of the multiwire proportional
chamber to detection of this radiation is described in the context of
a pulse shape discrimination process developed for this purpose.
Experiments with an X-ray and beta-particle source show that the
technique should be capable of discriminating between an X-ray and
a charged particle from an X-ray pulse superimposed upon a particle
pulse.

The discrimination process is used with 1.5 GeV electrons
and pions traﬁersing a 250 layer melinex stack and a block of plastic
foam, the detector being an argon/methéne filled proportional chamber.
A meximum electron detection efficiency of 12.8% is achieved,
together with a maximum re jection retio for fnon~radiating pions of 2.8.

A further experiment with hprizontal cosmic ray muons
traversing a polyurethane foam radiator, and using a large 60cm x 30cm
active ares proportional chamber, yields a trensition radiation photon
flux of 0.023 pser particle which is in good agreement with that
calculated from the known horizontal muon spectium and transition

radiation theory.
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CHAPTER 1

INTRODUCTION

1.1 Particle Detectors

The particle detector, whether solid=-state, ligquid or
gaseous, constitutes the basic tool of cosmic ray and elementary
partiéle ressarch. Any particular detector can normally be
categorised as either a 'counter' type, such as the proportional
eounter, Geiger~fiiller counter and scintillsatar, or ‘track
delineating! tjpe, such as the spark chamber and streamer chamber.
Operation of the latter type depends upon the initial detection of
the particle by a counter detector, usually the scintillator.

A relatively new type of detector, the multi-wire
proportional counter (MWPC), which is a development of the
proportional counter, possesses the basic properties of both of
the above detector categories._ Indeed, a few years ago the
combination of the scintillator and spark chamber formed one of
the commonest particle and treck locsting devices 'but the MWPC is
now being used in meny instances where hitherto this combination
would have been chosen. The present work involves both a study
of the new detector itself and its application to an important
proplem in high energy particle physics.

A brief accaount of the proportional counter would perhaps
be the best way of introducing the multi-wire chamber. It consists
of two electrodes, a fine cantfal wire as anode which is enclosed
by a hollow cylindrical cathode. Particles traversing the counter
leave a path of ion pairs in the enclosed gas and the voltage
applied between the two electrodes is high enough so that the

electric field close to the anode enables the electrons to make
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ionizing collisions with the gas molecules within a few wire
diameters of the snode wire, The electron avalanche does not
reéch saturation however and the pulse height is proportional to
the ionization deposited. IF the amplification factor (the number
of electrons produced from one initial electron) is known the

ionization can be determined.

1.2 Evolution of the multi-wire proportional chamber

The cylindrical cathode of the proportional counter was
sltered to becomse two flat planes about a couple of centimetres
apart, in between which were not one but a set of fine anode wires,
equally spaced and equidistant from each cathode plane. Quite
logically this became known as the multiwire proportional chamber
(MUPC) and was first conceived and designed by Charpak (1), thougH
a form of multiwire counter had been constructed and operated
successfully in the 1940's by a group at the Los Alamos Laboratories
(2). That this was Hever followed up at the time is very surprising
but according to Charpak (3) there is one main reason why it was
generally thought multi-wire chambers would not be successful and
hence why their major development only took place so récently.

WUhile there was clsarly no problem in detecting an avalanche around
the one wire in a proportional counter it was thought that when
several wirss were brought close together the capacitive coupling
between them would prevent localisation of the avalanche on aone
single wire because an induced pulse would bs created on adjacent
wires., In fact, tests made with a pulse generator show that when

a fast pulse is applied to a wire, adjacent ones pick up a pulse

of the same polarity as the applied pulse, though naturally

attenuated. Attempts were made fo overcome this drawback by



interposing shielding wires betwesen the sense wires (4) but this,
apart from making construction of the chambsr more difficult,
reduced the spatisl resclution.,

However it was later discovered that when a negative pulse
is created on a wire by an electron avalanche there is an induced positive
puléa on both adjacent wires due to movement of electrons away from,
and positive ions toward, them, the magnitude of which is greater
than the capacitively coupled negative pulsa. Therefore the net
result is a small ppsitive pulse on both adjacent wires, and by
using amplifiers which sre only sensitivg to negative pulses the
wires in the multi-wire chamber act as independent proportional
counters.,

Other favourable properties which helped it achieve its
present popularity are:

| i) A high detection efficiency with high counting rate
capability ( = 105 Hz per wire). In addition it has a resolving
time of about 30 nsec which, comparing this with the spark chamber
memory time of at least a microsecond, means it can be employed in
much higﬁer background conditions.
ii) A good spatial resolution (usuaslly about half the sense
wire spacing.)
iii) A very low mass per unit area ( w20 mg/cmz).
iv) Energy linearity, or a linear dE/dx response, which allous
particle identificetion in certein casss,
v) It can easily be made with either small or large sensitive
ereas ( & cm2 to m2) of reasonably arbitrary shapes which allouws
8 wide range of experiments to be perFofmed.
Of these properties the spark chember possesses (ii),

(iii) and (v) but not (i) and (iv) and the scintillator possesses



(i), (iv) and (v) but not (ii) and (iii). Therefore it is not
surprising that the MWPC is used in many experiments in favour of

the combination of spark chamber and scintillator.

1.3. Some basic properties of the MWYPC

- A cross-section of the geometry of a MUPC is shown in
figure 1.1, The two cathode planes are constructed from wires with
e diameter of about 125 pm and spacing 1 mm. The diametér of the
sense wires is much smaller to achisve the high fields necessary
for electron avalanéhing and is usually 25 pm; generally the sense
wires are wound orthogonal to the H.T. wires. In certain cases the
cathode planes are made from aluminium foil.

Conventionally the sense wire spacing ié designated as 's!',
and is usually 2 mm. The cathode plane - sense wire plane spacing, L,
generally takes on values betwsen 0.5 and 1 cm.

Unlike proportionai counters; which have an earthed cathode
and positive potential applied to the anode wire, proportional
chambers- generally have @ negative potential eapplied to the cathodse
plane (which therefore becomes known ss the H.T. plane) with the
sense wires earthed vie & small resisteance. A particle passing through
the chamber ionizes the gas along its path end slectron multiplication
takes placse around the nearest sense wirse, the subsequent pulse
being monitored across the resistance.

1.3.1 Field variation in the chamber

It has been shown by Erskine (5) that the potential in
the active volume of a proportional chamber with an applied H.T.

of \Io is given by:

V=q[2151L-m(1.sin2155+ l.sinhzv_'_;y)] 1.
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where q=‘_vb[ 2L —2ln(ﬂ)]'1 is
S 3

the charge per unit length on a sense wire, and x, y are distances
along the axis in tﬁe sense wire plane (but perpendicﬁlar to the
wire direction) and the axis perpendicular to the sense wire plane
respectively.

Differentiation of equation 1.1 with respect to 'x' and
'y! gives the slectric field along the corresponding axes, €.9.
with an applied potential of 4 kV, a wire spacing of s = 2 mm and
L =1 cm, and sense wire diameter of 25 pm the field at the wire
is 2.1 . 105V/cm. Figure 1.2 illustrates the field variation along
the 'x' and ‘'y' axes, normalised to a field st the wire surface
of 1. Whereas in the proportional counter the lines of equi-
potential are never linearly spaced but gradually get closer
together, 0cn moving from the cathode to anode there is a large region
in the proportional chamber (for narrow anode wire spacing) which
has a linear field and only very near the wire do the equipaotentials
begin to get closer togsther, where s very large field increase
takes placej electron avalanching only begins a few wirse diameters
from the wire itself, |

The electric field in the linear region is given by 2qr73;
if s =2 mm, L = 6mm, d = 25 pm, and Uo = 3.4 kV, then
£ =7 kV/cm. This éorresponds to an electron drift velocity of about
4 cm/ psec in a typical chamber gas of argon with a small quantity
of methane or carbon dioxide.

The very high field which occurs at sense wire surfaces
makes it necessary to increase the diameter of the outer wire or
couple of wires in a chamber to avoid breakdown around these particular

wires in normal operation. The increased dismeter reduces the
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1
field because, close to the wire, this field is proportional to /d,

where d is the distance to the centre of the wire,

1.3.2 Wire Spacing, Wire Diameter, and Amplification

The gain, or amplification factor, A, qf a chamber is the
number of electrons created by the avalanching of one primary
electron.

| Since the electric field depends upon 1/d it is possible
to produce an incressed field at the surface of the wire for the
same applied voltage by using sense wires of a smaller diameter,
so it is possible to obtain a gain equal to that from a larger
diameter wire by using a smaller H.T. Therefore it is best to use
wire of the smallest diameter possible, but ensuring that it is
not so small that there is a danger of wire breakage.

Electric field (and hence gas gain) is also depenaent
upon wire spacing; Table 1.1 shows the capécitance of sense wires
with respect to the H.T. plane for L = 7 mm and various wire dia;eteré

end spacings (6).

TABLE 1.1 CAPACITANCE OF SENSE WIRES TO H.T. PLANE

L Wire Capacitance(pF/metre)
Dismeter
(mm) ( pm) s=3mm|s =2mm | s =1 mm
7 20 4,97 3.85 2.25
7 50 5.41 4.11 2.34




As the wire spacing is decreased the capacitance also decreases.
Since Q = CV thén to keep the same charge on the wires (i.e. the
same amplification) the H.T. hss to be increased, e.9. for 20 pm
wires it should be increased in the ratio 1 : 1.3 : 2.2 for the
above wire spacings. Obviously one will eventually run into break-
down problems as the spacing is reduced further and this is the
limitation on the best spatial resolution which can be obtained
from MYPC's (spatial resolution clearly being dependent upon wire
spacing). For this reason s = 2 mm is commonly used as a compromise
betwsen good resolution snd comparative safety against breakdown.
However, working chambers with spacing down to 0.5 mm have bseen
built (7).

Also shown in Table 1.1 are the corresponding capacitaﬂce
values for 20 pum diameter wires with L = 3 mm. The same increase
in voltage ratio this time is 1 : 1.15 : 1,74, i.8, it is possible
to operate at lower over-sll voltages but with the same gain.
However therse are two main draswbacks to reducing L.

i) The ionization deposited in the chamber is reduced, which
could in certain cases maan a higher gain to obtain the required
pulse height, and this would ruin the advantage of using a reduced
H.T. since it would then have to be increassd.

ii) Mechanical tolerances have to become smaller as L is reduced.

Chamber gain is also altered if one of the sense wirses
moves, since the charge carried by it, and adjacent wires, is then
changed. From Erskine's calculations (5), in a chamber with
L=8mm, s=2mm d=20 pmand a 75%/25% filling of argon and
carbon dioxide, a displacement of 0.1 mm by a wire in the sense
wire plasne causes the two adjacent wires to give a 15% differencs

in amplification. Although not leading to such a lorge difference,
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displacement of a wire perpendicular to the sense wire plane also
elters amplification.

1.3.,3 Time resolution

In a chamber with 2 mm sense wire spacing a particle
passing p;rpendicular to the wire plane could be anywhers from
0. to 1 mm from the nearest wire. The number of .electrons which
need- to be collected from the particle ionization to produce a
detectable pulse will depend upon the threshold of the amplifier
attached to the wire, but because of the variable distance of the
ionization from a ﬁire there will be a distribution of gimes
between the passage of a particle and ‘appearancse of its pulss,
Figure 1.3 shows such a distribution for pulses from a chambser with
L =4 mmy, s =2 mm, HT = 3.2 kV and an aréon-isobutane gas filling
(from 3). Assuming only a few electrons need be collected to
exceed the amplifier threshold then a drift velocity of 4 cﬁ/ Msec
means the maximum time for them to arrive in the amplifying region
around the wire is about 25 nsec, which is in good agreement with
the width of the above distribution, 27 nsec. It is the jitter in
the arribal time of the electrons at the wire which determines the
time resolutioﬁ, sa in this case it is 27 nsec, bqt in general
varies about 8 nsec above and below this time, depending upon wire .
spacing and gas-mixtura.

It is possible to apply a gating pulse to the chamber,
which starts from detection of the particle by an sxternal
scintillator and ends after a pre~determined time. O0Only pulses
which arrive within the duration of the gate pulse are accepted.
This allows an alternative definition of time resolution as that
gate width at which efficiency reaches 100%: figure 1.4 ‘shows a

typical curve (8).
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1.4 Some ma jor developments aof the MUPC

Since its introduction in 1968 the hasic geometrx of

. the MWPC has remained unchanged but its mode of operation, gas
filling and methods of data acquisition have undergone substantial
development. Normally phe mypc ié operated in the proportional mode
but unless a particular experimental application requires proport-
ionality of pulse height to ionizstion it is usual to increase

the gain of the chamber to as high a value as possible and this

can be achieved in one of two ways:

1) Increasing the H.T. until the chamber reaches the semi-
proportional region, where pulse heights begin to reach saturation.
With conventional gss fillings this causes the chamber to .become
unstable but Charpsk et al. (B8) discovered a suitable gas mixture
for this purpose which they called 'magic gas'. It consists of
afgon, ispobutane and freon 13 B1, roughly in the ratio 66.5 :

34 : 0.46 and its use permits chambarlgains of up to 1OB without
entering into the Geiger region,

2) By raising the H.T. so that the chémber does enter the Geiger
-reéion one runs into a situation very different from a single wire
chamber since in order to achievs localisation in MWPC's it is
necessary that the mean free path of u.v. photons responsible for
.the spread of the Geiger discharge is very short so that the
discharge does not propagate from one wire to another., Following
the work of Grundberg et al. (9) who used a mixture of argon and
ethyl bromide to limit the efficient region in MUPC's to narrow
cylinders around the wires, Charpak et al. (10) found they were
in fact able to localise a discharge on one wire in conventiona;
MYPC's by operating them in the Geiger mode with this gas. Pulses
of 1 volt on 2 1000 load were obtained over a wide rangs of

voltage, thus greatly simplifying the type of electronics required.
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Conventional sense wire spacing is 2 mm., Thus the
number of wires in a chamber soon becomes aquite large, and the
cost also becomaes large if an amplifier per wire is required.
Although this is the best way of exploiting the properties of the
chambers to the.Fullest, several methods have been proposed to
try and reduce the number of amplifiers required. Two similar
methods which have had limited success (11) sare:

1) The plane of sense wires is built as a lumped delay lins,
the position of the active wire being given by the differencse in
the arrival time of the pulse at the two ends of the line,

2) The wires are connected to a resistive attenuator network,
the ratio of the pulse heights arriving at the two snds locating
the active wire,

Howsever, bo@h of these methods degrade the spatial
resolution of the chamber, but Grove et sl. (12) were able to achieve
a spatial accuracy of 1 mm on 2 2 mm spaced chamber by using a
ceramic cote (non-magnetic).type delay line,

While the spatial resolution of the MWPC is in gsneral
good ( 1 to 2 mm) the spark chamber is undoubtedly better (about
0.3 mm) and a Karlsruhe group have reported a novel detector (13,
14) which makes use of the better time resolution of the proportional
chamber and better spatial resolution of the spark chamber, Their
‘hybrid' chamber consists of a proportionalchamber and a spark
chamber with a drift gap between them. Information from the wires
of the praportional chamber gives the logic time to decide whether
to record the event, a high voltage pulse being applied to the
spark chamber if the event is required. The minimum time resolution

of the chamber is % 100 nsec.
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The latest development of the MWPC is the drift-chamber,
originally inveétigated by Charpak in 1970(6), who built a drift
space gutside one of the H.T. planes of a conventional MWYPC and
detected the ionization of particles which traversed this spacs
parallel to the H.T. plane., However, the most recent and successful
type of drift chamber involves taking an ordinary MUPC and increasing
the sense wire spacing to sbout 2,5 cm. The time betwseen the
particles detection by scintillators (or MWPC's) and the arrival
of a pulse at a sense wire is then measured; the use of special
gas mixtures which have constant drift velocities with field aliows

locational accuracy to 0.1 cm.

1.5 Present work

Having outlined the development and operating character-
istics of the MUPC this thesis first studies & ma jor problem
concerned with large chambers; i.e. sense wire displacement.

An investigation is then made of the applicatién of
MUPC's to the detection of transition radiation, a phenomenon which
is becoeoming increasinély important in the detection of ultra=-
relativistic particles (15). At the moment it seems that unless
a completely new technigue is developed for energy and mass
determination of very high energy particles transition radiation
will play a8 major part in the detection of particles from the new
breed of accelerators, such as the Cern 300 GeV S5PS. Particular
emphasis is placed on transition radiation from cosmic rays, since
cosmic ray resesrch forms the major part of the work of the Durham

Physics Department.
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CHAPTER 2

AN TNVESTIGATION OF SENSE WIRE SUPPORT SYSTEMS
FOR MULTIWIRE PROPORTIONAL CHAMBERS

2.1 Introduction

It was indicated in the first chapter that, because of
induced pulses on adjacent sense wires, it was originally thought
there would be no possibility of localising a discharge in a MUPC
on one particular wire. Fortunately this was found not to be
true but, as chambers increased in size and sense wires becams
longer, a further phenomenon emerged which threstened the use of
large MWPC's as particle detectors. In chambers with sense wires
longser than about 50 cm it was found that when the aperating
voltage was reached, adjacent sense wires began to displace toward
opposite H.T. planes, as shown in figure 2.1. Longer wires began
displacement at lower valuss of H.T.

Apart from impairing the spatisl resolution of a chamber
the above phenomenon could pléce the sense wires in a position of
unstable equilibrium and increased the likelihood of sparking
takiné place between the H.T. plane and the sense wire plane, so
clearly it was necessary to devise a means of overcoming the

displacement,

2.2 Electrostatic Considerations

WUhen a negative potential is spplied to the H.T. electrodes
like, positive charges are induced on the sense wires, the density
of the charges increasing as the potential is raised. This creates

a force between sach sense wire proportional to the square of ths

charge density on the wires, 1In a perfectly constructed chamber
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all these forces would lie in a streight line in the sense wird
plane and each Qire would fesel a net force, in any direction, of
zero. However, in practice, some wires will always be out of
line with others (if only by a8 few microns), and consequently -
there is genserally a small component of this repulsive force
perpendicular to the sense wire plane,

At low voltages this particular force is counteracted
by the tension of the wire but at some critical voltage this
tension can no longer withstand the repulsive force and the wirses
displace. The theoretical analysis of the forces involved here
has been studied by Trippe (1) and the next section is a brief

outline of his treatise.

2,3 Theoreticsal Analysis

When the sense uires are dispiaced as in figure 2,1 the

field at s distance 'd' from a wire is:
E = 294 2.1

where q = charge per unit length on the sense wire,
Therefore the force this wire exerts on another wire a distance
'd! away is:
2
F1 = 29 /d 2.2
When slternate wires are displaced up and domh a distance
'u', where u € s, it can be shown (Appendix I) that the total

force on unit -length of one wire, from the vector sum of forces

from ell the othser wires, is:

2 = 2 : : 2.3
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In addition to the repulsive force on each wire there is also an
attractive force exerted by charges on the H.T. plane and the
magnitude of this, calculated by the method of images (Appendix I)

is given by:

F = T q u. 2.4

where a = separation of H.T. plane and sense wirs plane,

Thus when 'a' is large compared to the. wire spacing 's',
a condition which is normally fulfilled in MWPC's, F3 can be neglected
in comparison tao F2. In fact, only when the H.T. plane-sense wire
separation is half the sense wirs spacing do both forces have the same
magnitude.

Figure 2.2 shows a section along a displaced wirej if the

wire is under tension T then it can be shown that the restoring force,

R, per unit length at a point where the displaceﬁent is u(x) is given

by:
R = T d2u 2.5
dx '
It is essily shown from Hooke's Law that when u € |
where L is the sense‘wire length, the increase in wire tension

due to the lateral displacement 'u' is negligible comhared with the
original tension T.

When the displaced wires reach a position where their
restoring force equals the repulsive electrostatic force, then

equating equations 2,3 and 2.5:

T d2u = - EW2Q2 u . 2.6

dx2 s

This simple differential equation has a solution:
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u(x) = u_ sin ‘Jlﬂ X | 2.7
. ) [T

where uo is the displacement at the mid-point of the wire.

Boundary condition requirements are that u(x) = 0 at x = 0 and

x = | $ thus:
ma. = TIT 2.8
s IT t
2 ,2-
.i.oeo T = g 2l 2.9
s

Therefore to prevent the wires displacing we require:
2 l2
T > —2—2—— 2,10
s
If C = capacitance per unit length of a wire and V = H.T. applied
to chamber, then q = CV and, by considering the H.T. and sense

wire planes as parallsel plates, one can show that:

. _ .
C = 2 1ra 2.1

Substituting for q and th;n C in inequality 2,10:
P L 2.12
4 v e
Because the MWPC is not an_exact gnalogue of the parallel
plate arrangement the value of capacitance used inthse above
treatment is higher than in reality so ineguality 2.12 is an
overestimate. IHowever vhen s = 2mm and a = 0.8 cm, for example,

the discrepancy is calculable as less than 20%,

2.4 Test of Theory

In order to determine the validity of inequality 2.12
tests were performed on a chamber consisting of twe largse identical

frames, X and Y, with dimensions as shouwn in figure 2,3.
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The sense wires, 55 pm diameter gold plated tungsten,
were wound in the long directien on top of freme X and soldered
to copper strips at sach end of this frame in sets consisting of
20 wires with a 2 mm spacing between wires, each set having a
different tension and being earthed by 10 kn .

One H.T. plane was wound with 125 pm diameter wire
(98% copper, 2% beryllium) on top of frame Y such that the wire
direction was perpendiculsr to the sense wires, and the wire
spacing 2 mm. Frame Y was placed on top of frame X and an
aluminium shest on the underside of frame X acted as the second
H.T. plane. The complete chamber was clamped to a £" thick piece
of blockboard to enable it to be placed in a vertical position
without distortion,

As the potential on the H.T. planes was raised each set
of sense wires began to displsce, in turn, in the manner shown in
figure 2.1, The criticsl voltage, V. , is defined as that voltege
at which sense wire displacement begins; its theorstical value
from inequality 2.12 is:

2 4 nzazT

Ve = ————IE—- 2,13
Figure 2.4 shows a plot of this formula for the particular values
of * ' and 'a' pertaining to the test chamber. The experimental
points agree very well with the theory, thus proving the velidity
of equation 2.13. It would appear that the overestimation of the
capacitance is not too serious as there is no indication that the
theoretical relation in this figure is too high.

‘1t should perhaps bs pointed out that the voltage at
which a particular set of wires displaces is very marked; they are

elmost stationary until the voltage reaches V. , when they begin

to displace very rapidly for small increeses in voltage. Figure
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2.5 shows a graph of wire displacement against voltage from a
test carried out on another special chamber, where the sense wires,
which were 80 cm long, could be observed through a travelling

microscope, and for which V. = 1,3 kV, from equation 2.13.

2.5 Conseguance

Although some of the earlier MWPC's used stainless steel
sense wires (e.g. 2 ) by far the most common sense wire materisal
is now gold plated tungsten, with a diameter of either 25 pm or
12,5 ym, the breaking strain of which is about 70 gm and 20 gm
respectively. The major reason for the use of tuﬁgsteﬁ is its
high tensile strength, but becauses it is extremely difficult to
solder tungsten the latter is coated with a thin filﬁ of gold.
In chambers with 25 ym diasmeter sense wires the latter
are usually wound with 50 gm tension,-to provide an adequate safety
margin ageinst the wiraé breaking. Figure 2,6 shows the relation-
ship between critical voltage and wire length for a constant tension
of 50 gm (derived. from equation 2.13) and when the sense wire
length is greater than about 70 cm the critical voltage is below
the H.T. voltage generally required to produce adequate gas gains:
(103 upwards) with conventional gas fillings and wire spacing, i.e.
about & kV. It should be noted that the working voltaéa for a
EOnstant H.T. plane-sense wire separation does depend upon sense
wire separation, a parameter on which wire displacement is independent.
Thus the wire displacemsent to which large chambers are -

prone must be prevented by a suitable form of wire support.
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2.6 Review of Recent Methods

Considering the importance of MUPC's and the time and
money spent in their development very little effort has been put
into the problem of counteracting sense wire displacement. Of
the work that has been dons there seem to emerge two distinct
types of support:

i) A support line (e.qg. nqun, insulated wire) stretched
across the chamber perpendicularto, and touching, the sense wires
(3,4,5,6).

Original methods with nylon lines involved spanning them
across and glueing them to the sense wires. However, it was found
that the nylon became slack after a time (6) resulting in an
undesired movement of the sense wirss,

Later attempts consisted in stretching the nylon on both
sides of the wire plane, sither woven through the wires in opposits
sense at rsgularly spaced intervals along the chamber, or with both
lines stretched across the wires at the same point and bound
together every few centimetres,

A further alternative has been the use of a taut PVC
insulated copper wire which is connected to a high voltage supply
to raise the potential EF the copper as reﬁuired.

ii) Various kinds of solid spacer which‘hold the sense wires
relatiye to the H.T. wires (3); This type of support can be, for
example, a rectangular strip of styrofoam, about 2 mm wide, placed
on alternate sides of the wires at equally spaced intervals along

the chamber,
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2.7 Required Propsrties of Support

When developing a support line for sense wires two important
points need to be taken into account:

i) The dead-space created by the support should be kept as’
small as possible (the term dead-spsce has two different definitions
which will be given in § 2.11, but for the present can be taken
as the extent of the inéfficient'region of the chamber created by,
and perpendicular to, the support). The main reason for this is |
the lerge cost of hiéh energy physics experiments; chambers are
usually made as larqe as the environment of the particular expsri-
ment will allow and anything which effectively reduces the active
area of the chamber is undesirable.

ii) The support should be mechanically strong and rigid as the
force it has to withstand from the senée wires when they are trying
to displace is qguite considerable. Iﬁ addition it should be
designed to enable easy replacemen£ of a broken wire, because of
which methods that involve glusing ths sense wires to the support
line are avoided where possible,

The support lines of method (i) in § 2.6 generally exhibit
small dead-spaces, approximately 5 to 10 mm, but suffer from the
drawback of not holding the sense wires figidly when under pressure,
whereas the solid spécer support, generally as rigid as the chamber
frame itself in preventing the wires from moving, do create an.
unacceptably large dead-space, typically around 2 cm. UWhat is
required, therefore, is a relatively narrow support capable of

remaining rigid when under pressure from the sense wires,



-21-

2.8 Types of Support Tested
Bearing in mind the points mentioned inthe last section
several types of nylon and melinex supports were investigated

with the chamber in figure 2.3. From the mechanical and rigidity

point of view the following two were found to bs the most satisfactory:

i) Two nylon lines stretched abaove and below the sense wires
st the same point and either tied together with thin pieces of
nylon or glued with small blobs of araldite at intervals. The
nylon line used 1in ﬁhese tests had a diamster oF.U.S mm and was
strung with a tension of approximately 400 gm.

ii) A thin melinex strip, 3 mm wide and with its plans
perpendicular to the sense wire plane. The strip used in this
work was 125 um thick and was stretched as tightly as passible
across the chamber and firmly clamped into recesses in ths chambar
frame.

In addition the chamber in which the dead-space experiments
were carried out inoorporated two PVC insulated copper wires which
vere stretched across the wires in exactly the same manner as the

two nylon lines,

2,9 Experimental Arranqgement

2.9.1 Introduction

.Preliminary measurements were carried out in the
laboratories at Durham with three small MUPC's to obtain a rough
idea of the extent of the melinex and nylon spaces; the main point
of these tests was to ascertain thai the new support, the melinsx
strip, did not produce an excessively large dead-space,

More exhaustive measurements Qere carried out on a large

MUPC at Daresbury Nuclear Physics Laboratory. This chamber was 8
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prototype to a set of seven chambers to be built For use in their
forthcoming LAMP experiments and it was for this project that the
original sensse wire support investigations were begun.

2.9.2 Chamber characteristics

The prototype chamber had an active area of 133 cm x 62.cm
and its frame, made from a glass epoxy laminate (G 10) had external
dimensions 147 cm x 72 cm. The sense wires, 25 ym gold plated
" tungsten, were strung with a tension of 50 gm along the length of
the chamber with a sbacing betwsen each wire of 2 mm. The H.T.
planes, 6 mm away from the sense wire plane, consisted of 125 pm
diameter copper-beryllium wire wound across the width of the
chamber at a tension of 200 gm end spacing of 1 mm. For the
measurements reported here the chamber was continuously flushed
with a mixture of argon and isobutane (0.9 litres/min and 0.6
litres/min respectively), ths former being bubbled through
methylal at 0°C,

The three diFFerént'sense wire supports mentioned in
\{ 2.8 were egually spaced at quarter lengths along the chamber.

In addition there were two sets of double nylon cords on each set
of H.T. wires as a safeguard sgainst these planes moving from
alectrostatic repulsion,

Two small proportional chambers were used for particle
trajectory definition. Their frames were made from perspex with
an active area of 10 cm x 8 cm. The sense wire spacing was 2,5 mm,
but in all other respescts they were identical to the large chamber.
They were flushed with a mixture of argon and carbon dioxide
(0.3 litres/min and 0.1 litres/min respectively) and operated from

a second H.T. supply.



»~

-23-

2.9.3 Chamber arrangement

The two small chambers (A and C) were mounted on a rigid
frame, with-one chamber above and one below the large chamber (B),
such that their sense wires were perpendicular to those of chamber
B, i.e. parallel to the wire supports. A side view of the
arraengement is shown in figqure 2.7.

One wire only in each of chambers A and C was used for
particle detection aﬁd the chambers were positionsd such that
these two wires were vertically one above the ather. Elsctrons
were produced from a 2mC source of Strontium 90 which was placed
in the vertical plane defined by the above two wiresj; this plans,
perpendicular to the sense wire plane of bhamber 8, thus defined |
the electron trajectories., The frame in which chambers A and C
were mounted could be moved along a scale parallel to the sense
Qires of chamber B, 8s shown in figure 2.7.

Coincidences between the single wires of the two chambers
A and C corresponded to particles traversing the plane defined by
these wires and the output of chamber B could then be strobed to
check whether the particle had been detected in it. The following
section describes how the above electroﬁic functions were performed.

2,9.4 Electronics

All three chambers were operated from the MECL II series
integrated circuitry,.

Each wire of chamber B was connected to an amplifier and
series of flip-flops; figure 2.8 shouws the layout for a single
channel. The first half is a three-stage amplifier incorporating
a MECL 1035 integraéed circuit, cascaded as shown in figure 2.9.
It consists of an amplifier of gain six, a discriminator set at

6 mV, i.e. pulses of less than 1 mV donot trigger the circuit, and
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a pulse shaper; the output pulse length is controlled by capacitor
C1.

In the secand half of the circuit this output pulsse
(positive) is differentiated, and if the negative spike at the end
of the pulse ovsrlaps with a2 negative MECL II strobs pﬁlse then
the first gate in the MECL 1010 gives a positive output. The
output of the flip-flop formed by the next two gates is then
negative and when a negative read pulse arrives at this gateits
output becomes positive., The MECL 1039 snd 7401 gatses invert this
positive pulse and convert it to a negative TTL signal. Thus the
detection of a particle by a wire causes a nBgative TTL output
from the circuit, provided the correct strobe, read and reset
pulses are generated.

For the purposes of the present dead-space measurements
sixteen adjacent sense wires in the centre of chamber B were used
and, s it was unnecessary to know from which wire a pulse had
come, the outputs of 8ll sixteen wires were summed.

Each wire of the two-smaller chambers A and C was connected
to an amplifier of the type shown in figure 2.9, After inversion
the outputs of these were fed into @ coincidence unit which formed
part of the fast decision making logic shown in the electronic
arrangement of the whole experiment in figure 2,10, The coincident
pulse was fesnned out to a scaler and gate generator, which gated
the coincidence circuit Fdr the cycling time of the elsctronics,
and to three discriminators which in turn provided the strobe,
read and reset pulses, As daescribed earlier, the strobe pulss
determined whether the particle was registered and this was
indicated by scaler (1). The reset pulse was fed back to the gate

generatar to end the gating cycle, The delay after the fan-out
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was adjusted such that the front edge of the earliest pulse Ffrom
the chamber was coincident with the front edge of the strobe

. pulse, The width of the latter then determined the gating time
appiied to the chamber.,

Scaler (2) indicated the number of coincidences betweén
A and C and hence the ratio of the two scaler readings determined
the efficiency of chamber 8.

The coincident logic shéwn in fiqure 2,10 used in this
particular experiment was NIl standard so the strobe, read and
reset pulses generated by it necessarily had to be converted to
MECL logic before being fed into the 1010 gates, and conversely
the TTL output of these gates had to be converted to NIM before
being OR'd. These conversions were achievad by using Darsesbury .

built 'block-boxes' which are not shown in figure 2.10.

2,10 Experimental Procsedure

Before performing the dead-space measurements it was
necessary to ensure that chamber B was operating at 100% efficiency
away from the wife supports, this being determined by the ratio
of scaler (1) counts to those of écaler (2). Figure 2:11 shows
efficiency versus H.T. curves for strobe widths of 400, 100 and
40 nsec. The working range for the first two strobe widths is
5.0 ~ 5.3 kV; above 5.3 kV- the chamber hecame very unstable with
sense wires beginning to vibrate and an excessive dark current
( )-2‘pA) being drawn. Below 5.0 kV every particle pulse was not
able to exceed the discrimination level in the 1035 amplifier.

For a 40 nsec strobe the chamber only reached maximum efficiency
at 5.3 kV.so consequently it was not useful to make measurements

at smaller gating times.,
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(In the actual expseriment the maximum efficiency nevaer
rose above 93% but this was found to be due to the fact that one
of the sixteen OR gates was not working., Thus 8all results hava
besen corrected to allow For this malfunction)f In all the tests
to be described ths chamber was operated at 5.3 kV. |

The efficiency of the chamber around each of the sense
wire supports was determined by scanning the chamber at that
particular point, i.e. the two small chambers wers moved over the
area around each support strip and efficiency measurements taken
every two millimetres for sach of the strobe widths.

Because the wire supports were equally spaced along the
length of the chamber, i.e. separated by 33 cm, there was no
danger of the dead-space created by one support interacting with

that of an adjacent onse,

2.11 Results

The efficiency of the chamber around the PVC, melinex and
nylon supports for strobe widths of 100 and 40 nsec is illustrated
in figure 2.12 (a), (b) and (c), which show best fit curves through
the experimentally measured data. The data for 400 nsec strobe
width (essentially infinite gate width) coincides almost exactly
with that for 100 nsec snd the respsctive curve has theresfore been
omitted from figure 2.12,

For each strobe width the support waes 'scanned' three times
and the errors quoted are the standard errors of the three measure-
ments at each source position. Becauss the error at each position
is almost independent of strobe width error bars have only been
plotted on one curve in each of figures 2,12 (a), (b) and (c) to

avoid confusion and overlap.
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In order to quote a particular dead-space from these
curves requires-a definition of this term. From previous work on
wire supports there appear to be two different definitions:

i) The full-width half-maximum (FWHM) of the curve of
efficiency against distance from wirs support (S).

ii) Kleinknecht et al. (3) define dead-space as the width of
the rectangular region extending from 0 to 100% on such a graph
" as figure 2,12 and which has the same area as that under the
efficiency curve,

The absolute values of dead~space according to the above
definitions sre given in Table 2.1. The figures for definition (i)
are teken directly from the curves of figure 2,12, while those of
definition (ii) were evaluated by determining the area under each
curve and replotting this as an equivalent area rectangle extending

from 0 to 100% efficiency.

TABLE 2.1
l Dead Spacse
Strobe | Method (i) | Method (ii)
Support (nsec) (mm) (mm)
PVC 1.5 kv 100 8.4 5.2
PVvC 0 kv 100 10 8.4
pucC 0 kv 40 11 14.1
MEL INEX 100 10 4.1
40 13 8.0
NYLON 100 8 4.4
.40 16 B.4
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Measurements over the nylon cords on the H.T. plane
showed there was no deterioration in the chamber detection
efficiency at the points whers thess were. Figure 2.13 shows

the efficiency curve obtained over one of these supports.

2.12 Discussion

Although the shapes of the curves for all three wire
supports infigure 2,12 are similar therse are certain points worthy
of mention.

Depending upon the definition one uses fFor dead=-spacse
there can be a large difference in the value of the figure gquated.
In particular a support which creates a very low efficiency at
a source position of O mm yet which has little effect a fsu
millimetres away will have a relatively small dead-spacse by
definition (i) but a substantial one on definition (ii) - this is
partly the case for the PVC support,

On the other hand a support causing only a small relative
deop in efficiency, but whose influence extends over a centimetre
or so, has a large dead-space on definition (i) and a relatively
small one on definition (ii) = this is typical of the case of the’
melinex and nylon supports.

On the basis of these comments it would appsar that the
melinex and nylaon supports are far better than the PVC one. 1In
addition it is only possible to reduce the dead-space of the PVC
support to a value similar to the melinex and nylon ?y applYing -]
negativa potential to the inner copber wire and this can be
hazardous on a detector as sensitive as a proportional chambsr.
Indeed it was found that 1.5 kV was thé highest potential which

could be atteined before random noise pulses began emanating from



=20~

the chamber, and these increased in number and magnitude as the
potential was raised evsn higher. The noise was thought to_ba
due to sither breakdown between the surface of the PVC and the sense
wires or breakdown bstween the chamber frames through which the
PVC passed.,

The dead-space measured for any sense wire support should
be dependent to some extent on chamber parameters, gas mixture
and, in particular, the threshold of the amplifier, With respect
to the latter one would expect that wﬁen the particle enters the
chamber at large angles of incidence,B,thus leaving a2 factor secB
more ionization, the dead~space would decrease., Ffurther work has
been carried out on this with three 10 x 8 cm2 active area
proportional chambers set up in a similar manner as for the
experiment with the large chamber (7, 8), the discriminators of
their respective amplifiers being set at & threshold of 6 mV again.
Figure 2.14 shows the varistion of dead-space with anglé of
incidence for the melinex support (this particular one was 175 pom
thick and 5.5 mm wide), as determined by definition (ii) of ‘f 2.11,
for particle trajectaries incident gbliquely on the sense wire
plane at the position of the support. It is clear that the absolute
value of dead-space does, indeed, decrease with increasing angle
of incidence.

In addition it‘was found that the maximum value of
inefficiency decreased as the angle of incidence increased; this
again is attributable to the fact that more ionization is deposited.

Figure 2,15 shows the variation of this parameter with angls of

incidence,



Dead

Space |
(mm) ¢

FIGURE 2.14

10

20

40

Angle of Incidence (deg)

50

DEAD-SPACE AGAINST ANGLE OF INCIDENCE OF

PARTICLE FOR MELINEX SEMSE

WIRE SUPPORT

30 ;E':f:'..i U o M R S Rt PRl P Sl S ISR R R

20¢

Maximum

Inefficiency

(%)

10F

FIGURE 2.15

K

0

20

Angle of Incidence (deg)

MAX TRUG

INEFFICIENCY AGAINST ANGLE OF

INCIDENCE OF PARTICLE FOR RMELIMNEX SENSE

WIRE SUPPOAT




~30-

The results for the melinex and nylon cord in Table 2.1
show that the melinex produces a slightly smaller dead-space than
the nylan.

However there is another factor to be taken into account
in choosing the optimum support and this concerns its rigidity.
While carrying out the measurements oF‘§2.4 on the nylon and
melinex supports they were both qarefully observed through a
travelling microscope as the chamber critical voltage was exceeded.
It was found that the nylon cord was prone to moving a few tenths
of a3 millimetre under pressure from the sense wire plane as a whole.
On the other hand the 125 pum thick strip of melinex was seen to
remain absolutely stationary. Although this may seem a trivial
ﬁoint it is very important when large chambers are being used to
locate the trajectories of particles as displacement of the wire

means an incorrect location of the particle.,

2,13 Wire Breakage

While testing the large Daresbury chamber it was found
that sparking Freauently occurred between the H.T. plane and sense
wire plane, This was attributed to either particles of dust on or
around the wires, or irregularities on the wires themselves,
causing a local increase in field strength.

Unfortunately sparking almost always resulted in a sense
wire breaking, and this required a considerable amount of time to
replace. |

The capacitance between the H.T. plane and sense wire plané
was 2500 pF, which was increaséd to 3800 pF when aluminium frames,
which supported the chamber! were earthed. The charging resistor

for the whole H.T. plane was 1 M and each sense wire was
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ef fectively earthed through 100 by the amplifier. Thus when
a potential of 5 kV wes applied to the chamber an energy of
% C\I2 = 0,05 joule was thareby stored and in the eveﬁt of a spark
this was discharged completely through one wire with a time coﬁstant
of RC = 0.38 psec. Thus considerable heating took place over a
small period of time and the shock wave from the spark was
presumably sufficient to break the wire.

In an attempt to overcome this the H.T. plane was split
into groups of 20 wires each, each group being connected to the
1 M charging resistor via 150 kna . This effectively split the
large capacitance of the chamber into a set of smaller ones of
about 250 pF, each one storing an energy of about 4 milli joules.
Now in the event of a spark the 0.004 joule of the group of wires
concerned was discharged with a time constant of 0.025 pusec, but
tﬁe rest discharged in a time RC =_75 psec. Thus the rate of
enerqgy loss from each group of wires was substantially retarded,
giving time for the- heat generated in the sense wire to be dissipated
by the surrounding gasj; momentary heating of the wire was therefore
greatly reduced.

Following this modification it was indeed found that the

frequency of sense wire bresakage was greatly decreased,

2,14 Conclusion

The theoretical analysis of sense wire displacement
developed by Trippe hés been studied and verified expsrimentally.

AR new type of wire support, a 3 mm wide, 125 um thick
strip of melinex has been investigated and found to produce similsr
size dead-spaces to the conventional method of using nylon cord,

while having the added advantage of holding the sense wirses far
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more rigidly. A third support, PVC insulated copper wire, was

found to be much less satisFactory thsn either of the above tuwo

supports, mainly because of the induced noise pulses on the sense

wires

wire,

caused by application of a negative potential to the copper
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CHAPTER _3

A SHORT REVIEW OF THE MAIN CHARACTERISTICS OF TRANSITION RADIATION

3.1 Introductiaon

When charged particles of sny esnergy traverse matter
their usual process of energy loss is by ionization and bremsstrahlung,
the former dominating bdlow the critical energy of the medium through
which the particle is passing and the latter above. the critical
ensrgy, Ffurther losses also occur in varying amounts by pair
production, nuclear interactions and inversas Compton scattering.

The determination of the mass (or ensrgy) of a particle,
and the separation of one particle from anothaf, are of major
importance in many nuclear physics expesriments and all forms of
enerqy loss can be used, within certain limitations, to carry them
out., However, a problem occurs at high energies because most forms
of energy loss saturate, e.g. ionization loss becomes indépendent
of particle enerqgy since the relativistic rise increase in
ionization levels off bscause of the density effact.

Besides energy loss measurements thers are two other
mass/enerqy determination techniques which are also difficult at
high energies,

Firstly, there is Cerenkov radiation, the slectromagnetic
radiation emitted when a particle passes through a medium in which
its velocity is greater than that of light in the medium. It is well
known that the radiation is emitted along the surface of a cone, the
apex of which is the instantensous position of the moving particlse

and the half angle of which is given by:

9=cos'1[L] 3.1

pn



where B = velocity of particle and n = refractive index of the
medium. It can bo shown that the number of photons emitted per
sacond per unit path length per unit frequency is a function of
the square .of sin 8 . Therafore at rélatively low energies tuwo
particles with the same energy but differing mass would inducs
radiation with different angles, © , and the velocity of each
could be determined by measurement of these angles. However, at
higher energies where P —> 1 for both particlss tha Cerenkov
signal would reach saturation and the process is nﬁlliFied as
aither a velocity selector or a particle discriminator.

The other form of energy determination, that of measuring
the particle's redius of curvature in a magnetic field, is also
difficult at higher energies because deflections become so small
that they are impossible to measure.

What is required is a phenomsnon in which a relativistic
particle loses ensrgy in aquantity which is reasonably easy to
detect, its magnitude varying as the snergy of the parti&le. The
only known process at present which satisfies this requirement is
transition radiation, which is the flux of photons smitted when a

uniformly moving charged particle passes through an interface
betwesen two media with different dielsctric constants. This
radiation, theoretically predicted in 1945 by Ginzburg and Frank (1),
was probably first observed experimentally in 1919 by Lilienfield
(2) who bombarded a metal surface with electrons of a few kaV.
Unfortunately this work was not imﬁediately followed up and it was
only in the late fifties and early sixties, when further experiméntal
wark was carried out (3,4), that interest in the phenomenon really
began. At about the same timse Garibian-(s,ﬁ) produced two

comprehensive theoretical treatments of the subject, the lattar
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forming the basis of many of the subseguent analyses of the
sub ject,

In 1961 Alikhanyan et al., (7) put forward the first
proposal for a possible msthod of detecting high enerqy charged
particles with transition radiation and since then a considerable
amount of work has been done, particularly by American and Russian
groups, in studying the properties of this radistion., During this
time the importance of transition radiation has been realised and
it is now widely belisved that it will prove a very useful tool
for particle mass and energy determination at relativistic energies,
in particular at the energies of particles which will be created in
tHe CERN SPS., The fact to emerge from transition radiation
investigations which could make this possible is that the flux of
photons emittéd (above optical frequenties) is proportional to
in ¥ » Wwhere y is the Lorentz factor of the particle
{ ;;:(1-}32)-1/2 ) y and their total energy is proportional to ¥y .
Because the magniéuae of the effect is dependent upon gamma it is
also useful for th; separation of particles of the same snergy but

different mass.

3.2 Principsl Characteristics

When a charged particle moves uniformly across a
dielectric interface from a medium of dielectric constant and
magnetic permeability E4 and P respectively to one 6? €o
and Mo respectively, 8 changing dipole field due to the particia
and its image charge in the other medium is formed and this,
according to the theory of Ginzburg and Frank, results in the
emission of electromagnetic radiation, known as transition

radiation,
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The charged particle is assumed to lose negligible
energy per unit path length when crossing the interface, and
under this condition it has charge fields in each of the media
which are solutions of the Maxwell equations for a point charge’
moving at a constant velocity v . These fields con be resolved
into triple Fourier integrals in the first and second media
(indices 1 and 2) which, assuming the particle moves along the
" x=axis from - to +@ and that the interface between the two
media is the plane z = 0 through which the particls moves at t = 0,

are given by:

Eqplr.t) =J Elk) e (KL=t gie 3.2
where k = propagation constant
and w = k.v

It can be readily shown that the electric and magnetic
fields given by equation 3.2 domot satisfy the continuity raduira-
ments at the interface between the two media, which are that no surface
charges or currents be present, i.e. the normal components of E and
2 and tangential components of E and g ars continuous sat z = 0.

To satisfy the latter conditions it is necessary to add to the
solutions given above the solutions of the homogeneous Maxwell
equations with arbitrary Fourier coefficients and when these
coefficients are determined by reapplying the continuity conditions
at the interface the added solutions will represent the transition
radiation fields. This calculation has béen per?ormed by Garibian
(6) who, for simplicity, assumed one medium to be a vacuum
( € = M= 1). He found the Poynting vector flux of transition

radiation emitted from the interface was distributad in polar angle
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and frequency according to ths formula:

ds _ 2e2p? sin3ecos?e|(E-11(1-p? 2p(€ -sinZe) )
d8dw mc  (1-p2cos20)2|[Ecose+le-sin20)Z[12p(e - sin28)"2]

3.3
The b signs refer, respectively, to radiation emitted in the
backward and forward direétion, with respect to the porticle's
direction.

All calculations carried out for the purposesa of this
thesis to obtain predictions of expected transition radiation flux
have bsen based on this formula, Although further theoretical

analyses have appeared(8’9v10)

since the publication of referance
(6), equation 3.3 still remains the basic formula from which

calculations can be made.

3.3 Determination of transition radiationflux

Because of its complexity equation 3.3 has been programmed
in the following way. At specific values of beta dS/dw is
evaluated from a° to 900 in small aﬁgular ranges d6 , An ‘appropriate
cho ice of d© allows the function to be numerically integrated
over O , using Simpson's rule, to give the energy spectrum of
photons sxpected from a single vacuum-medium interface. Division
of this spectrum by hw gives the differential number spectrum
of photons from the same interface,

It turns out that radiation emitted in the backward
direction peaks mainly in the optical region, while that emitted
in the forward direction, becauss of the small factor
[1-—p (E-shwze)yé] in the denominator of equation
3.3, is in the X-ray region. As the particular techniqué used in

this thesis is suitable only for X-rays analysis will be made only
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of the X-ray component of the radiation.
The plasma frequency, wp of a material is given by

wp=4prNoe2

Am

where e, m electronic charge and mass respectively

2, A = atomic number and mass of medium respectively.

density of medium

P

No = Avogadro's number
€40, h(»p for melinex and aluminium is 23.7 eV and 32.4 aV
respectively, When dealing with X=-ray frequencies, w, which are
greater than the plasma frequency of the medium the propagation

constant of the electromagnetic wave describing the X-ray is real

and the dielectric constant of the medium my be written as:

5 :
€=1 -(0962 | 3.5

As will be seen the energies of X-rays in the transition
radiation flux arse in the order of keV's, which is considerably
greater then the plasma frequency (multiplied by h ) of either
melinex or aluminium. Therefore, using expression 3.5, the photon
number spectrum, dN/dE, emitted. in the forward direction, has been
computed from equation 3.3 for a singly charged particle traversing
a vécuum-melinex snd vacuum=aluminium interface for various values
of particle energy (given in terms of % ) and these spectra are
shown in figure 3.1. Clearly the number spectrum increases as Y
increases and also the number of photons for a particle of given Y
energy increasses sxponentially as the photon energy decreases,

It is of interest to nﬁte the dependence of the total

energy emitted, and the number of photons produced, on ¥
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a) Integrating equation 3.3 over B and w givaes the total

energy released at one interface (reference 6):

Because the plasma frequency is proportional to density (equation
3.4) the emitted energy is also proportional to density. This
explains why the flux of photons for the vacuum-aluminium interface
in figure 3.1 is greater than that for ths vacuum-melinex one,

b) When the number spectrum from equation 3.3 is integrated
over E the total number of photons emitted is qiven by (reference

6):

N=_1_L[ln(_x_(w§)1/2-l)] 3.7
137 EV\2 2
where E' is the lower energy limit of integration.

Thus the totsl energy contsined in the X-ray transition
radiation (XTR) is linearly proportional to ¥ , and the number
of photons proportional to the logarithm of y . Referring
briefly to optical transition radistion it hes been shown, bath
experimentally (11) and theoretically (6), that the intensity of
this radiation is proportional to the logarithm of ¥ » S0 the
intensity of the X-ray component increases at a far greater rate
than the optical component as y gets larger.

All the results quoted sbove for the XTR created at
a vacuum-—medium boundary apply equaliy well to a medium—-vacuum
interface,

Figure 3,1 indicates that tha.Flux of photons from one

interface is very feeble, e.g. the number of photons emitted at
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an 8luminium interface between 1 and 100 keV for a particle of

¥ = 1000 is 0;01 ana for ¥y = 10,000 is 0,03, To.construct 3
practical detector of XTR it is clearly necessary to increass the
photon flux and this can be achisved in one of two ways:

i) For multiply charged particles the number ﬁf emitted photons
increases quadratically with the charge of the particls (6).
However most particles detected in physics experiments are
singly charged, though this property c;uld prove useful for detection
and identification of heavy primary cosmic rays outside the
atmosphere,

ii) If a2 singly charged particle passes through a multitude of
vacuum-media boundaries then the number of photons increases in
proportion to the number of boundaries. We therefore proceed to
the idea of amplifying the weak XTR signal with a 'stack! of
dielectric foils. This can take the Férm of either a set of
regularly spaced plastic-or metal sﬁeets or any form of laminated
medium, such as the honeycomb-like structurs of polystyrens foam.
Before calculating the expected flux of photons from a stack the
limitation on XTR production of the formation zone must be’

mentiaoned,

3.4 Formation Zone

In the theory developed by Garibian (6) it was shown that
there exists a minimum thickness of medium (material or vacuum)
through which %he particle must pass before the transition
radiation can be created. This finite path length. is required for
the polarisation field essociated with XTR production to build up
and is known as the farmation zone. For relativistic particles it

is given by:’
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The impartance of the formation zone lies in the Féct.
that when a particle traverses a thickness of medium smeller than
the formation zone of that medium for a particular X-ray energy then
the XTR spectrum will be severely attenuated above that energy, as
has been shouwn experimentally (12)., If the X-ray energy at which
this takes place is well abova the peak of the expected distribution
then this is not a serious loss.,.

Figure 3.2 shows plots of formation zone, derived from
equation 3.8, as a function of X-ray energy and particle energy ( ¥ )
for melinex, aluminium and beryllium, At low photon energies the
formation zone increases with photon energy. Bsecause of the
term in the denominator of equation 3.8 the formation zone then
starts decreasing at around 20 keV for particles of low y , but
continues increasing up to 100 keV and more for higher ¥ . Thus .
higher energy particles require greater medium thicknesses in order
to produce the Full XTR signal,

The formation zonse of aluminium at particular enargies
is less than that of melinex and besryllium because it has a higher
plasma frequency, the term for which appears in the denominator of
equation 3.8. For the same reason the formation zone of air is
considerably larger than any of the above three elements, as_shown
in figure 3.2 for ¥ = 3000 for example, reference to which will
be made later. The equivalent curve for melinex at _x = 3000

will also be used later.
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3.5 Anqular Dispribution

Evaluation of equation 3.3 at discrete values of B8 for
photon emission in the forward direction gives the distribution of
transition radiation with respect to polar angle and figure 3.3
(a,b,c) shows plots of this distribution for threé different values
of ¥y at a photon energy of 10 keV. The same distributions for
lower and higher energy phaotaons peak at slightly higher and lower
'angles respectively and are also 8 littls broadsr and narrower
respectively, but these effects are very minimal,

It is clear that the radistion is highly collimatad in
the direction of the particle; in fact & useful approximation is
that the peak of the radiation occurs at an angle of y@ to the
particle direction, and this is indicated on the diagrams,

Thus the radiation from a 5 GeV electron, say, ( ¥ = 10,000)
peaks at 1.5 10-4 radians, so over a distance of 10 metres From its
point of production it will have spread out to cover an aréa of about
0.7 cm2. Hence the radiation is very localised with respect to
the particle's trajsctory and unless it is possible to deflsesct the
particle away from its initial direction the XTR must be detected
in the presence of the particle ionization. This, coupled with
the extremely low flux aof radiation, represents the major problem
in XTR destection and puts severe limitations on the methods by which

it cen be carried out.

3.6 Amplificastion of an XTR stack

A charged particle of given Lorentz factor, -y
traversing an XTR stack composed of ‘ot regularly spaced

dielectric foils sach aof thickness 't!', will produce a spectrum
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of photons, dN/dE, at every interface. Howsver, because of
absorption in aa;h foil the flux emanating Ffrom the last foil of
the steck will not be '2n' times dN/dE, but only a certain fraction
of this. By taking into account the progressive X-ray absorption
as the particle penetrates the stack it can be shown (Appendix 11)
that the differential number. spectrum of photons emerging from the

stack is:

dNp = dN 2 (1-e- ™) 3.9
dE  dE pt

where %% , the XTR flux from one interface, is obtained from
equation 3.3 in the manner described in §\3.3 and p is the linear
absorption coefficient of foil dielectric. Becauss the absorption
of X-rays depends upon the mass of the absorber this coefficient is

usually written as P"‘=}?O° , the mass absorption coefficient,

so that equation 3.9 becomes

dN, = dN 2 (1-e-MmpNt, 3,10

dE dE yy pt

Not surprisingly the largest signal is obtained when
‘n' tends to infinity; this is the case of the assymptotic stack
(13), which has a gain of %ﬁ} ¢ times the flux from a3

m
single interface.

Theﬁain point to note from equation 3.10 is the
absorption coefficlent, p., (= pmlE) ) , in ths denominator
Since p, decreeses rapidly with increasing energy (fFigure 3.4
shows - . (E) for the three elsments mentioned previously:

beryllium, melinex and aluminium) the output spectrum from a
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stack should show a marked cut-off of low energy photons, In
addition pn{E) is proportional to Z4 , where 2 is the atomic
numbér of the material, so this would suggest that loss of photon
flux by absorption will become much less severe the lowsr the 2Z

the element of the stack. Although equation 3.6 predicts a

greater relsase of energy for a more denss material the magnitude
of the XTR flux from a stack is cﬂmpletely dominated by the quartic

dependence of PmlE) on Z.

3.7 XTR output from a periodic stack

Equation 3.10 can now be used to ascertain the shape and
size of the expected XTR spectrum from s stack of regularly spaced
foils, bearing in mind that this equation does not taks into account
the formation zons.

The two most cémmon foil materials used by previous
workers are melinex and aluminium, primarily becauss they are very
cheap and sasy to obtain in thin sheet form. However, as will be
seen later in this'section, low Z materials are far bettsr XTR
producers than high Z and a recent proposal by Harris et al (14) to
carry out further work on transition radiation at the NAL in America
will, if accepted, lead to tests with beryllium foils. Thus for
comparison purposes we will consider mongenergetic particles
passing through  stack of 1000 beryllium, melinex and aluminiuh
foils, the thickness of the foils being that of the Formafiqn zone
of the respective material given in figure 3.2,

Consider first a particle with y = 1006. The respective
maximum formation zones aof beryllium, melinex and aluminium are
5, 5 and 4 ym « The differential number spectrum of photons
(from equation 3.10) for these particular thicknesses is shown in

figure 3.5, Three important points emerge from these curves:
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a) The XTR spectrum shows a marked cut-off at very low anergiss
due to absorption in the foils, with a rssult that it has a peak at
soft X-ray frequencies. _

b) The lower the Z of the stack the lower in energy is the peak
of the distribution = this results from the greater sbsorbing
power of the higher Z elements.

c) The stack with lower Z produces far more photons than one
with a8 higher Z; again this is due to the photon absorption dependence on
24. .

Also in figure 3.5 are the same set of curves for a
particle with ¥ = 10,000 and, because of the higher gamma, the
energy range of the emitted photons has increased considerably.

In fact the spectrum extends well up to 100 keV and conseguently

the material formation zones used are those for 100 keV, i.e. 46,

40 and 30 um respectively. The major point to emerge from thesse
curves is that as Y increasaes the mean energy also increéses,

and there is also a large increase in the number of emitted photons,

Similar curves to those in Figure 3.5 can be obtained
for stacks with any number of foils. The basic shape remains the
same and the mean energy of each distribution increases slightly
as the number of foils increases. Integrating each curve ovsr
energy gives the energy content of the XTR flux and figures 3.6
and 3.7 show the variation of this energy with the number of foils
for particles of ¥ = 1000 and 10,000: two sets of curves are
shown in each figure, one for the soft X-ray component (1 -— 20 keV)
and one for the hard X~ray component (20— 100 keV). The reason
for this division into two energy ranges is that soft X-rays have
a much highser absorption coefficient in the detsctor gas than hard

X=rays, as will become svident in- Chapter 5,
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It cean be sean that, whoreas @ particle passing through
a melinex and aluminium stack will cause the emission of roughly
equal quantities of.energy, the same particle passing through an
equivalent beryllium stack results in a much greater emission ok
energy then either of these two. This is purely because the low
Z of beryllium results in @ small loss of X-ray signal through
absorption in the foils and clearly illustrates the advantage of
using a material-with as low a Z as possible; in fact Bateman- (13)
has proposed the idea of a deuterium foam stack, which creates
aven more signal than the squivalent beryllium stack. The melinex
stack is just better than the sluminium one because of its slightly
smaller absorption coefficient over aluminium,

Another importesnt point to emerge from these two figures
is that for small ¥ the majority of the XTR signal is contsined
in soft X-rays (for stacks of 1000 foils and less) while the
situation is reversed at higher gamma. In addition the soft X-ray
component satursates ‘at about 1000 foils, so there is no gain in thse
soft X-ray component of the signal from low ¥ particles by using
larger XTR stacks, a poinf which is important for both thé XTR
detection experiments to be described, |

The regiun beyond 1000 foils in figures 3,6 and 3.7
is really anly of academic interest as such stacks represent a
huge practical undertaking and, in fact, the maximum known size of
radiator that has been used to date is one with 1ﬁ00 foils (15).
Howsver the curves do show that there would bs an enormous signal

in the hard X~-ray component.
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3.8 XTR output from non-periodic stack

The presence of a strictly periodic medium is not the
singlecondition for production of transition radiation; any
medium, such as polystyrene or polyurethane foam, providing a
multitude of air-material interfaces, will suffice., However the
calculation of the expected output is extremely complicated because
of the random distribution of the inhomogeneities and variation
in pore and wall sizes. According to Garibian (6), the XTR
intensity is almost independent of the angle at which a particle
entars an interface, i.e. all éhe foregoing analysis of periodic
stacks is true, irrespective of particle indident angle, to a
first order.

In part of the transition radiation experiment to be
described in Chapter 6 the radiator was a block of polyurethane
foam and for the purposes of calculating the expectaq cutput its
average pore and wall thickness were measured with a travelling
microscope and the output was then assumed to be half that of a
regular plastic stack with an appropriate number of foils squal
in thickness to the foam wall thickness. This is an approximation

which is shown experimentally in Chapter 5 to be reasonably valid.,

3.9' Conclusion

The main point of this chapter has besen to outline the
important aspects and characteristics of trensition radiation so
that an appreciation can.be made of the detection techniques, to be
described in the following chapter, used in this particular
investigation and by other workers.

From the original transition rediation theory developed
by Garibian the photon number spectrum created by a charged particle

traversing s vacuum-medium interface has been calculated, from which
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the photon spectrum from a stack of foils has besen derived. Thse
radiation in the forward direction has been shown to consist
mainly of X-rays which are very highly collimated with respect to
the particle's direction, their production depending upon the foil
thickness being at least as thick as the 'Formatioh zone' of the
particular medium, Analysis-has concentrated on three main
radiator materials: melinex and aluminium because of their
previous use in this fisld, and beryllium because of its possible
use in the future,

The most important point to emerge, as far as the work
to be described is concerned, is that the XTR spectrum from low ¥

particles peaks at soft X-ray frequencies,
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CHAPTER 4

PULSE SHAPE DISCRIMINATION WITH MULTI-~WIRE PROPORTIONAL CHAMBERS

4,1 Introduction

The XTR spectra derived in the last chapter show clearly
that for particles with small ¥ the main part of the radiaticn
'is contained in soft X~rays. In order to make use of the XTR
signal, either for particle energy determination or for particle
separation, it obviously has to be detected and analysed in some
manner, but because the XTR signal is highly collimated with respsect
ta the incident charged particle its detection relies upon one af
two alternatives:

a) The transition radiation detector must be placed a considerable
distance away from the stack in order that the incident particle can
be deflected from its original direction by a magnetic field and
hence leave no ionization of its own in the detector. This procedure
is quite adequate for relatively low energy particlses but bescomes
more and more difficult as the magnetic rigidity of the particle
increasss,

b) The second method is to detect both the XTR and particlse
ionization together and, if possible, to separate them. This
necessitates the use of a detsctor in which the magnitude of the
ionization deposited by the particle is of the order of, or less than,
the expected detected XTR signal.

The method adopted in this work is that of (b), using
MUPC and a new pulse shape discrimination technique. Befors
describing this in detail a brief revisw of the various techniquas
used hitherto will bs carried out so that a suitable comparison can

be made bstween them and the technique in this work.
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4,2 Previopus Methods of detecting X-ray Transition Radiation

4.2.1 Method fa!

The type of detector usually employed in this method is

a small ares solid-state one, either a Ge(Li) or Si(Li) detector

or a Na I crystal. If we take, for example, the silicon detector,
with a density of 2.35 gm cm-s, thén a minimum ionizing particls
would lose about 1 MeV in a 1 mm £hick crystal, which would
completely swamp the 10 keV or so snergy content of the XTR signal,
so it is vital to prevent aﬁy ﬁarticle ionization loss in the
detsctor. Thus the charged particles are detscted by two
scintillators before traversing the XTR stack and then deflected away
from the detector into a third scintillator of the beam defining -
telescope. The detector is placed in line with the original beam
direction so that the transition radiation is directed towards it.
A typical arrangement is.shown in figure 4.1,

Because .the detector has to.be placed several metres away
from the stack the space bstween itself and the stack must be taken
by a vacuum tube (br, failing this, a helium bag) to counter loss
of X~-rays by absorption which would take place if there was just
an air=-gap. Thp crystal has a8 vary high X-ray absorption coafficient
up to 100 keV so very little of the XTR spectrum is lost.

Apart from the drawback of having to use a magnetic field
the small arsa of all solid-state detectors renders this particular
method of little use in using transition radiation as an experimental -
technique. However, it does provide a relatively easy mesans of
testing the validity of transition radiation theor&, 8.g. in (1)
it is shown that the sxperimental variation of the sngular distributiaon
and total radiated energy with gamma, is in close agreement with
that predicted by the theory of Garibian outlined in the preceding

chapter.
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4,2,2 Method (b

To ensure the magnitﬁde of the particle ionization is
of the order of the XTR signal restricts one slmost axclusively
to the use of gaseous detéctors. The only two which have'had aﬁy
success in this field are the strsamer chamber and'mwpc.

The streasmer chamber application has been investigated
by a Russian group (2,3) using @ chamber filled with a standard
haon-ﬁelium mixture to which had been added 10% xsnon to increase
the X=-ray absorption coefficient.

In their first experiment (2) three scintillatars
constituted the beam telescope, in between which were thes XTR
stack and streamer chamser. fFor most of the measufements the stack
consisted of 500 or 1000 polyethylene films, Each trigger
corresponded to particles traversing, caonsecutively, the stack and
chamber, and photographs of typical svents showed the tracks of the
primary particle plus one or more short range tracks almost
perpendicular ta, and originating from, the main one. Although
some were inevitably caused by knock-on electrons (delta—rays)
measurements with background rediators proved the majority were due
to photoelectrons created by the sbsorption of X-rays.

-In a more rscent axpariment (3) the same group have
incorporated method (a) into their tephnique and deflected the
primery particle beam away from its original dirsction such that
identification of photoelsectrons is far easier. By counting the
number of them created by electrons of different energies they were
able to confirm the fact that the XTR energy cantent increasss
linearly mifh the gamma of the particle. From the same results
they were also able to predict that pions.and protons at energies

above 1000 GeV could be ssparated with 86% efficiency.



The most commonly used detector to date, however, is
the MWUPC. A typical argon filled chamber repressnts a thickness
of about 2 mgm c:m-2 so the particle ionization loss is only about
4 keV, which is less than the energy content of the XTR eipected from
a highly ultrarelativistic particle passing through a typical stack.

Two independent experiments, one by Yuan et al. (4) in
1970 and the other by Harris et al, (5) in 1971, using very
similar arrangements, proved the feasibility of using this detector
for XTR detection. Basically they used a chamber-radiator sandwich
configuration as shown in figure 4,2, in which the number of
sandwich elesments could be varied; the charged particle was dsestected
by scintillator telescopes at the front and back of the array anq
the charge collected in each chamber integrated, the outputs of
all chambers being added. Thus the rqsulting pulse height was
proportional to the ionization deposited in all the chambers,

The spectrum of pulse heights obtained from the chambers
for a monoenergetic beam of psrticles without the radiators in
position was essentially the Lasndau distribution of the particle
ionization laoss, as in figure 4.3, The dotted line in this figurs
is the pulse height distribution for the same monoenergetic
particles with the radiators in front of the chambers (normalisead
to the same number of events as the first curve) and itlcan be ssen
that there are far mors events of higher ensrgy loss with the
radiators in position than without. This is attributed to

ionization created by XTR.
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4,3 Technique developed for this work

4,3,1 Introduction

A novel pulss shape discrimination processhss been
developed to facilitats ssparation of the.particle signal from the
XTR signal, and is based on the difference in the spatial distribution
of the ionization deposited by the two ionizing radiations. The
pasis of the technique and the manner in which it is put into
practice will be describedno@, while the main set of ressults obtained
by it will be left for the next chapters.

4,3.2 Physical Basis

It was stated in :F4.2.2 that a minimum ionizing particle,
traversing normally a typical MWPC, loses about 4 KeV in the chamber,
For normal high voltages and wire spacing the drift velocity of slectrons
in MUPC's is about 4 cm./‘psec (Chapter 1) so the slectrons,
constituting halF.the ion pairs formed by the passage of the
particle, will be collected within a time of about 250 nsec. The
arrival of each electron at the sensé wire results in an avalanche
toward the wire and the charge so created, when tﬁe wire is éonnected
to an integrating amplifier of input impedance Ri , builds up an
the capacitance of the wire to ground, Ci, and decays with the
characteristic time constant, Ri Ci , of the.system, typically a
microsecond or so. The pulse height is proportional to the quantity
of charge collected.

If, however, the sense wire is connected to-a current
amplifier with a very low input impedance, such thet Rici << 250 nsec,
no integration of the charge will occur and the output.of the
amplifier will represent the current from the chamber with respect
to time. The netresult is that the basic high impact paramster

ionization produced by the charged particle gives a low level,
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approximately constant, current distribution throughout the
collection period, which is ideally represented by Figure 4.4(a).

Now:

ji at

Thus the area under the curve is proportionsl to the. quantity of

]
oja
oia

L]
o
o
u
o

charge collected.,

An X-ray on the other hand, if completely absorbed by the
photoelectric effect, will give rise to a photoelectron which, for
soft X-rays, has a very short range compared to the width of the
chambar. Figure 4.5 shows e;ectron ranges in three proportional
chamber gases, argon, krypton and xenon. Thess have been obtained
from the data of references 6,7,8,9,10 of ranges in air, which are
converted to ranges in the above threas éases by multiplying by the
ratio of the density of air to that of the gas in question.,

The distinction should be made here of the difference
between range and path length., The path length is the total distance
travelled by the electron, as it is scattered by the gas molecules,
in coming to rest, whereas the range, purely an experimental concept,
can be taken as the thickness of an absorber which the particle can
penetrate, though several definitions do exist. Therefore, because
of the itinerant path of the electron, the range is always less than
path length.

During thermalisation the photoelectron produces a.vefy..
localised bunch of ionization because of its short range and this
drifts towards the éense wire which, in current mode, produces
. an extremely large current for the short time taken to collect

all the charge. 1In comparison gith the particle pulse the
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ideal shape of a low energy X-ray pulse depositing a charge 'q!
equal in magnitude to that deposited by the particle would be as
in Figure 4.4(b).

Thus the net result is that an X-ray current pulse is
far grester in magnitude than the squivalent particle pulse because
it has a similar area but is an order of magnitude narrower in timse.
The idea of the neaw tecﬁnique is therefore to sset a threshold on
the output of the current-amplifiar to exclude the particle pulssa
yet allow through all the X~ray pulse, |

4,3.3 Preliminary investigatian

To investigate the efficiency of the above technique a feuw
simple tests were carried out with the following apparatus.

A MYPC, exactly identical in construction to that of
chambers A and C in Chapter 2, was set-up with a scintillatar
telescops beneath it and a radioactive source holder above. The
four middle sense wires of the chamber wers connected to a current
amplifier whose output was monitored by an oscilloscupe: the rest
of the sense wires were earthed. The oscilloscope could be triggsered
directly,or externally from the telescope, as shown in Figure 4.6,
The additional circuitry in this figure was for a later experiment.

The current amplifier circuit is shown in Figure 4.7 and
had an input impedance of less than 1042 and a gain given by

are given in the circuit diagram, i.e. about

R1/R2 s, where R1 and R2

50 in this instance. The chamhgr was flushed with a mixture of
argon and isobutane (70/30 by volume) and operated at 4.2 kQ.

With an RCL bridge the capacitance of the sense wires to
ground was measured to be about 20 pF which, coupled with tre input
impedance of the amplifier, gave an RC £ima of 0.2 nsec, which well

satisfies the condition laid down in the last sectiaon.
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Figure 4.8(a) shows a CRT trace of five consecutive
pulses froman osdilloscipa triggered directly from the current
amplifier when an Fe55 source (X-ray energy = 5.9 keV) was placed
above the chamber. As expected this pulse is quite large and
narrow., By fesding the current amplifier with a two or three
nanosecond wide pulse from a fast pulse gensrator it was found that
the output width was limited by the bandwidth of the amplifier to
about 7 nsec. FUHM and the width of X-ray puises of energy 15 kaeV
or less is limited purely by this factor. Higher energy X-rays
create wider pulses and this is presumably due to the corresponding
increase in photoelectron range as the X-ray energy increases,
causing the width of. the pulse to be determined by the collection
time of the ionization. |

To determine the nature of the particle pulses the F‘e55

source was replaced with a 5po0

beta source (maximum bsta anefgy,
from yttrium daughter nucleus, = 2,26 MeV). This £ime the oscillo-
scope was externally triggered from the scintillator telescope to
ensure that the particles producing éhe respective trace did not
stop inside the chambar. According to Evans (11) the relation
between elaectron range and eneréy is given to within 5%, from 0.5 MeV

to-3 Mev, by the linear relationship:

Ro(gm cm-z) = 0,52 E(MeV) - 0.09 4,1

Accordingly a 1.1 mm thick shset of aluminium was interposed between
the chamber and telescope which, according to equation 4.1, restricted
elect?ons triggering the oscillsscope to ones with p::0.74, i.e.
about minimum ionizing. For the particular chamber usgd here such
particles, losing energy at about 2 Mev gm—1cm—2, will deposit

4,5 kel in the chamber, which is very similar to the energy of an
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Fess X-~ray. Figyre 4,8(b) shows five consecutive traces obtained
in the manner described abovej; the duration of the pulses, about
160 néec, agrees well with a drift velocity of 4 cm/ pMsec over tha
D.63 cm spacing betwsen the sense wires and HT plane. 1t can be
sean that thers is a low level current distribution throughout the
collection period but perturbations upon the ideal case described
in :F4.3.2 are large energy transfers from particles giving delta-
rays with short ranges ( R 1Imm or so) and these create the series
of current spikes observed in the same photograph.

Thus, by setting a suitable threshold level on the output
of the amplifier, it should be possible to let through all the
X-ray pulses above a certain energy and eliminate the majority of
charged particle pulsas. The main problem of the technique is that
occasionally a delta ray from a charged particle will have sufficient
energy to exceed the threshold and will mimic an X-ray - this being
refsrred to as a 'breakthrough!.

4.3.4 Electronic Processing

Figure 4,9 shows the electronic system to be usad to
implemsnt the above ideas‘mhen XTR is being detected with a MWPC.

The charged particles are detected by the scintillators
and pass through the stack and chambsr. The current amplifier
output from the chamber is fanned out to a discriminator and (via
a suitable delay) to an integrating fast linear gate. If the -
amplitude of the current pulse exceeds the preset threshold, the
discriminator output strobes the linear gate over the characteristiC_
width of the X-ray pulse. The output from the linear gate is then
integrated and fed into a PHA., The latter thus registers a spectrum

which is proportional to the area under the current spikes, i.e.

proportional to the X4ray energies. To ensure correlation with the
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passage of @ particle the PHA is strobed by the scintillator
telescopes., Calibration of the PHA range in terms of X-ray energy

is achieved using a few standard X-ray source lines.

4.4 \Variation of X-ray Pulse Height with Enerqgy

-1t has been shown that the width of the X~ray pulse up to
about 15 keV is limipgd by'the amplifier bandwidth and remains
constant so that up-to this energy the height of the current pulsse
is directly proportional to the X-ray energy.

Above 15 keV the range of the photoelectron starts becoming
significant compareéd to the width of the chamber ( X 2 mm) and the
pulse widens, with the result that height is no longer proportional
to energy. The variation of X-ray pulse height with energy was
obtained with the set-up in figure 4.6, the mean X-ray pulse height
being observed on the oscilloscope, and this variation is shown in
figure 4.10, The X-rays were obtained from a standard Radiochemical
source which produced fluarescent X-rays from small samples of Cu,
Rb, Mo, Ag, Ba and Tb by bombarding them with 60 keV X-rays from an
Am 4 sourcse, the X-rays so produced varyipg in energy from 8 ksV to
44 kel, The curtailment of the proportionality of pulse height with
X-ray ensrgy does ﬁot affect analysis in the PHA provided the gating
pulse applied to the linear gate is wide enough to allow integration

of the X-ray pulse over its complete width,

4,5 Factors leading to incorrect X-ray analysis

Ideally each channel of the PHA carresponds to a unique
X-ray energy. In practice this is never so becausa of the variation
in pulse heights from X-rays of the same ensrgy, due to the statistical

nature of the avalanche in the chamber, and irregularities in the
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chamber construction and wire diameters. Again using the set-up in
figure 4.6 the 6utput of the amplifier was fed into an integrating
amplifier and then to a PHA; the energy resolution of the system for
the Fe°> 6 keV X-ray peak was about 25% (FWHM). Very small
irreqularities in the proportional chamber wire spacing (leading to
slight changes in gas gain) would perhaps aécount for this being
worse than the equivalent ensrqy resolution of a single wire
proportional counter filled with the same gas ( % 17— 20%).
There is a certain probability that a photoelectron,

during its thermalisation process, will make ionizing collisions
both inside and ou£side the active volume of the chamber. If this
is so then all of its energy will not bse collected by the chamber
sense wires with the result that a reduced pulse height will be
registered. For chambers which are one or two centimetres wide this
is significant only when the photoeleétron range exceaeds a couple
of millimetres or so, which is squivalent to an energy of about
15 keV or graater..‘As will be seen later one need only consider
*—rays up to 20 keV when using argon-filled chambers because the
absorption coefficient is so low above this energy and these have
a range of 4 mm in argon so there may be a small, though not too
serious, srror in energy analysis in this last 5 ksV rahge.

| A further phenomsnon which could contribute the same type
of error is the onset of Compton scattering, competing with the
photoelectric effect, Fpr photoelectron absorption. 1In argon thé
two processeé are equal in cross-section at around 60 keV, with the-
photoelectric effect dominating below this énergy,so thig phenomenon
can be considered negligible below 20 keV,

Uhen X-rays are being detected in the presence of a particle

there is a further error which arises in analysis. Becaﬁse of the
constant low level distribution of ionization produced by the

particle thae X-ray pulse will not in fact start from the baselins



-62=

(zero energy). By considering the area of the 6 keV X-ray pulse

in figure 4.8 thén the average height of the particle pulse in the
same figure over the collection period of thg electrons, about

160 nsec, is about 0.5 keV. Thus on average the X-ray will appesar
to have 0.5 keV greater anergy than it sctually has; themrrect
value for any particular X—;ay will vary, though, as it depeﬁds
greatly where the X~-ray occurs with respect to the peaks and troughs

.of the particle pulse in figure 4.8,

4,6 Particle 'breakthroughs!

4,6.,1 Theoretical estimate

The efficacy of the above pulse shape discrimination
technique for XTR detection depends upon the relative magnitudes of
X-rays and delta-rays above the energy of the threshold setting.

From the spectra geherated in the previous chapter we
know the number of X~rays at particular energies expected from a
particle of known gamma traversing a stack of foils,

A rough estimate of the integral delta;ray spactrum from
a particle passing through & chamber can be obtained fraom the
classical Rutherford formula for the probability of an ionizing
particle‘transferring an enerqgy between E-and E + dE to an electron

in a thickness dx of a medium:

IEdde: 03mec?2z2 Z dE dx 4.2
PZA E2

where z

P
A

particle charge

particle velocity

Z, = atomic number, atomic weight of medium

and dx is expressed in gm. cm
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The number of delts-rays above a certain energy (the brsakthrough
rate) is thus, néturally, dependent upon the thickness of the
medium, i.e, width of chamber. For the chamber in figure 4.6

dx = 2.5 gm cm_2 3 substituting this into equation 4.2 and
integrating over E at various values af £ gives the curve shown in
figure 4,11. This is an integral spectrum 50, for example, at a

threshold setting of 5 keV ons would expect a breakthrough rate of

‘3,5%, which decreases accordingly as the threshold level is increased.

Obvibusly the signal (X-ray pulses) to naise (braeakthroughs)
ratio will depend upan the gamma of the particle. When 0,035 photons
are absorbed per particle the two are equal and from the predictions
of Chapter 3 this X-ray flux is very easily attainable with a
particle of ¥ = 1000,

4,6.2 Calibration of Discriminator and Pulse Height Analyser

This was achieved with the chamber in figqure 4.6 attached
to the electronic circuitry of fFigure 4.9. Discriminator A of the
latter circuit determines the threshold which is applied to the
output of the amplifier,
A reasonably accurate calibration of this discriminator
was made in the following manner. Pulses from a fast pulse
generator were fed into it to determine the pulse height corresponding
to each threshold setting. The particular discriminator used in
this experiment had the calibration curve shown in figurs 4.12. A
spectrum from Fe55 X-rays was then obtained from the chamber in the
PHA,during the analysis of which the discriminstor threshold was
set at its lowest value and a pulse of 30 nsec width applied to the
linear gate, which sllowed ample integrating time for the X~-ray pulse,
The amplifier was then disconnected from the chamber and

driven by the pulse generator, the input to the amplifier being
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adjusted until the output was registersd in the same channel of the
PHA as the psak 5r the X-~ray spectrum. The pulse height of this
particular ogutput was noted and marked as shown in figure 4.12,
from which the threshold axis could be redrawn as an energy scale,
Assuming delta-~rays bshave in a similar manner to equivalent

energy X-ray photoelectrons then, because of the curtasilment of
pulse height proportionality with energy shown in figure 4.10, the
scale from 15 keV upwards will become more narrowly spaced than the
one actually shown.

4.,6.3 Experimental bresakthrough rate

The chamber, telescops, aluminium absorber and Srg0

beta source were set up as in figure 4,6, Because a breskthrough
pulse from the chamber could cccur anytime during the collection
period of the electrons (about 160 nsec) the telescope discriminator
pulse was lengthened to 200 nsec and the delay from the chamber
discriminator to the coincidence unit was such that the particle
pulse could not fire the discriminator before the telescope pulse
had started.

The breakthrough rate (scaler (1) / scaler (2)) was then
determined for discriminstor thresholds from 3 keV to 22 keV; 3 keV
was the lowest energy which the discriminator would go down to.

The results are shown, together with the theorsetical breakthrough
spectrum, in figure 4.13; the - full. line is the best fit through
the experimental points.

A discussion of the difference between ths two distributions
will be left far Chapter 6 when the delta-ray spectra from accelerator
particles and cosmic rays will also be prssented. Howsver from
the experimeétal curve it seems the breakthrough can be kept below

5% at a threchold of 5 keV (this of course is dependent upon chamber



width and gas composition) so the observation of even a few per cent
of XTR photons should be possible against such a small background,

a fact which will be confirmed in the fallowing chaptsr,

4.7 Conclusion
The main methods used by wﬁrkers in detecting transition
radiation hitherto have been outlined; it was shown that in previous
tachniques using MUPC's the charge collected by the chamber, whether
from a particle or photon, was integrated in the first instance
to give a pulse height proportional to the charge collected, while
the present technique involves charge collection in the current
que, in which an X-ray pulse is far greater in height than the
pulse of a particle depositing a similar energy to the X-ray.
High=-energy knock-on eslectrons from the particle producs
'‘breakthroughs' in the discrimination éystem but these only fire
the system on a fsw per bent of triégers at the 5 keV threshold.
Since the XTR spectra for particles of ¥ = 1000 derived in
Chapter 3 generally psak above this snerqgy it should be possible to
detect XTR photons from such particlesiﬁ the presence of the particle's

own ionization,
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CHAPTER §

DETECTICN OF X-RAY TRANSITION RADIATION FROM 1.5 GeV ELECTRONS

5.1 Introduction

Two separate experiments have been conducted to produce
XTR and detect it with a MUPL, employing the pulse shape
discrimination technigue described in Chapter A. The first utilized
1.5 GeV electrons, produced in the Nimrod accelepator at Rutherford
High Energy Laboratory, and a transition radiation stack of 250
polythene sheets, each 40 um thick. This experiment allowed an
accurate determination of the XTR spectrum and a test of the
efficiency of the new discrimination technique. The second
experiment was carried out to see if the same techniqus could be
applied to detecting XTR from cosmic rays.

The present and Following chapters describé the operation
and results of both experiments, bearing in mind the limitations
outlined in Chapter 4, snd compare the results with those expacted
From the theory developed in Chapter 3. fMethods of improving the
technique and its suitability for cosmic ray work will be discussed
in the concluding chapter.

The accelerator experiment consisted of two parts, one
in which detection was accomplished with a sodium iodide crystal,

and the sscond with a conventional WMWPC,

5.2 0Oetection of X~ray transition :adiation with a sodium iodide

crystal

5.2,1 Experimental arrangement

The layout for both parts was basiczlly the same, and is

shown in figure 5.1 with the crystal as detector.
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Protons produced in the Nimrod accelerator were directed
on to a copper farget, the raesulting particles being mainly pions,
kaons and photons, Most of the electran component came from the
materialisation of the latter. By suitablse adjustment of the -
magnets along the beam line to the w8 area of the experimentsl
hall , where the 8sts were carried cut, a beam of ﬁegative pions

and electrons was obtained,

The particles traversed two scintillators, S, and S a

1 2!

sulphur hexafluoride Cerenkov detector, then the transition
radiation stack before being deflected by a bending magnst into
finger scintillators 53 and 54, one placed horizontally and the
other vertically.

For the first test the detector was a 1" diameter, S5 mm

thallinum
thick tellurium doped sodium iodide crystal [Na I (Tl1)} which
was placed adjacent to 53 and S4 such that the axis. of the particles
through the stack passed through the middle of the crystgl. The
radiator stack was 250 sheets of AD‘}Jm polythene with an air
spacing betwéen each shest of 1 mm. The space between the magnst
and detector was filled with a helium bag to reduce the absorption
of X-rays.

The crystal was attsched to a photomultiplier(type 8550),
the amplified output of which was fed directly into a PHA. The
latter was strobed by a coincident pulse from the four scintillators
and Cerenkov counter to ensurse correlation with the passage of a

pasrticle. Electrons were signified by 5152E S Saand pions by

3

v
5152C 5354.

All electronics except the scintillator and crystal

amplifiers were housed in a screened room alongside the apparatus

to keep pick-up to a minimum,
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The area of cross—section of the particle beam was about
15 cm x 5 cm, but the two finger counters restricted those
particles detected to a very narrow beam and, although the distancé
between the stack and crystal was almost 300.cm, the fact that
the XTR photons are restricted to a cone of half angle 1/X
( ¥ = 3000 for these tests) meant that they only occupied an
area of a fraction of a square centimetre on feading the crystal
so it was assumed there was no loss of signal due to photons

missing ths crystal,

5.2.2. Experimental procedure

The current in the main bending magnet further up the
beam line was adjusted to select particles of 1.5 GeV., Threse
separate tests were then conducted:
i) The Ma I crystal output was analysed for 10,000 electron
triggers with the polythene stack iq pasition, as shown in
figure 5.1.
ii) This was repeated with the stack replaced by its equivalent
thickness of absorber, i.e. a 1 cm thick slab of perspex.
iii) Finally results were obtained from 10,000 electron triggers
with neither transition radiator nor absorber in position.
The Na I crystal output is proportionsl to the energy
deposited in it, whether by a particle or photon. Its output
on the PHA was calibrated in terms of energy by using the veriable
energy X-ray source described in the last chapter.
Each particle trigger was registered on scaler (1) oF-
figqure 5.1 and if there was a simulténeous output from the crystal

this was analysed by the PHA and registered by scaler (2).
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Therefore the ratio of scaler (2) to scaler (1) correspondad
to the slectron detection efficiency of the system.

5.2.3 Results and Discussion

Run (i), with the electrons traversing the stack, gave

a detection eFFicienéy of (59.3 2 0,5)%, while that of run (ii)

with the background radiator yielded (6.8 = 0,3)% efficiency.
The latter run gives the number of background-counts, which are
due to a combination of bremsstrahluﬁg created in the absorber
by the electrons and accidentels, i.e. particles passing through
the detector during the gating time of the PHA. The third run
gave a detection efficiency of (4.8 £ 0.4)%. Thus about
(2.0 £ 0.4)% of counts were due to the creation of bremsstrahlung
in the stack materisl, the remaining background being due to
accidentals, This high accidental rate cen be accounted for by
ths fact that the gating pulse applied to the PHA was quite long
(800 nsec).

The detection eFFicienby by XTR alone is not just
(59.3 - 6.8)% since there is a possibility of an X-ray being
detected at the same time as the occurrence of a background count,

and this is only recorded as one event; the true XTR rate is

actually higher than the figure given by the above subtraction.

If b = probability of a background count
X = probability of an X-ray count
and ¢ = probability of recording an evenf'wﬁether by

X=ray or background alone, or a combination of both, then
b +x-xb=c ) 5.1
Substituting b = 0,068 and ¢ = 0,593 we obtain x = 0.566, i.e.

the detection efficiency by XTR alone is 56.6%.
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The histogram in figure 5.2 represents the PHA spectrum
from run (i), that of 10,000 elactrons traversing the polythens
stack, i.e. the background counts are included. Had they been
subtracted, 7.2% of the XTR counts would also be removed for the
reason given above, so0 it is impossible to get the true XTR spectrum.
The above procedure only édds 4.5% more counts dus to the background.
The full line in figure 5.2 represents the XTR spectrum
from 10,000 slectrons traversing the above polythene sheet stack
which has been computed from the expression for the differential
number spectrum of photons from a radiator stack derived in
Chapter 3. The absorption of X-rays in the helium and its
container walls has been folded into this distribution, aséuming
an absorption ceefficient in helium as shown in figure 5.3,
According to the above computation there are 1.03 photons emitted
per particle from the stack, and U.Qf absorbed per particle by pha
detector. Thus there is only 8 6% loss of signasl in the helium
bag, the majority of which occurs in the region 0 ~ 3 keV.
Agreement between the two distributions is exceedingly
good, the experimental one peaking at about 17 keV and the
theoretical one at about 14 keV. The main difference betwsen the
two is that the former distribution is only sbout 50% of the
height of the theoretical one at the peak energy, but contains a
greater numbe£ of X~-rays to the right of this peak, falling off
gradually to 100 keV, while the theoretical one falls quite shérply
from its peak to 50 keV. This is almost certainly due to creatioﬁ;
and absorption by the crystal, of mors than one X-ray ror the passage
of one particle which is recorded in the PHA as the sum total of
their energies but is only registered as a single event on the

scaler, Thus the number of high energy events analysed is
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increased at the expense of low energy onss, thereby accounting
in part for the difference in the height of the peaks.

The total number of photons in the predicted spectrum
yields an electron detection efficiency of 97%, which is just .
over half as large again as that measured experimentally. This
again can be accounted for, partly, by'the svents in which morse
than one X-ray is absorbed by the crystal.

From the experimental distribution a beam of 1.5 GeV pions
and electrons éould be separated with S7% efficiency, since 1.5 GeV

pions would not produce a detectable quantity of XTR.

9.2.4 Accuracy of distributiaons

i) Experimental

It has been assumed that no XTR passes beyond the
circumference of the crystal and this, as shown earlier, is quite
valid because of the very small half angle of the cone of the
radiation. The resolution of the crystal could degrade the spectrum
but at an energy of 22,2 keV (the Ag Ko line) the FWHM of the
distribution was about 24% so, at and below this energy, X=-ray
analysis would be fairly accurate.

In addition it was assumed there were no impurities or
leaks in the helium bag; if this assumption were wrong the
experimental electron detection efficiency would be brought nearsr
the predicted value because of absorptiaon of some of the XTR signal.

ii) Theoretical

The theoretical distribution assumes that all X-rays which -
reach the crystal are absorbed by it and this is reasonably valid
since the X~-ray detection efficiency of the crystal in the energy
range'iU - 70 keV was known to ba greafer than 98%. The polythene

sheets were 40 pMm thick and even allowing for a 10% variation in
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thickness either way the predicted spectrum barely changes shape

at all, except that the height of the peak goes up for thinner

sheets and down For thicker ones: the dotted lines in figure 5,2

show the expected spectra for 35 pum and 45 pm thick sheets, the

one for the former stack containing 11% more phoﬁons, and 8% more'
enerqgy, than the latter oneg. The position of the peak energy remains

constant to within 0.2 keV,

5.3 XTR detection with MWPC's

For the next series of tests the crystal was replaced by
8 20 cm x 20 cm active area MUPC of the same basic construction as
the small chambers, A and C, used in the dead-space measurements.
The sense wire spacing was 2 mm and the HT plane - sense wire
plane separation was 0.8 cm.

The chamber was flushed for several hours with a mixture
of 90% argon and 10% methane and then sealed. In this way it was
found the chamber would operate without dsterioration or change in
gas gain for up to 8 week. The central eighty wires were connected
together and attached to a current amplifier of the type shouwn
in Figure 4.7. The amplifier output and trigger pulse from the
scintillators were fed into the electronic processing circuit of
figure 4.9, Because the pdrpose of this particular experiment was
to determine the efficiency of the new pulse shape discrimination
technique the bending magnet was not utilised and both XTR photons
and particles were directed toward the chamber, The two finger

counters, S, and S were placed behind the MUPC so that their

3 4’

point of intersection centred on the.mid-point of the chamber.
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5.3.1 Experimental procedure

The threshold of the discriminator into which the chambar
amplifier was fed was calibrated in terms of pulse height and the
PHA range in terms of energy as described in 3;4.6.2. The gating
bulse applied to the linear gate was 30 nsec, as in the previous
test.

Runs werse thén made in the following manner. The
polythens stack was placed, no§ in its previous position, but
directly in front of the MWPC so that thers was no loss of signsl
from absorption in the air. The discriminator threshold was
reduced to its lowest value (equivalent to 3.0 keV) and the ratia
of counts on scalers (1) and (2) measured for 1.5 GeV electrons.
écaler (1) gave the sum total of delta-ray breakthroughs,
bremsstrahlung and XTR photans which were detected.

A similar run was made with 1.5 GeV pions and bscause of
the reduced gamma of this particle relative to the slectron there
ﬁas negligible XTR signal. Comparison of this run with ons of
pions traversing neither a stack nor equivalent absorber showed
the detection of bremsstrshlung by the chamber was negligible so
the result of pions traversing the stack essentially gave the
delta-ray breakthrough rate. This meant good statistics on the
latter could fairly quickly be obtained because the composition of
the 18 beam at 1.5 GeV was roughly 90% pions and 10% electrons.,
Conversely the low pepcentage of electrons meant long runs were
necessary to obtain equal statistics on the XTR count rate,

These runs were repeated at gradually inpreasing thresholdé
up to an equivalent energy of 17.1 keV.

Finally, an independent run was made with 10,000 1.5 GeV
electrons traversing 80 cm of packing foam to see how XTR production

in this compared with that in the regularly spaced polythene stack.
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5.3.2 Results and discussion

Figure 5.4 shows the two experimental integral distributions
for pions 5nd electrons traversing the polythene stack, the louwer
curve being the delta-ray spectrum and the higher one the combined
delta-ray and XTR spectrum. Allowing for events where an X-ray
and delta-ray occur simultaneously, as described in §~5.2.3,
subtraction of one from the other yields the true XTR spectrum
shown in figure 5.5, where the purs delta-ray spectrum is shown
again for comparison.

Also shown in figure 5.5 are the expected delta-ray spectrum
for @ 1.6 cm thick chamber with a 90% argon/10% methane gas filling,
as predicted by the Rutherford formula for the probability of energy
transfer (equation 4.2) and the predicted XTR spectrum which should be
measured by the MIUPC. The latter wes obtainmed in the following way:

The transmitted component of X-rays passing through a

thickness dx(gm cm"z) of medium is given by:

1=1 o M X 5.2
a

wvhere I0 = ariginal X-ray flux

M

X-ray mass absorption coefficient of the medium

If %% represents the X-ray number spectrum emerging from the
polythene stack, then taking into account the absorption of photons
in the chamber windows, the number spectrum absorbed in the chamber

is given by:

1 - e

- Mdx,
dN CLR 5.3

Pcdxc]
dE dE

where suffixes M and G refer to melinex and gas respectively. The
mass absorption coefficient for asrgon is shown in figure 5.6,

and was obtained from X-ray absorption data in reference 1. The

melinex absorption coefficient has already been shown in figure 3.4.
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The ratio of dNA to Eﬂ gives the chamber detection
dE dE

efficiency as a function of energy, and computation of equation

5.3 to determine this ratio yields the efficiency curve in figure
5.7. It has a peak efficiency af 39% in between S5 and 6 keV, which
falls quite rapidly on sither siﬁa so there is a large fraction of
signal missed by the chamber. The XTﬁ spectrum expsected from the
chamser is obtained by multiplying this efficiency curve by the
experimentally measured spectrum emerging from the transition
radiation stack.

The'Spabtrum detected by the Na I crystal in the first
axperiment contained only a;ﬁ% loss from ;he number of photons
actually emerging from the polythene stack; therefore this spectrum
(figure 5.2) was taken as the experimental one and figure 5.8
shows the result of folding the detector eFFici;ncy curve into
the spectrum. Integration of this differential séectrum yields
the integral XTR spectrum expected from the chamber, shown in
figure 5.5, “

5.3.3 Analysis of delta-ray and XTR spectra

A direct comparison of the experimental delga-ray spectrum
with that obtained for besta rays in Chapter 4 will be deferred
until the cosmic ray results have alsc been presented. However,
in figure 5.5 the éxperimental distribution once again decreases
more rapidly than the theoretical one as the energy increases and
this is assumed to be due to the increase in range of the delta-ray
with energy, such £hat the width of its current pulse increases at
the expense aof its height.

The shgpe of the experimental XTR spectrum can fairly
easily be explained., IFigure 5.8 shows that the peak of the expected
differential spectrum occurs at about 6 keV. Up to this snergy one

would therefore sxpect a gradually decreasing integral spactrum,
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but above 6 keV, when the number of X-rays detscted drops quite
dramatically, it should decrease far more rapidly, and indeed
there is a distinct change in slope of the integral spectrum
betweén 6 and 8 keVl,

The expected XTR spectrum has the same general shape as
that measured directly by the chamber, but is smaller at low
energies and larger at higher energies. The 6% loss in signal in
the crystal expsriment concerned only very low energy X-rays so
this accounts for the low valué of the expected XTR spectrum in
this region. The discrepancy at higher energiss is due to the
corresponding X-ray photoelectrons having longer ranges as
degcribed earlier and so the experimental spectrum recorded is
smaller than it should be, Allowing for these two minor differences
the overall agreement of these two spectra show that the pulse
shape discrimination process is functioning correctly and can
aefficiently separats an X-ray signal fraom that of a particlse,

The ratio of the experimental X-ray detection efficiency
to delta-ray breakfhrough rate gives the re jection ratio curve
élso shown in Figﬁre 5.5, The psak of this curve gives the energy
threshold et which rejection of transition radiation events from
non-transition radiation events (or the separation of electrqns from
pions, say) is greatest, and in this case corresponds to about 8 keV.

Figure 5.9 shows the pulse height spectra from the MUPC
for the two runs with 10,000 1.5 GeV electrons with and without -
the radiator stack in position, at the lowest threshold éatting of’
3 keV, With the stack there is a 12.9% detection efficiency, aﬁd'
without 5.5%; the latter distribution essentially.reprasents the
delta-ray spectrum. FfFigurs 5.10 shows the delta-ray distributien

subtracted from the combined delta and XTR spectrum which, apart
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from a small.errpr due to events where an X-ray and delta-ray
pulse occur simultaneously, reprédsents the true detscted XTR
spectrum. The smooth curve superimposed upon the PHA spectrum

is that of the theoretical spectrum from the polythene stack,
shown in figure 5.2 into which has bsen folded tﬁe loss of X-rays
in the melinex window of the chamber and the chamber detection
efficiency.

The experimental distribution represents a total of
(772 % 40) photon counts, while the theoretical one predicts 900.
The clossensss of these two figures, though they do not agree within
experimental error, indicate that the transition raqiation theory
is reasonably accurate,

The experimental distribution is considerably wider thaﬁ
the theoretical one, but the important point is that both peak at
around the same energy, that of the Farmer at 7.4 ksV, and the
latter at 6.1 keV. The-major reasan for the wider experimental

distribution is the finite snergy resolution of the chember,

5.4 X-ray transition radiation in plastic foam

Only one measurement with the plastic foam was taken
because of the limited beam time available. The discriminato}
threshold chosenwas at the energy corresponding to the péak of the
re jection ratio curve for the polythene stack, i.e. B8.25 kav{
it was presumed that the.foam would yield the sams type of XTR
spectrum as the polythene stack (though not necessarily the sam§
magnitude) because of their similar chemical composition.

The plastic foam haa an average void size of 600 um and

average wall size of about 30 um. These are greater than thse
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respective formation zones for 1.5 GeV electrons up to the

maximum photon energy of interest here, 20 koV (as shown earlier
in figure 3.2). As the foom was 80 cm long it corresponded approxi-
mately to a stack of 1250 foils. From figure 3.6, showing the XTR
energy content generated by a particle of ¥ =‘1000 traversing
different size stacks, an idea can be obtained of the differenga
betwaen the foam and 250 foil polythene stack. The diagram shows
14 keV is produced in ;250 melinex foils and 6 keV in 250 melinex
foils. Although the former energy is over twice as large as the
latter, most of the difference in energy will be cantained in
photons around 20 ksV, because of preferential absorption of low
gnerqgy pﬁotons in the last part of the stack, and thése higﬁer
energy photons have a much smaller absorption probability in the
chamber. Therefore, to a first order, the foam can be takeﬁ as

equivalent to the polythene stack.

The combined delta-ray and XTR photon rate for electrons

’

traversing the foam was (0.019 X 0.002) per particle, as shown in

figure 5.4, This is equal to a pure XTR signal of (0,011 : 0.002)
per particle, which is roughly half that obtained with the polythepe
stack (figure 5.5).

Alioming for the spproximate equivalence of the polyﬁhene
and foam stacks used in this instance, the above result supports
that of other experiments which find that a foam radiator generally

produces one third to one half the radiation from a similar,

requlerly spaced, foil stack (2,3 ).
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5.5 Conclusion

The discrimination technique developed in Chapter 4 has
been shown to work effectively in a particle beam of 1.5 GeV
electrons and pions. The transition radiation produced by thé
electrons (the spectrum of which wes in fair agreement with that
predicted by theory for the 0 —> 20 keV range) enabled electrons
to be partially differentiated from the non~radiating pions, a
maximum rejection ratio bestween the two of 2.8 being sachieved, at
a transition Fadiation photon energy of 8.25 keV,

A foam stack was found to be about half as efficient a

radiator as one composed of polythene foils, a very important

-result in view of the ease of obtaining a foam stack relative to

one with regularly spaced foils,
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CHAPTER 6

DETECTION OF X-RAY TRANSITION RADIATION FROR COSHIC RAYS

6.1 Introduction

The main purpose of this experiment was to investigate
the possibility of detecting trensition radistion from cosmic Lays.
The me jor companent of the sea~level cosmic ray spectrum is
the muon (m)J = 106 NaV). Unfortunately the vertical spectrum
contains a largé fraction of low energy muons which will not produce .
a significant quéntity of trensition radiation, e.g. a muon with
gamma equal to 1000 has an énergy of 100 GeV, and the vertical spectrum
has a mean enerqgy of around 1 to 2 GeV. To absorb particles with
energy less than 100 GeV would.require 60 metres of iron, assuming
an energy loss of 2 MeV gm_1 cm—2, which was out of the question in
this case, so it was found necessary to use only those particles with
large incident zenith angles since the longer path iength in the
atmosphere in this direction absorbs many of the low enafgy particles
and increases the mean energy to about 20 GeV. Although the vertical
sea-level spectrum contains about 70% muons, 29% electrons and 1%
protons and neutrons, the single particle spectrum at zenith angles
greater than 800 consists entirely of muons, since all other particles

are absorbed in the thickness of the atmosphere ( = S000 gm cm_2).

6.2 Experimental arrangement

The flux of horizontal muons of any energy is very low so
a system was built with a fairly large solid angle acceptance. There
already existed in the laboratory scintillator telescopes of arsa
60 x 30 cm2 so a MUPC was designed.Frﬁm perspex with an active area

of 66 x 33 cmz. Two scintillators were to act as a trigger for cosmic
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rays so the slightly larger area of the chamber over the scintillators
was to ensure éhat no particle went through the edges of the chamber
where the field is distorted due to the increassd diasmeter of the
outer sense wires and the dielectric material of the chamber frams
itself.

The MWPC was_congtrugted from four perspex Frames; the tuwo
outer ones which held the 50 um melinex windows being +" thick,

The H.T. wires and sense wires were wound on the two middle frames,

_each 2" thick (thus giving a cathode/sense-wire plane spacing of

9.5 mm) and in between which was an '0' ring. The wire material for
both planes was exactly the same as for previous chambers. The four
frames were clamped together by brass OBA bolts, the seal between
@ach middle and outer frame being made with twinstick.,

Because no positional information was required from the
chamber the sense.wires were more widely spaced than normal at 0.5 cm,
This meant less wires were required and also the chamber could be
operated at a correspondingly lower voltage thasn with conventional
2 mm spacing. The resolution of the chamber was in no way impaired
by this procedure; in fact tests showed that even up to a wire
spacing of 8 mm the resolution remained about 25% at an energy of
6 keU,_as shown in section 4.5, for 2.5 mm spacing. This is, houwever,
to be expected since the average distance travelled by the positive
and negative ions to their respective electrodes when the cathode/
sense~wire plane spacing equals 9.5 mm is not significantly increased
when the sense wire spacing is increased from 2 mm to 8 mm, and hence
diffusion and capture of electrons is similarly not increased.

The large area of the chamber meant the sense uwires had a
fairly high capacitance to earth, about 350 pF in fact. The technique

used here to separate the particle pulse from the X-ray pulsse relies
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upon the RC decay time of the chamber and amplifier being as small

as possible; aithough it was now still less than the collectian

time of the electron component of the ionization in the chamber the
high capacitance reduced the bandwidth of the amplifier. Consequently
the width of an Fe55 X-ray pulse was greater than 7 nséc FWHNM, with

a corresponding reduction in height, and the efficiency of the

system for separating particles from X-rays was severely reduced.

Therefore it was necessary to divide the sense wire plane
into three equal sections. To produce an adequate pulse height fromnm
the chambar.wﬁile it waes still operating in the proportional region
each section was operated from a pair of cascaded amplifiers, the
_outputs of which were summed,as in figure 6.1.

If two current amplifiers identical to that of Figuré 4.7,
sach with a gain of 50, were cascaded it was very difficult to prevent
them from osbillating.and it was nedessary to reduce the gain of the
first amplifier in each pair to 10 (by incressing R2 to 1000 ) to
achieve satisFactpry operation. In addition the circuits were vsry
sensitive to earth loops, again going into oscillation unless they
were very carefully earthed at one point.

In order to restrict cosmic rays passing through the chamber
to zenith angles greater than 82.5° the two particle defining
telescopes, A and B, were placed 240 cm apart, figure 6.2. The third
scintillator telescope, C, acted as an anti~shower counter and was
placed above 8 in the horizontal plane. Telescopes B and C and the
proportional chamber are shown in the photograph in fiqure 6.3}
telescope A is out of view'on the left.

The electronic processing circuit was that shown in figure
4.9 with the addition that the anti-showar telescope provided a veto

pulse to the coincidence unit between telescopes A and B. Apart from
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the current amplifiers attached Lo the chamber a2ll electronics were

in the Form of modules manufactured by EG & G, the PHA a Northern
Scientific type NS 900, and the scalers were made by Borer
(Switzerland), type 613. The cathode-anode spacing on this chamber
being 9.5 mm, the maximum electron collection time was sbout 24q nsec.
with an electron drift velocity af 4 cm/ pysec so the scintillator
coincident pulse was lengthened to 400 nsec to ensure no delta~ray

or X-ray signal was missed, and the chamber pulse was delayed slightly
so that it did not arrive at the coincidence to the scaler beforse

the scintillator pulse. 1In addition both the chamber and scintillator
pu;ses were delayed by egual times to ensure the veto pulse (which

was 600 nsec long) started before (and ended after) the trigger pulse.

6.3 Transition radiator stack

It was concluded at the end of the last chapter that plastic
foam radiator stecks are about half as efficient transition radiation
producers as ones consisting of regularly spacad dieleqt?ic sheets.

It was therefore thought wise to accept this 58 loss in signal and
carry out the cosmic ray experiment with som2 kind of suitable plastic
foam, rather than spend time in constructing a regular stack of

melinex sheets, which would be quite an undertaking for this experiment
because of the large area of the chamber.

Several samples of masterisal, mainly various types of
packing foam, were investigated with @ travelling microscope; bearing
in mind the need for the thicknesses of the two different dielectrics
to exceed their respective formation zones polyurethane foem was
found to be the best type of material. Ffroum a sat of ten random

measuremsnts its structure had the following dimensions:
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1+

Wall thickness = (20 7) pm

1+

Avérage bubble size

(270 40) pm

Since polyurethane is very similar in chemical composition
and density to melinex it was assumed their formation zones would
be almost identical. From the formation zone curves in figure 3.2
the foam wall size exceeds the formation zonse for any energy uwmto a
photon enerqy of 20 keV, the highest energy of interest in this
experiment, but the bubble size (air) does Fall below its formation
zone for photon‘energies.below about 6 keV and consequently thers
would probably be a very small loss in signal below this energy.
However the most important factor with radiator stacks is to keep
absorption in the solid dielectric to a minimum and for this reason
polyurethane was chosen as the optimum materisal.

Two blocks of foam were used, one on either side of ths
chamber, since the muons were not uni-directional but could approach
from either side of the chamber. The area of cross section of each
block was sufficiently larger than the active area of the chamber
to ensure that all particles would traverse the total thickness of
each, which was 33 cm. Thus, assuming a wall/bubble combination to
measure 290 um, there were an equivalent number of foils of about

1140, representing a thickness of 2,3 gm cm—z.

6.4 Experimental procedure

Discriminator 'A' into which pulses from the chamber
amplifiers were fed, and the PHA, were calibrated as dsscribed in
Chapter 4.

In this experiment the accumulation of data was very
slow because of the low intensity of muons; in fact there were only
1.4 triggers per minute. Consequently it was necessary to run the

experiment 24 hours a day and it was found there was often a day to
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day variation in the discriminator threshold, up to 4% at ths 6 kaV
level of B0 mV. The total variation over the whole expariment was
14%. Because of this it was necessary to carry out daily calibrations
in order to keep an accurate check on the eguivalent energy of each
threshold setting,

During the experiment daily checks were also made to snsure
that the gain of the chamber did not vary, by monitoring the channel
npmber of the peak of the spectrum from the chamber of the Fess 6 keV
X~ray.,

The basic procedure was as in the last experiment. The
delta~ray breakthrough rate was determined for runs without the stack
at @ range of threshold settings between 2.8 and 20 keV. Then the
combined breakthrough and XTR photon rate was measured by carrying out
runs with the polyurethane foam in position. The 'with stack' and
'without stack' runs were alternated daily. The CRT photograph in
figure 6.4 is from an event where the current pulse from the chamber
exceeded the preset threshold energy; it shows a large spike against
the low level particle ionization and represents the detection of a
possible transition radiation photor. It was taken during a run with
a 4.1 keV threshold with the polyurethane stack in position. With
reference to figurs 4.9 the scope input was the output of the current
amplifier, the scope being triggered from the coincidence between
discriminator A and the scintillatorsj thus the trace is from a muon
which caused a 9 keV current spike though it is not possible to say
categorically whether thié represents an X-ray or delta-~ray. Similar
runs were.also made wiﬁh approximately the same thickness of absorber
as the polyurethane foam, but mithout the multitude of interfaces,
Two slabs of perspex, equivalent in thickness to tﬁe polyurathane

foam, were used for these dummy runs.
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The gating pulse apnlied to the linear gats From the

discriminator was 30 nsec.

6.5 Results

Figure 6.5 shows the integral spsctra for delta-ray break-
through (crosses) and the combined delta-ray and XTR photon rate
(circles). Data was taken.altérnately with and without the radiator
stack in position at the same threshold setting; the reason that
corresponding points on each of the two spectra do not always coincids
with the same .energy is because of the fluctuations in discriminator
threshold mentioned earlier,

Every point in tihe above figure corresponds to about 4000
triggers which, at 1.4 triggers per minute, is about two days data
collection per point. The complete figure therefore represents_about
two months running. Data from further runs, in which the threshold of
the discriminator varied by more than 4%, was not used. |

The distribution of readings for each experiment in the
preceding and present chapters was assumed to be binomial so that, if
x svents were recorded from a total of n coincidences, the absolute
error an X was [n(x/n)(1 - x/n)] 2. The error bars in figure 6.5
are calculated from this term and it can be seen that below 11 keV
there is a clear XTR signal above the delté-ray spectrum. Above
11 keV the errors on each spectrunbegin to overlap and the two
distributions gradually cosalesce.

The lower curve in figure 6.6 shows the iétegral XTR spectrum
from cosmic rays, which was obtained by direct subtraction of tha
delta-ray spectrum in figure 6.5 from the combined delta ray plus
XTR spectrum; because the last two sbectra are so close together the

true XTR spectrum Ffom this subtraction hss negligible error due
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to an X-ray and delta-ray pulse exceeding the discrimination level
during the sama event.

Figure 6.7(a) then shows the differential XTR spectrum der-
ived from the above integral spectrum. Both this spectrum and-the one
in the last figure only go douwn ﬁo an energy of 2.8 keVas this
represents the lower limit of the discriminstor threshold.

The points in figure 6.5 were obtained from the ratio of
the number of muon triggers acdompanied by a signal exceeding the
discriminator threshold to the total number of triggers, at sach of
the various threshold levels., However, besides registering this
particular ratic esach run also produced the pulse height spectrum of
the above signals, i.e. the enerqy spectra of delta-rays and XTR
photons, because each signal exceeding the discriminator threshold
was fed into an integrator and the resultant pulse analysed in the
PHA. Figure 6.8 shows the two spectra for runs with and without the
stacks in position at £he lowest threshold setting of 2.8 keV. Each
spectrum is dsrived from 4000 triggers and it is clear that ths
spectra with the -stack contains a larger signal than that without.
Subtraction of the latter from the former gives the differential XTR
spectrum detected by the PHA and is shown in figure 6.7(b). Thus both
diagrams in figure 6.7 represent the same spectrum, the data for each
being obtained in different ways.

Two furthsr PHA spectra, one with the stack in position and
one without, are shoun in figure 6.9 for a threshold setting of 5.kev,
wvhere the delta~ray breakthrough is only 5.8% and XTR production about
1%. The two spectra are clearly less well separated than those of
figure 6.8

Data taken from the runs with the polyurethane stacks

replaced by their equivalent thickness of solid absorber show there
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was negligible production of knock-on electrons or bremsstréhlung

in the stack; Figure 6.10 shows the stack results again (circles) and
the breakthrouéh obtained with the perspex absorber (solid circles).
The curve through the lattsr points coincides-almost exactly with

that for the delta-ray spectrum in Figu;e 6.5;

6.6 Discussion

6.6.1 Delta~ray spectra

A comparisan of the three inteqrsl delta-ray spectrs obtained
sao far show they are all very similar but with some small impartant -
diffserences.

The spectrum from SrgD beta-particles, figure 4,11, and that
Erom 1.5 GeV pions, figure 5.4, are almost identical in slope at-ail
enerqgies but the beta-particle delta-ray spectrum is displaced to a
higher energy, relative to its predicted curve, by a factor of 1.9 :w0.3
over the range 3 to 20 keV. vThis rather large difference can perhaps
be accounted for by two main reasnAS:

i) It is possibie that some of the beta-particle triggers are not,
in fact, due to minimum ionizing particles but to those of a smaller
velocity and hence greater ionizing power. Although an absorber was
used in the Sr90 beta-particle experiment range straggling would still
let a few low energy particles through.,

ii) A considerable shift in the two curves would occur if there was
a2 small difference in the discriminator calibration of both expefiménts,
e.g. an under-calibration of one by 10% would lead to all points_
being shifted to a higher energy by an averaqge oF_3D%.

The delta-ray spectrum From muons, on the other hand, though
greater than the theoretical spectrum at low snergies, has a smaller

gradient than the other two experimental spectra up to 5 or 6 keV,
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then falls away in a similar manner to the other two above this
energy. This.implies, since the spectra are integral, that fewer
delta rays between 3 and 5 keV are produced here than with the beta-
rays or pions, which should certainly not be so., Despite the group-
ing of the sense wires and the use of seversal current amplifiers in
this experiment it is poss}ble that the extra Jlarge capacitance in
the large chamber could still be degrading analysis in this energy
region but the analysis of transition radiation photons will not be
affected since their spectrum is obtained by the subtraction process
described in the previous section.

It was pointed out in Chapter 4 that, because a particle
produces an almost constant low level distribution of ionization, the
pulse-From 3 delte-ray, or an X-ray creating ionization simultaneously
with the particle, will not in fact start from the baseline (zero energy)
of an oscilloscope trace 5ut, on average, 0.5 keV above it. Since
this has a much greater Felative effect at louw enefgies the signal
recorded by the experiment should pe higher than expected at louw
discrimination levels. This is therefore the major cause for the
shape of the muon delta-ray spectrum which, up to sbout 8 keV, is
shifted 0.3 KaV to a high energy relative to the theoretical spectrum,
énd it would also partly explain the high breakthrough rate obtained
with Srg0 beta=-particles at low energies.

It was explained earlier that photoelectrons from 15 keV
X-rays or greater have ranges in argon which are bepoming comparable
with the chamber thickness, and their correspanding current pulses
become wider at the expense of height so that they cannot excead
the discriminator threshold for their particular energy. This,
therefore, accounts for all three delta-ray spectra falling below

the theoretical spectrum as the delta-ray energy increases.
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6.6.2 X-ray Tramsition Radiation Spectrum

It Hés been found that there are 0.923 photons of energy
greater than 2.8 keV destected by the proportional chamber for every
muon traversing the radiator stack. Though this number is clearly
toco small to enable a measurement of the horizontal munn energy
spectrum there are ways of increasing the photon flux and improving
the. technique, and these will be dealtwith in the following concluding
chapter,

It is useful to calc;late the theoretical photon spectrum
expected from a horizontal muon spsctrum derived experimentally and
compare it with the measured photon spectrum obtained here. MNMacKeown
ot al. (2) have measured the differential momentum spectrum of muons
with zenith angles greater than 82.50, and their resultant spectrum
is shown in figure 6.11. This spectrum was divided into eight cells,
the average gamma of each one being taken at its mid=-point energy.
The number of particles in each cell was then determined by the area
of each celland the percentage of particles per cell is shown in row
3 of Table 6.1.

TABLE 6.1

Average energy of

4
cell (GeV) 4.4 | 28.2]|63.5 | 90 | 158 | 264 | 425 | 795

Average ¥ aof cell 42 | 268 |600 850 | 1500 2500 |4000 (7500

Percentage of

- 14.7 | 50.2112.3 |10.1 7.8 2.9 1.4 g.6
particles

Ad justed percentage

- 14.4 | 48,3 111.4 8.71 9.3 4.0 1.9 1.0
of particles _

Unfortunately these figures do not represent the trus
energy distribution of particles passing through the chamber in this
particular experiment because of a large landmass lying due south of

the laboratory in which measurements were taken. The experiment lay
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in a north-south direction and only tho® muons coming from the

north are represented by the above Figureé. The results of Macksown
et al. are cdrrected forthe presence of the landmass but in his
thesis (3) NMacKeown calculates the cut-off energies for particleé
passing through the landmass: figure 6.12 shows a graph of cut-off
energy against incident zenith angle. Even at 82° the cut=-off enargy
is 90 GeV so the great majority of partiples from the south in the
first four cells are entirely absorbed in the landmass. Taking account
of the relative number of particles at each incident angle betwesn
82.50 and 90°;.the adjustgd energy distribution of particles passing
through the chamber from both directions is given in row 4 of Tabls
6.1,

This last row of figures was then compUEed in the same manner
as for the 1.5 GeV electrons to determine the differential number
spectrum of transition radiation photons they should produce when
traversing a radiator stack, which in this case wes assumed to consist
of 1140 layers of polyurethane each 20 um thick, the masg absorption
coefficient being taken as the same as that of melinex (figure 3.4).
The expected output was taken as half that given by the above
computation for the reason given in Chapter 3, and experimentally
verified in the last chapter, that a foam stack is roughly hsalf as
efficient as a regular one in producing transition radiation.

From the above analysis figure 6.13 shows the actual spectrum
expected from the stack, and the spectrum which should be absorbed
by the chamber, which was obtained by folding into the first
distribution the absorption of X-rays in the 50 pym melinex window of
the chamber and absorption in the chamber gas itself. Also shown on

the diagram are the total number of photons involved and their total

energy.
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It can be seen that the total spectrum emanating from the
stack pwuks at just below 16 keV and still contains a considersble
photon Flux-at 30 keV, However, the very small absorption coefficient
OF.the argon chamber above about 20 keV mesns the theoretically
measured spectrum only peaks at 6 keVY, contains only about 1% of the
energy of the total spectrum, and consists of 0.019 photons per muon.
It con be compared with the experimental one in two ways:

i) The eguivalent experimentally measured differential photon
spectrum is shown in Figﬁre 6.7(a) and (b) where (a) was obtained from
the scaler readings at various threshold levels, and (b) is that from
spectra recorded directly by the PHA., Mainly because cof the poor
statistics neither of these show a true peak but the energy range they
éncompass compares very well with that of the theoretical spectrum,
about 2.5 keV to 18 keV.

ii) Integration of the theorefical-spectrum yields the upper curve
in figure 6.6, which also shows the experimental integral photon
spéctrum. From the latter it would seem that the majority of photons
are of very louw enérgy, around 2 - 4 keV, since below the cross over
point at 2.95 ked, the theoretical spectrum levels off and the
experimental one still rises quite steeply. At 2.8 keV, the lowest
threshold setting atteinable in the experiment, the experimental
photon signal is 0,023 X 0.010 per muon, and the theoretical one is
0.019, which agree to within one standard deviation. However, it
should be borne in mind that the theoretical spectrum is quite
sensitive to the value taken for the well thickness in tﬁe foam stack.
Figure 6.14 shows the relation between the number of photons
theoretically measured by the chamber from the séma 1140 layer
polyurethane foam against its wall thickness. Below 10 pm and above

30 um the predicted number no longer agrees with the experimentally

measured number.,
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Despite this reservation tho results shaow that X~ray
transition radiation has been detected from the horizontal component
of cosmic ray muons and very good ayreement is obtained with the

theoretically derived photon spectrum,

6.7 Related work

The only other known work involving the detection of
X-ray transition radiation from cosmic rays is that by a Russian
group who used cosmic ray muons with zenith angles between 73° and
900, the enerdy ranga being 700 - 6000 GeV (4). Their stack consisted
of 300 layers of 200 um thick paper, and X-rays were detected by a
xenon gas scintillator detector, the absorption of X-rays being
recorded by scintillation counters around the xenon detector. fhese
allowed the number of photons per event to be measured, but not their
energy. In addition the xenon scintillation detector only registered
photons with energy greater than 35 keV, the electfon binding energy in
the xenon K shell and consequently-only 77 events were recorded in s
total running time of 5465 hours.

Therefore, comparison with the results of the cosmic ray
experiment which has been the subject of this chapter is not really
possible; nonethelass the latter has succeeded in detecting the soft
component of X-ray transition radiatian and suggestions faor improve-

ment will be made in the following, concluding chapter.
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CHAPTER 7

AM APPRATISAL OF THE DISCRIMINMATION TECHNIQUE
FOR_TRANSITION RADIATIOM DETECTION

7.1 Proposed developments aof present work

7.1.1 Introduction

It has been shown that there are basically two methods
of detecting the X-ray transition radiation signal in RMWPC's when
high energy particles traverse a radistor stack:

i) The ionization deposited by the particle and the XTR it
creates are integrated and an analysis of the ionization pulse
height distributions with and without the stack shows there are
more pulses at a higher energy with the stack, this being attributed
to the sbsorption of XTR.

ii) The signal from the chamber is read out in current mode; in
this way a particle pulse is a relatively low levellone,,whereas that of en
X-ray of cpmparable energy to the particle ionization loss is quite
large and narrow, A suitable threshold eliminates the majority
of particle pulses but allows through the X+ray pulses.

In addition there has been a proposal (1) in which another
pulse shape discrimination technique could be used with MUPC's
for transition radiation detection, one which has been successfully
used in reducing the particle background in X-ray astronomy with
proportional counters (2, 3). It consists in measuring the baseline
cross—-over time after the output pulse from a charge sensitive
amplifier attached to the counter Has been doubly differentiated;

this time is converted to a pulse height which gives rise time

information, X-rays having short rise times and particles relatively
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long ones. As yet, however, the technique has not been applied
in this field but could no doubt be of henefit.

7.1.2 X-ray transition radialion from 1.5 GCeV electrons

With the particular arrangement described in Chapter 5 it
was possible, using an argon/methane filled MUPC, to obtain a maximum
re jection ratio in separating transition radiation events Ffrom non-
transition radiation ones of about 2.8, which occurred at a threshold
setting of about B8 keV. The electron detection efficiency at this
point was 2.84%. It is not easy to compare this directly with the
integration technique since in that case one aluweys gets a signal
from the chamber after the passage of a particle, and because of
the Landau distribution of ionization it is very difficult to say
from this signal whetharan X-ray was detected or not, waever,

a very important method of substantially reducing the problem of
the Landau tail will be described in §7.2.

With the technique used in this work, if electrons arse
being separated from particles which don't produce radiastion the
registration of a pulse indicates ; 2.8 greater probability that
the particle was an elesctron than not. Clearly, though, ways of
increasing the rejection ratio are needed:

i) The absorption of X-rays in the chamber obeys an inverse
exponential law; thus halving the chamber thickness less than halvses
the number of X~-rays absorbed but does reduce the breakthrough rate
by a half. Therefore, reducing the chamber thickness should
clearly improve the rejection ratio but will also reduce the delection
~efficiency.

ii) A gas filling is needed which has a greater o;arall X=-ray
absorption probsbility relative to particle ionization loss, a
condition fulfilled by xenon and krypton. The photoelectric

mass absorption coefficients of these two gases are shown in figqure
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7.1 (compiled from the same reference as that for argon, the
coefficient of thch is shown agaiﬁ here for comparison). Clearly
xenon is better than krypton but the latter, although more dense
than argon, does have the disadvantage that its coeFFiéient between
3.5 and 14 keV is less than that of argon, becaﬁse of the k absaorp-
tion edge.,

It was seen in Chapter-4 that the size of Eurrent'pulse
from an X-ray absorbed in an argon filled chamber was proportional
to its energy up to about 15 keV, at which point non-proportionality
began because %he range of the photoelectron created by the X-ray
was becoming comparabls with the chamber width. The ranges of
electrons in argon, krypton and xsnon were given ip figure 4. 5; from
this Ffigure the corresponding X-ray energy in xenon at.which the‘above
non~-proportionality should set in is about 30 keV., This also applies,
of course, to delta-rays in xenan. Bécause of this it is possible
to extend analysis in é xenon chamber to much higher energies than
in argon, and consequently it is of value to predict the behaviour
of a 1.6 ecm thick xenon filled MUPC in the experiment with 1.5 GeV
electrons.,

Figure 7.2 shows such a chamber's detection efficiency,
with due allowance made for X-ray absorption in the melinex window,
calculated from equation 5.2, I = Ioe—'pdx, where p and dx in
this instance are the absorptién coefficient of xenon and chamber
thickness respectively. It shows clearly why xenon is a far beﬁter
gas than argon for X-ray absorption, the maximum eFFiciéncy being-
over 90% and, epart from a small region from 35 to 42 keV, the
efficiency remains above 10% even up to 60 keV, whereas in argon

it drops quickly below 10% at 14 keV.
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The delta-ray breakthrough ratse will increase by a factor
over that obtained with argon of the ratio éf the density of xenon
to argon, i.s. 3.3, and is shown in figure 7.3. The integral XTR
spectrum is obtained by folding the xenon chamber detection efficiency
into ghe transition radiation spectrum amanéting from the polythene
stapk, Figdre 5.2, and is 3also shown in figure 7.3 The analysis
bayond 30 keV will be slightly in error becausé of the increasing
photoelectron range above this energy. The absorption of ali X~rays
is dramatically increased, especially those above 10 keV, wherse the
spectrum in argon falls away very rapidly. The rejection ratioc now
peaks at 20 keV (and also at about 40 keV becaﬁse of the xenon absorption
edge) but, more impértant, its magnitude is about 22, the overall
electron detection efficiency at this point béing 7.85%, of which only
0.32% is due to breakthrough. This is a big impravement on the 2.8%
efficiency at the peak of the rejection_ratio curve in argon, which
occurred at 8 keV and was only 2.8.

It is possible to increase the destection efficiency with
this technique by using morse than one chamber in a chamber-radiator
sandwich configuration, the chamber outputs being connected in
parallel., Unfortunately the detection efficiency does not increase
directly in propoition to the number oF.chamberQ because there is |
a probability that one chamber will register an oubput on the
same event as angtherj if X = detection efficiency of one chamber
for the desifsd particle, the efficiency, Y, of n chambers is
given by

Yy=1-(@ -x)" . 7.1
Therefore when X is small the detection efficiency does, in fact,
appraximate to n x X, the number of chambers timaes the single chamber

detection efficiency.
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fFor comparison with a later section in this chapter an
efficiency of 50% will be considered. For argon chambers the peak
of the rejection ratio curve is at 8 keV, where X = 0.025. Thus
substituting Y = 0.5 in equation 7.1, the number of chambers required
becomes 27. The same equation canbe used for breékthroughs, which
increase to 20%, so that the rejection ratio remains the same. Ffor
xenon the number of chambers required is 10 and the overall break-
-through in this case is almost 3% so that the re jection ratio has
dropped from 22 to about 17. Despite this these ten xenon chambers
would provide an extremely efficient method of separating electrons
from other (non-radiating) particles at 1.5 GeV. Particle separatién
can obviously be achievad at this energy simply by the uss of magnets
but the point of the above analysis is to show how useful this
technique would be at higher particle energiss where preseﬁt-day
magnets are of little use, In addition, however, more energetic
electrons will produce a2 greater yield of XTR whereas breakthrough
will remsin relatively the same. The rejection ratio will thereforse
increase and the technique will become.progressively easier_since
the number of chambers required to achieve 50% detection efficiency
will be reduced.

7.1.3 XTR from Cosmic Rays

In the last chapter the lowest discriminator threshold
setting of 2.8 kesV gave a measured XTR photon signal of
0,023 % 0.010 per particle, showing conclusively that transition
radiation had been detected from cosmic ray muons. This figurs,
and the variation in the XTR rate as the threshold is.increased;

are too small to enable quantitative calculations on, say, the

muon spectrum, but there are significant improvements which could
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Two alternatives of increasing the photon signal in the
present cosmic-ray experiment are:

a) A series of argon/carbon dioxide chambers could be arranged
to form an array of chamber-radiator sandwiches, as suggested for
dotection of 1,5 GeV electrons. fF the outputs of the chambgrs wers
summed the absolute XTR signal would increase, e.g. a set of 10
chambers each with 2 threshold of 5 keV should, according to
equation 7.1, produce an overall breakthrough signal of 0,45 per
particle and a combined delta-ray and XTR photon signal of 0.50
per particle, thereby increasing the XTR signal to 0.05 per particle.
At very low thresholds there would be a bhreakthrough for every
particle so it would, of course, be necessary to investigate every
threshold with different numbers of chambers. A suitable alternative
to the latter would be to emplay thinner chambers which, besides
decreasing the breakthrough rate, would increass the ratio of photon
rate to breskthrough rate since the absorption of X-rays varies
exponentisally, and energy loss of pprticles linearly, with gas
thickness,

b) The use of xenon gas in only one chamber would also greatly
improve the signal to noise ratio. In this respect it is thought -
that use. could be made of the fact that when the interface thickness
in a transition radiation stack becomes equal to the Formation zaone
for @ particle of particular gamma then the XTR output saturatas
and increases very little for particles of higher energy (4). Consider
a stack of 1000 20 pm melinex shests, each spaced 1 mm apart.
Calculation of the photon fFlux from this stack for horizontal muons
shows there would be 0,35 photons per particle, which are distributed

amaong the energy bins selected in Chapter 6 as shoﬁn in Table 7.1.
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TABLE 7.1

Average ¥ 42 268 600 850 1500 2500 4000 7500
of bin ) .

Total no, aof
photons from
stack

(0>30 keV)

g0 j0.006}| 0.012 | 0.024 § O.080 | 0,082 |0.074 |0,072

Energy of

these photons 0 |0.06 0.14 0.34 1.32 1.56 1.54 1.60
(keV)

No. of photons
absorbed in
¥2non chamber

0 |0.004| 0.008 | 0.012 | 0.032 | 0.026 | 0.020 |0.018
(030 keV) '

Energy of

these photons 0 |c.04 -| 0.08 0.712 0.36 0.32 0.26 0.24
(keV)

Also shown in this tabls are the number of these photons absorbed

in a 1.9 cm thick xenonchamber placpd directly behind the melinex
stack (again only photons of energy up to 30 keV are considered in
this analysis because of the increasing photoelectron range above
this energy). The muon energy spectrum used still takes into account
the effect of the landmass on the south side of the axperiment.

If, for instance, the thickness of the foils in.tha stack
were such that only half the photons for the bin with ¥ = 7500 were
produced the photon number would be reduced by 0.009 to 0.111 par
particle. A stack of even thinner foils with a formation zone below
that for ¥ = 4000 would further reduce the photon signal by 0.010
to 0.101 per particle. Measurement of the photon signal loss in
each case would allow an evaluation of the number of psrticles in

each energy bin and, sincs the experiment in Chapter 6 was able to




-104-

detect a photon flux of 0.023 per particle with an absolute errar
of 0.010, the above calculated reductions in signal could be
measured, though their érrors would have to be reduced by longer
run-times than used in Chapter 6; this procedurs would the;eFora
constitute an entirely different method of measuring ‘the horizontal

muon spectrum.

7.2 Related Uork

When transition radiation is detécted by collection of
charge from a MUPC in integral mode a technique, first suggested
in (1), has been developed which eliminates the troublesomes Landau
tail of the ionization loss distribution., This invalves using the
same chamber-~radistor sandwich configuration used in §‘7.1.2 but-
the outputs of the chambers, instead of being added, as described
in Chapter 4, are fed into a device whicﬁ measures their geometric
mean. This has the effect of 'averaging out' the large energy
transfer collisions in the Landau tail, the distribution approaching
that of a Gaussian s the number of chambers is increased, The
eFFicacy of this idea has been shown by Yuan et al. (5) and figure
7.4 shows the ionizstion distributions, one with and one without
the 5.3" styrofoam Eransition radiators, from 10 GeV electrons
traversing 10 chamber-radiator segments. The elimination anthe
Landau tsil and consequent separation of the two distributions is
just beginning.,

Yuan et al., too, define a rejection ratio, which is fhe-
inverse of the fraction of the number of counts in the cross-hatched
area of figure 7.4 by taking the detection efficiency of 50% for the
desired particle. Ffigure 7.5 shows its dependence upon.the number

of chambers. Although this graph is for 10 GeV electrons and the
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work in this thesis involved 1.5 GeV electrons the difference in
energy of the gTR they create in the photon range 0 to 20 keV (which
is the only one of interest here since the chambers are Filled with
argon) is quite small: figure 3.6 and 3.7 show the XTR content of
particles with ¥ = 1000 and 10,000 respectively, gamma valuas
similar to those of the particles under discussion here. The photon
enargy from a 250 layer melinex stack in figure 3.6 is about 6 keV
per particle. Yuan used 5.3" styrofoam radiators which, assuming

an interface spacing of about 300 um as for the polyurethane in
Chapter 6, is equivalent to almost 450 interfaces, which should
yield 12.5 keV per particle from a regular stack according to Figufe
3.7, or about 6.25 keéV for the foam used in this case.

Therefore it is clear Fhat Yuan's method produces a far
greater rejection ratio than would be obtained by using a series of
chambers with current asmplifiers, e.g. for 27 chambers his rejesction
ratio is 35, This is simply because, with his technique, both
detection efficiency and rejection_ratio.increase as the number of
chambers increase, whereas the rejection ratio remains virtually
constant in the other itachniqua.

Howevar tha predictad results of a single xenon filled
chamber attached to a current amplifier are very encouraging; at
higher particle energies where the XTR increases in both flux aqd
average photon ensrgy, a single xenon Ehamber would give even larger
re jection ratios at 50% electron detection efficiency.

Another technique, which utilizes the existence of the
relativistic rise in the ionization loss of particles, has been
investigated for separating relativistic particles of different masses
(6) but this is somewhat restricted in that the rélatiuistic risse
eventually resaches saturation at very high energies because of the

density effect.
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7.3 Concluding_Remarks

The technique of measuring transition radiation has been
shown Lo have a great ﬁotantial for separating relativistic charged
particles. The detection process investigated in this thesis has
produced useful and encouraging results, since not only has it been
possible to experimentally differentiate between electrons and pions
and to detect transition radiation from cosmic ray muons, but also
the detected XTR rates are in good agreement with  those predicted
by theory. Emphasis has, of necessity, been placéd on relatively
low energy particles. However, chambers filled with a heavy gas
such as xenon will undoubtedly play an important role in separating

and identifyihg charged particles of a higher energf.
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APPENMDIX 1

8) Calculation of the electrostatic force between individual sense

wires.

As shown in \§2.3 the force between two wires which are a

distance 'd' apart is:

Figure A.1 shows a section along displaced sense wires. Consider

the effect on wire 1 of the forces from all the wires to its right.
The horizontal component of all the forces on it cancels with thst
from the corresponding wires on the left. Ths reaultant force on
wire 1 is therefore the vertical component of the forces from all the

other wires.

Let u = sense wire displacement perpendicular Lo sense
wire plans, :
s = sense wire spacing,
and dm n = distance fraom wire 'm' to wire 'n!
]
Then: .
d122 = 4u2 + 52 X 52 (uk s)
d. 2 = au® + 98?2 » 942
14
. 2 2 2
i.e. d1n = ‘n - 1)" s

Thus, the vertical component of force of wire 2 on wire 1, for
example, is

F =F cos O

v 12 12
= 2(]2 . ZU
di2 92
= 2._q__2 Al
S 5]
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Therefore the total force on wire 1 From all other wires to its

left and right is:

b
F2 = § F,, cos e1n . 2 (n even only)
n = 2
0
2
= :;_ 2q . 2u . 2 (n aven only)
n=2 (n=1)s (n=1)s
Q0
= j;— 8q2 u (n even anly)
n =2 (n—1)252
1 1
Now T = 8(1 + /32 + /52 ces)

Therefore F2

"
o]
O
i

b) Calculation of the electrostatic force between sense wires and

the cathode plane

This calculation can be carried out by considering the
infinite number of images of a particular sense wire which must exist
to give a constant potential on both cathode pianes.

FigureA.2 shows anode wire 1 with its corresponding image
wires and charges in the two cathode planes. The forces on wirs 1
from positive image wires cancel because corresponding wires on the
left and right are equal distances awey from it. However the
negative image wires are asymmetrically placed with respect to wire

1 and therefore cause a resultant force on it.

Let u

displacement of wire 1 perpendicular to sense wire plane
and a = sense wire plane - cathode plane spacing
The distances from wire 1 to its two nearest negative image wires are:

d12 = 2a - 2u, d13 = 2a + 2u
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hus the force on wir n wi ] a is iven :
Tl ti f @ 1 from wires 2 and 3 is giv b

F23 = 2q2 - 2q2
2a -~ 2u 2a + 2u
= _?;Eli . 4u
43" - 4u2
o~ 2¢q U
2
a
Similarly d14 = 6a - 2u , d15 = 6a + 2u , and
F45 = 202 - 2q2
ba ~ 2u Ga + 2u
= 2q2 . 4u
3632 - 4u2
~ 2q2u
932
2
and F ~ 29 u etc.
67 —
25a

Therefore total force on wire 1 is given by

3 = 20 U + 20U + 20U + ...
2 2 2
a 9a 25a

Therefore F3

"
3
c
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APPENDIX II

Calculation of X~ray transition radiation flux from a radiator stack

Consider a charged particle of given ¥ traversing-a stack
of 'n' foils, each of thickness 't', figure A.J. .Transition radiation
will be created at each foil in the following manner. (For simplicity
the medium around the foils will be assumed to be a vacuum).
1st foil: At the first interfacse a spectrum of photons, dN/dE, is
produced, which undergoes absorption in the foil so that only a
fraction & rt are transmitted, where p = linear absorption coefficient
of the foil masterial. At the second interface a further spectrum

dN/dE is produced so that the total X-ray flux emanafing from the first

foil is:
Ny Loan (1. e MY
dE- dE

2nd foil:

First interface ¢ Spectrum of photons dN/dE is produced.
. . dN -Mt
Second interface: This spectrum attenuated to /dE e
Further spectrum dN/dE is produced

481 sttenuated to dN (1 + e Pt) e” Mt
dE . dE

Thus the total XTR flux emanating from the second foil is:

2 =dN (1 + e Pt) e~ M, dN (1 + e_}Jt)
dt dE dE

= QN_ (1 + ZB_pt + e—zpt)

3rd foil: Repeating the same procedure the flux emanating from this

foil is:
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Thus foar

Now
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My Cogn (14 207 P8 L 0TI ETPE L g (14 @)
d& dE dEt

[#M]
!

- - -— -
-_@_(1+29Pt+2e'}"t+espt)

dE
'n' fogils the output flux is:
._...dN” = dN (1 + 26" Mt 2@—-2,ut + eeee + 29—(n-1)}1t+ e-n)Jt)
dt d )
1 = 1 + e-pt'." e—Z}Jt + e—j}‘t + evoe
RV

= dN (1 + Ze-Pt - 29-npt +e-—npt)
d 1 - e-Pt

(1« e—pt _ e—npt _ e—(n+1)pt)
(1-a 7%

jol Ja B
m|2

= dn (1 -e"PEHn LMY
dt ) (1 - E—}Jt)

2 3
= dN (1= "PE (a1 -t s (/“t)J?.! o (pt) /30...)

dt 2 3
(1 =1 + pt - 0”9/2! » (W) /3t..)
= dN (1 - e—npt)(Z - ut) For pt < 1
dE pt ’
= dN _2_(1-e'"”t) for pt & 1
d Mt :
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