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Abstract 

The focal-plane detector package at iThemba LABS, Cape Town, is reviewed 
and a new analyser module is developed. The mathematical methods em­
ployed by the analyser are also reviewed and the final system is calibrated 
and tested against experimental data taken at iThemba LABS, Cape Town. 
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hapter 1 

Introduction 

iThemba LABS (Laboratory for Accelerator Based Sciences), Cape Town, 
formerly the National Accelerator Centre (NAC), is both the foremost ac­
celerator centre in South Africa and a medical radiation treatment facility, 
which focuses on the treatment of inoperable tumours using proton and neu­
tron therapy. Administered by the National Research Foundation (NRF), 
iThemba LABS, Cape Town, is home to a number of physics research groups, 
focusing on applied and pure sub-atomic sciences, as well as four primary 
sub-atomic particle accelerators [24]. 

The largest of these accelerators is the K200 Separated Sector Cyclotron 
(SSC), which is able to accelerate protons to energies up to 200 MeV (typ­
ically used in proton therapy), as well as light and heavy ions to greater 
energies. There are also two injector cyclotrons, which produce either an 
intense beam of unpolarised light ions, a less intense beam of polarised light 
ions, or a beam of heavy ions for subsequent injection into the SSC. A 6MV 
Van de Graaf electrostatic accelerator is also on site [24]. 

One of the research groups, which relies critically on the accelerator facili­
ties available at iThemba LABS, Cape Town, is that of fundamental nuclear 
and particle physics. This research focuses on experimental studies of the 
properties of nuclei at moderate to high excitation energies and angular mo­
menta, as well as the various mechanisms and interactions through which 
these reactions occur. The primary experimental set-ups currently in use 
are the AFRODITE (AFRican Omnipurpose Detector for Innovative Tech­
niques and Experiments) gamma-ray array and the K600 magnetic spectrom­
eter. Gamma-ray spectroscopy is performed with AFRODITE, while light 
charged particles emitted in nuclear reactions are studied with the K600 mag-
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netic spect.ro111et.er. Th<' parLidc bcaiu uHed t,o pow1T t,hesc experiments is 
accelera.te<i by t,h<> SSC. 

1.1 rrhc K600 lVfagnctic Spectrorneter 

1.1.l Basic Structure 

The K600 rnap;nct,ic Hpcct.rometerL is based on the h":600 spe.ctromctcr at 
Indiana UniVl'rsity's Cyclot.ron Facility. It consists of five. primary eleme.nts, 
namely a qnadropc>lc 1rn1)\net, t,wo dipole magn,:,t.s and two trim ('.oils ( tenne.d 
K and I-I coils). A Hchemat.k diagram t>f the KliOO magnetic spect,rornr-t.er is 
shown iu Fip;ur<' 1.1 bdnw: 

K600 S.f'~CTRQM[TER 

J..C: c~ertllft: ~orou;C! 

>tt:; h,e:,,~polc 

OJ; <:,;.oC.rup?lc 

l='P. l'lelc' pfob~ 

t 
I 

r! 

Figure 1.1: A schem.at.ic view of t-he 1<600 magnetic spectrometer [19]. 

At the turning axis of the spcct.romct.cr iH a scat.t.ering chamber with a 524n:un 
diameter, which contains a targd ladder with Hix target. poHit,ions. In addi­
t.ion. there is also a turntable. inside the scattering chamber on which dct.ec-

1 Al~o known os tbc K6Ci0 !:~ht :on spcctromcto1 
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tors can be mounted [19]. Downstream, along the chosen scattering path, is 
a carousel containing six collimators, and then the quadrupole magnet and 
the rest of the K600 magnetic spectrometer. 

To get a rough indication of the size of the spectrometer, the average path 
length for an incident particle, from the scattering chamber to the detector, 
is approximately 8m. The K600 magnetic spectrometer offers good energy 
and momentum resolution when measuring light charged particles such as 
protons to alpha particles. 

1.1. 2 Trajectory Reconstruction from Target Chamber 
to Focal-Plane 

Once the proton beam has been accelerated by the SSC, it enters the 524mm 
scattering chamber via the S-line beam pipe displayed in Figure 1.1. It then 
impinges upon the experimental target, which is situated on the target ladder 
inside the scattering chamber. On exiting this target chamber, the scattered 
protons are collimated by one of the collimators, which are mounted on the 
aperture carousel and define the angular position and the size of the solid 
angle of protons entering the K600 magnetic spectrometer. 

To facilitate measurement at both small and large angles, the K600 mag­
netic spectrometer makes use of two beam stops: An internal Faraday cup, 
for small angle measurements, and a larger, external beam stop for measure­
ments at large angles [12]. 

Once the scattered protons have been collimated, they enter the ion-optical 
system of the K600. This ion-optical system consists of five active elements 
(previously mentioned): One quadrupole magnet, two dipole magnets and 
two trim coils. The quadrupole magnet is used for vertical focusing, while 
the two dipole magnets are used to bend the proton beam in the horizontal 
plane [19, 12]. Each dipole magnet has its own focusing coil. The first dipole 
magnet makes use of the H correction coil as a hexapole focusing element to 
correct for second-order aberrations, while the second dipole magnet makes 
use of the K correction coil as a quadrupole focusing element to correct for 
first-order variations of momentum with angle [19, 12]. 

The result of the ion-optical system is that the incoming scattered protons 
are focused on the focal-plane, where a position-sensitive detector package is 
mounted. This detector package has been recently upgraded from a set of 
two vertical drift chambers and one horizontal drift chamber to a new system 
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consisting of two drift chambers, each containing a vertical wire-plane and a 
slanted wire-plane. These detectors measure particle information in the focal­
plane as well as in the plane perpendicular to the focal-plane [19, 12, 13]. 

Two plastic scintillator detectors are located downstream from the drift 
chambers. These paddle detectors act as low level triggers as well as particle 
identification detectors [19]. 

1.2 Objectives and Outline of Thesis 

1.2.1 Objectives 

The upgraded detector package mentioned above offers a higher resolution 
than its predecessor, particularly in the plane perpendicular to the focal­
plane. This increase in resolution is a result of an increased number of chan­
nels per detector, which has prompted the upgrade of the data acquisition 
electronics from a CAMAC based system to a VME system. This, in turn, 
necessitated the redesign of the data acquisition software. 

The work presented in this thesis focuses on a review of the design and 
operational characteristics of the new focal-plane detector package, as well 
as the design; implementation and testing of the analyser component to the 
new data acquisition software system. 

1.2.2 Chapter Outlines 

Chapter 2 begins by introducing the precursors to the experimental hardware 
used at iThemba LABS, namely the proportional counter and the multi-wire 
proportional counter. As the choice of fill gas plays an important role in 
both the experimental characteristics and potential detector diagnostics of 
the multi-wire proportional counter, various popular choices of fill gas are 
discussed and their effects on the detector explained. These ideas are then 
extended to the drift chamber and, more specifically, to the drift chambers in 
operation at iThemba LABS, both for the old and the newly-upgraded focal­
plane detector packages. Chapter 2 concludes with a detailed description of 
the remaining components of the detector package, namely the time-to-digital 
converters used to measure timing information and the plastic scintillator 
detectors, which generate triggering information and are involved in particle 
identification. 

4 



The next chapter, Chapter 3, reviews the mathematical methods used in 
trajectory reconstruction in both the X and U-planes. A linear least squares 
regression method of straight line-fitting is implemented, but is found to 
yield inaccurate results. The reason for this inaccuracy is determined and a 
second, more robust, line-fitting technique is implemented. 

Chapter 4 involves the application of these mathematical methods in the 
development of an algorithm for trajectory reconstruction, in both the X 
and U-planes, for use in the new detector package. Included in these algo­
rithms is the geometric argument used to calculate vertical position using 
the slanted wire-plane, as well as horizontal position using the vertical wire­
plane. Chapter 4 concludes with a calculation of the expected resolution of 
the new detectors in both the X and U-planes. 

The customised analyser module is introduced in Chapter 5, together with 
the software framework in which it is designed to function (MIDAS). The 
program flow of the customised analyser is outlined and a detailed, step-by­
step explanation of each stage is presented. These stages include: integrating 
the new analyser module into the existing MIDAS framework, reading and 
manipulating data from the online database, locating the necessary event 
information, correcting the raw experimental time data for differences in sys­
tem and timing processor speeds as well as cabling effects, sorting the event 
data information into logical data structures representative of the physical 
detector, checking the corrected raw data to ensure that valid events were ob­
served, and the implementation of the line-fitting techniques and trajectory 
reconstruction algorithms mentioned in Chapters 3 and 4. 

The penultimate chapter, Chapter 6, deals with the testing of the developed 
analyser module using data taken from an experiment in which a proton beam 
was incident on a 12C target. A discussion of possible future developments 
and some concluding remarks are presented in Chapter 7. 
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Chapter 2 

eview of the 
ardware at i 

xperimental 
hemba L S 

The experimental setup at iThemba LABS, Cape Town, comprises the K600 
Magnetic Spectrometer and a newly updated focal-plane detector package. 
The focal-plane detector package consists of two Multi-Wire Proportional 
Counters (MWPCs), each containing two wire-planes. The vertical wire­
plane is used to measure position and angle information in the focal-plane, 
whereas the slanted wire-plane is used to measure position and angle informa­
tion perpendicular to the focal-plane [19]. Chapter two seeks to catalog and 
review both the theoretical design and practical construction of the multi­
wire proportional counters used at iThemba LABS. 

2.1 The Proportional Counter 

Before one can begin to understand the Vertical Drift Chambers (VDCs) used 
at iThemba LABS, one must first understand the underlying principles of the 
proportional counter and the Geiger-Muller tube as these were some of the 
first electrical devices developed for use in modern radiation detection [22]. 
Although the Geiger-Muller tube and the proportional counter differ only 
slightly in their construction [22], the conditions under which they operate do 
indeed differ. These differing conditions (primarily the potential at which the 
wires are kept and the gas used to pressurize the chambers) allow us to exploit 
various ionization phenomena and give rise to many practical applications of 
proportional counters, which will be discussed later. 
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A simple proportional counter can be described as a cylindrical container with 
conducting walls and a thin window located at one end [1]. This cylinder 
is then filled with a gas, usually an inert gas such as argon. Along the 
central axis of the cylinder is suspended a conducting wire, which is kept at 
a constant positive voltage, say V0 , relative to the conducting walls of the 
cylinder. A simple proportional counter is depicted in Figure 2.1 below: 

Figure 2.1: Front-on view of a simple proportional counter [1] 

When a positive voltage V0 is applied to the wire, a radial electric field, E, 
is produced inside the counter. This electric field has the form [l]: 

(2.1) 

where r is the radial distance from the axis, b is the inside radius of the 
cylinder and a is the radius of the axial anode wire. This radial electric field 
is visualized in Figure 2.2. 

E 

Figure 2.2: Visualisation of the radial electric field set up inside a propor­
tional counter 
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Let. us uow examine what huppens wl1"n rn.1fo1tion ent,ers tlw cyliudt:>r. Cpou 
{mtering. the radiation int,,,na:ls wit.It t.he pressuri:r,ecl ga.s, thus iouizing it in 
&'.vcnu ()lace:~ throughout. it,H v()lume. This ionizutiou results iu elcctton-iou 
pairs. which an: c1~'.at,ed directly in the case of d1arged p11rUcle r.:ulii1tio11 all(l 
iu!lirectly, t.lu-0111-(h secondary ,·e,tctfons, for neutral radiation i(. 
Cle11rly the m<'U.Jl number of dcctrou-ion pairs 1:rc:a.t,cd iH propnrt.iona.[ to 
t,he <'nergy deposited in the cylinu.cr and thus f)mportinnal l.o the energy 
of t.he incident r;;diation. Once thc;;e electron-ion pairH are created they 
will immediately be a.ccelern.tt~l in oppo~il.c din.~c1.ions by t.he ranial electric 
field E. This acceleration caus,is the dec:tronH lo move t.owards t,he anode 
wire, while the positive imu, f\l'c accclcrn.t,cd t,oWflr<fa t,hc cat,hode wall of the 
cylinder. 

Once the electrons reach the anode wire they arc collect.cd a.nd generate t'l,n 
clc:ct,ric current, whid1 is interpreted as a si~m1J. The: 11111.gnit,ude of this 
current. depends on the iuteusity of the electrk fldd, I•:. ThiH dependence is 
shown in Figure 2.3 below, which reliites the rnm1bcr of ion8 c:o\lcc:t.ed to t,he 
anode wire voltage: 

u~'''-------,-----
Gt,~:I'· .v.:llu 

111:(Hml,,,1:c., 
/,t/~# /()f':~(~ 

~ "/6!;'fW I"""-, 
~ 
' I 

"'' 

ti-~!!!.J 
1 

a. 

IOOO 

Figure 2.3: Figure lllustrnting the relationship bet.ween gain and volt;1ge 
inside a proportional coumct [L :(. 
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As can be seen from Figure 2.3, when the wire voltage, Vo, is zero, no ions 
are collected as, in the absence of an electric field, the electron-ion pairs 
recombine under the action of the electric force between the liberated electron 
and its donor ion [1]. 

As the anode-wire voltage is increased, the number of ions collected increases 
as the force causing the electron-ion pairs to recombine is overcome by the 
electric field of the anode-wire. This region is the first flat region in figure 
2.3, located in section II. 

Detectors that operate at this voltage are termed ionization chambers as they 
work by collecting the ionized particles produced by direct reactions with the 
incident radiation [l]. 

If we continue to increase the anode-wire voltage past region II, we once 
again observe that the signal current increases with increasing voltage. The 
reason for this is that the electric field, E, is now strong enough to acceler­
ate the liberated electrons to the point at which they have enough energy 
themselves to liberate additional electrons through inelastic collisions. These 
newly created electrons liberate further electrons and those in turn liberate 
even more. The resulting scenario is known as a Townsend avalanche [15]. 
From equation (2.1) we can infer that the electric field is strongest nearest the 
wire, which localizes the avalanche to within a few radii of the anode-wire. 

The number of electrons that collect at the anode remains proportional to 
the number of electrons directly liberated by the incident radiation as the 
Townsend avalanche is a property of the applied voltage. There is hence an 
amplification of the signal current, with a multiplication factor dependent 
on Vo. This scenario is a desirable one as it produces a signal current far 
greater than the ionization chamber, yet is still proportional to the number 
of primary electrons. Detectors that operate at this voltage, located between 
regions II and III, are termed proportional counters. 

If the anode-wire voltage is further increased beyond region III, the total 
number of ionized particles created is sufficiently large that their collective 
space charge distorts the electric field near the anode-wire. As can be seen 
from Figure 2.3, proportionality begins to be lost and this region is thus 
termed the region of limited proportionality [1], which is located between 
sections III and IV of the graph. 

If the voltage is now increased beyond the region of limited proportionality, 
we reach the last useable voltage region, known as the Geiger region [4]. In 
this region the voltage is so high that excitations are observed in the atoms 
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and molecules of the pressurized gas. These atoms and molecules then de­
excite, by the emission of ultraviolet photons, causing a further chain reaction 
of ionisation avalanches [4] spread out over the entire length of the anode wire 
[l]. 

The result of this chain reaction is that the signal current becomes saturated 
- that is to say it always registers the same high amplitude for all incident 
radiation regardless of the energy of that radiation. The downfall of this 
signal current saturation is that detectors operating within this Geiger region 
do not give any information as to the type or energy of the incident radiation 
[4] - these parameters have to be inferred from the observation of shielding 
effects. Detectors operating within this region are termed Geiger-Muller or 
breakdown detectors and require an additional gas to act as what is known as 
a quenching gas [l]. The role of this quenching gas is to absorb the ultraviolet 
photons emitted by atomic or molecular de-excitation and drain their energy 
into other channels [1] to prevent current saturation. 

If the voltage is increased further than region IV, a spontaneous breakdown 
occurs within the detector and a signal current is generated with or without 
the presence of ionising radiation. This is clearly undesirable and usually 
results in arcing and a damaged detector. 

2.2 The Multi-wire Proportional Counter 

Earning its inventor, Georges Charpak, the 1992 Nobel Prize in physics, 
the multi-wire proportional counter is the logical successor to the simple 
proportional counter discussed earlier [25]. Prior to the advent of the MWPC 
much particle detection in physics laboratories was facilitated by the use of 
bubble chambers. These well known devices were chambers filled with an 
overheated liquid which produced tracks of tiny boiling bubbles along the 
trajectory of the incident particles [17]. The downside of these detectors was 
that the particle tracks could only be viewed from optical photographs taken 
at one second intervals. Modern experiments typically produce hundreds to 
millions of events per second [17], which far exceeds the limitations imposed 
by bubble chambers. In addition, bubble chambers offered no projection 
information; instead the experimenter was restricted to a top-down view. 

Charpak's discovery set in motion the development of a wide range of wire 
chambers, some of which are still in use today. 

The basic MWPC can be considered as a plane of thin, parallel and equally 
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spaced anode wires housed within two cathode planes and the gas mixture. 
These cathode planes can either be a mesh of conducting wires or a plane of 
conducting material, such as aluminised mylar [l]. The separation distance 
between the anode and cathode planes is typically of the order of a few mil­
limetres [14]. The planes are then housed within a chamber and pressurised 
with a gas. As previously discussed, the choice of gas is important to the 
mode of operation of the detector and will be dealt with separately later. A 
simple MWPC is shown below: 

V 
Cathode Plane 

Annrl• 

Cathode Plane 

Figure 2.4: A side-on schematic view of a simple multi-wire proportional 
counter. 

Figure 2.4 illustrates that a MWPC can be thought of as a side-by-side con­
figuration of proportional counters with a mesh or plane acting as a cathode, 
rather than the walls of a conducting cylinder. When a high voltage (HV) is 
applied between the anode and cathode planes, an electric field is set up as 
in Figure 2.5 

As can be seen from Figure 2.5, the electric field, E, is roughly constant 
for distances greater than fifteen anode wire radii [14], while it takes on a 
1/r dependence within a few (typically of the order of five) anode wire radii 
[15]. This electric field configuration is useful as it is only when the primary 
electrons, produced by ionising radiation, are near the anode-wires that they 
gain enough kinetic energy to create a Townsend avalanche described pre­
viously. This scenario ensures, at least in theory, that any given Townsend 
avalanche is localised to one anode wire rather than spilling over onto an­
other. If one considers the MWPC to be used for position detection, it is 
immediately obvious that, should an avalanche spread across multiple anode 
wires, the position information gathered in the experiment would be fl.awed 
as it is meaningless for a particle to be in two places inside the detector at a 
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Figure 2.5: Electric field within a MWPC [l]. 

single point in time. 

In real detectors, however, this constancy of electric field far away from the 
anode-wire plane is not enough to isolate the various anode wires and thus 
so-called guard wires are placed, evenly apart, between each anode wire in 
the plane [19]. These guard wires are beyond the scope of this idealised 
detector and will be treated in more detail later. 

After the Townsend avalanche occurs, the current generated in each individ­
ual wire in the anode plane is amplified by electronics and interpreted as a 
separate signal. This signal current is then analysed further and physical 
quantities such as position and momentum may be calculated. 

If the total charge collected within the detector is proportional to the to­
tal number of primary electrons, the detector is said to be operating within 
the region of proportionality or is termed a proportional detector. The con­
stant of proportionality is called the multiplication factor and has a square 
dependence on the voltage applied to the anode-wire plane [14], 

m ~ 11a2. (2.2) 

Figure 2.6, taken from the journal of physics: conference series, illustrates 
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the dependence of the multiplication factor, m, on th<:' applied voltage . 

• 
~ • 
.!12.0 

I,,"" - ' .Ji ; 

• • 

• • 
~ 7!0 1 • • 

•oot ..... l . . . . 
• • • 

0 .. . A. .... ~~ ... -· -- •• ,-~~~~~-~~~ 

• 

1~ UIOO XIOQ ~ 1400 U.O 3800 .:)0()0 ~ao 3iMc> 

""''·~ (V) 

Fip.;lll'e 2.G; The depende.uce of the. mnltiµlicat.iou faci,or. rr1. 011 Lhe applied 
hi~h volta~e [ 14]. 

2,2.1 Choice of Fill Ga:, 

Tlic opcnu,ioua.1 characteristics of a MWPC depc:11d greatly ou I.he choice of 
fill ga.s. '!'lib choice: is i111lne11c:ed lar:;ely by folU' factors [1 ]: 

• Low working voltage: the fill ga~ must. support avalanche production 
at. as low a voltage. a.s pos!:'ible. 

• High gain: the. fill gas must give: ris1~ t,o snffic:icmly lar:;e avalanches t.o 
ensure t.hac the. fi11a! sig11al current, is larg<~ when cxirnparncl l,o hadt­
gronnd noise, 

• Good proportionality: the total c.ha.rge. deposit<~cl iu the: det.cdor must, 
he proportional lo the. number of primary electrons. 

• High hit rate. capalJilit.y: the fill gas must. uot, duu1ii;c lt,s opernt.iug 
characteristics wh1?11 subje.cte.d to a high particle rnt.e. 

To meet t,he low working voltage requirement, inert gase;; are. usually chosen 
a;;, they yield avala11cbe.s for electric fields of low intensities [1] as illusLrnl.cci 



in Figure 2.7. The preferred inert gas is argon as it is both inexpensive and 
has a high specific ionisation - that is to say when radiation passes through 
argon, a large number of electron ion pairs are created along the trajectory 
of the incident radiation [26]. 

Pure argon, however, only provides a gain of the order of 103 - 104 before 
the onset of continuous discharge, whereas a gain of 106 or greater is more 
desirable for modern physics experiments [1]. The reason for this discharge is 
the high excitation energy of argon (11.6 eV). When excited argon atoms de­
excite they release 11.6 eV photons which, in turn, cause further avalanches. 
As the number of these unwanted avalanches increases, proportionality is lost 
as the charge deposited in the detector is no longer due only to the avalanches 
set in motion by primary electrons, but also has an increasing component due 
to high energy photons being emitted by de-exciting argon atoms. 

This problem can be corrected by the addition of a so-called quenching gas. 
A quenching gas acts like a sponge in that it absorbs radiated photons and 
dissipates their energy through dissociation reactions and elastic collisions, 
which are not harmful to data acquisition [1]. 

In dissociative reactions the molecules of the quenching gas split into separate 
smaller ions or molecules upon contact with the incident photons, while in 
elastic collisions the high energy photons are Thompson-scattered [30] and 
absorbed. 

The most common quenching gases are polyatomic gases such as CH4 or 
alcohol. However, inorganic gases such as CO2 or BF3 can also be used [l]. 
With the addition of a quenching gas more acceptable gains ( to the order of 
106 ) are achieved. A mixture of 90% Ar and 10% CH4 is frequently used and 
has been named PlO gas [1, 23]. 

One of the problems with PlO gas, as well as with any organic quenching 
gas, is the accumulation of solid or liquid polymers on the anode and cath­
ode after the absorption of high doses of radiation. The manner in which the 
organic gas quenches the unwanted excited photons is the root of the prob­
lem. As mentioned earlier, a quenching gas works by dissociative reactions 
which split the quenching gas into smaller molecules. When these molecules 
recombine, they form solid or liquid polymers which adhere to the anode and 
cathode and form a layer. Both the positive and negative ions arriving at the 
anode and cathode planes must first diffuse through the polymer layer be­
fore arriving at their destinations. As the positive ions drift far more slowly 
than the electrons (by a factor of 10-3

), a positive charge build-up occurs 
within the detector [l]. Over time this charge build-up is so great that it 
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c:}1.11sC;s a spont11ueous di5d1arp;e wit.bin I.he <lcLect.or, whkb pf.•rsists even after 
t-b<:> removal of radia.1.lon. Onc1, t,his oc:curs, 1.lw polymers mus1. be removed 
from I.he d<'I eel.or before it- cm1 he used aga.iu. This problem can be .woi<le<l 
li_y using an i11orgm1ic que.nching gas s11ch as CO2 , ri.lt.ho11gh I h,)y offor lower 
m:;ohLtio11. 

To keep the inherenl diidency of orgallic quern:bers, wbile :i:voidiug anode 
and cat bode polymerisrttion. a t.llin.l :,;ns is ,ulded t,o th,i mixture. Tltis I birtl 
gas, rne.t.hylnl or propyli(; nkohoL fu:t.s ;is a 11011polyme.rising age.nl. 

011e final problem worth noting: when <lc,1linp; wit.h H. seal1~d :,;as det-e.ctor. 
the quenching gm, it.se.lf is co115umed. The more quem,hinp; gas consnrned, 
t-he less effect- the re.maining gas will have within Lhe ddect.or 1mtil t-here is 
no quenching ga;, remaining ,rnd prnport.iom11it.y is lost ll, 151- '!'his problem 
can be. circmnvented by h,wing a co11Li111mns gas Aow ,vithin t,he ckt.ector 
rat.her than having it seale<l. 

? •cl~ -f-----l--J-...l-~"l:1'-
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Figtu-e 2.7: The prolmbilit.y of a st1condary ionisation evenl per uniL pat.h 
lenp;t.h. also knowll m, the. first. Townsend coefficient, is <lispl,iyed fli> ,\ fund.io11 
of reduced <'iectric: fi~ld for various inert- ga.se5 [l, 15[. 

2.3 Drift Chambers 

When the. l'v[\.VPC was first invented, ii. was e11 visioned as n. speedy means 
of de.t.ect-ing rw.liation. During iLs infa.ncy, how()ver, it- wns re.nlise.d chat the 
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MWPC could also be used to determine spatial information, provided the 
drift time of ionised electrons was known [l]. If the arrival time of the 
incident radiation is known, as well as the time at which a given signal-wire 
fires, then the drift distance from the point at which the electron was ionised 
to the signal-wire can be written as [1]: 

1
t1 

x = t. u(E)dt, (2.3) 

where ti is the arrival time of the incident radiation, measured by electronic 
devices, t I is the arrival time of the ionised electron at the anode-wire and 
u( E) is the drift velocity of the ionised electron as a function of the applied 
electric field, E. 

The generalised equation above requires an exact mathematical expression 
for the (possibly complicated) electric field. As it is impractical to expect a 
data acquisition system to dynamically integrate a computationally expen­
sive function up to seven times per event, most drift chambers employ field 
shaping. These so-called field shaping wires are kept at a constant voltage, 
appropriate in magnitude and opposite in sign to the anode-wire voltage. 
The field shaping wires serve as a means to make the electric field close to 
the anode-wire constant as opposed to the 1/r dependence shown above in 
Figure 2.5 [l]. 

Employing this assumption reduces equation (2.3) above to: 

(2.4) 

This yields a constant drift velocity, allowing the drift distance x to be pre­
cisely calculated. Once the drift distance or distances if multiple wires fire, 
are known, the trajectories of the incident particles can be reconstructed 
using methods which will be explained later. 

2.3.1 Choice of Drift Chamber Fill Gas 

As with the MWPC, the choice of drift gas in the chamber is vital. In 
addition to the factors described above, one must pay particular attention 
to the drift velocities of ionised electrons through the drift gases. Should the 
drift velocity be too small, or the drift path too long, then the presence of 
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electronegative gases would absorb the ionised electrons before they reached 
the anode wire-plane, thus rendering the data useless. 

It is ideal, therefore, to have the drift chamber gas as pure as experimentally 
possible. Using only a pure inert gas as a drift gas causes problems ( explained 
earlier) and thus a small amount of impurity, in the way of quenching gases, 
etc, must be used. The extent of the impurity allowed is proportional to the 
length of the drift path. The longer the drift path of the ionised electrons, 
the more likely they are to be captured by the electronegative gases [l]. 

Another desirable quality for a drift chamber gas is the saturation of the drift 
velocity at low, or low enough, electric field intensities. This means that, for 
a small change in the homogeneity of the electric field, the drift velocity of 
electrons through the drift gas changes little [1]. Should the drift velocity 
change by a non-negligible amount, then formula (2.4) above would not be 
valid. The addition of guard wires would not alleviate the need for the time 
consuming integration that would be required for accurate data analysis. 

Figures 2.8 and 2.9 below show the drift velocity of electrons in two gas 
chambers: one chamber containing various mixtures of argon and methane 
and the other chamber containing various mixtures of argon and ethylene 
[1, 2]. 

From the above figure we can observe that, for certain magnitudes of the 
electric field, the gas mixtures yield a roughly constant drift velocity for a 
large change in electric field. Other factors that influence the magnitude of 
the electric field are the chamber temperature, room temperature, operating 
voltage, quality of the electronics and wiring etc. Detectors whose drift gases 
operate in this region are thus less susceptible to the factors mentioned above. 

Finally, the magnitude of the drift velocity itself also plays an important role 
in the mode of operation of the drift chamber. Should we want the chamber 
to be optimised for acquiring data at a rapid rate, then the drift velocity 
should be as large as possible to minimise dead time within the detector [1]. 
If, on the other hand, we wish our detector to acquire data more slowly, but 
give more accurate spatial data, then the drift velocity should be as small as 
possible so as to minimise the error in the timing measurements [l]. 

Gases which offer high drift velocities include: CF 4 mixed with a hydrocarbon 
quencher [1], while gases which yield lower drift velocities include: CO2 or 
He mixed with C2H6 [l]. 
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Figure 2.8: Drift velocity of electrons in an argon metlmne gas mixture, as a 
function of electric field [l, 2]. 

2.4 The Drift Chan1bers at iThcn1ba LABS 

The.re are two identical M\.VPCs in tl1e K600 spectrometer va11lt at. iThemlm 
LABS. Each MWPC houses two anode-wire planes: one vect.ical wire plane, 
or X-plane, to facilitate t.he m<;;rn1trcm,:nt of liot.h the poHh.ion and an~lc in 
the focal plane: and one slant.ed wire phuu\ or U-plane, to facilitate the me.a­
suremem of the position ,md ,u1~lc perpendicnl,u· to the focal plane l L9]. The 
vertical and t.he slant.cd wirn-planeH will he treat<,d separnt.<,ly, even t.hough 
they are housed within t.he same detector, since the U-plane. ,vas added on to 

au already exist.inµ; M\VPC and. t.he.refore, itH construction depends on that 
original MWPC. 

'T'he original foc,)I plane detector pack11~c• conlcdnc<l three• i\lW PCs: two vcr­
t-ical drift chambers, or VDCs, and one hori:r.ontal drift chamber, or HOC, 
which is shown in Figure 2.10. The words vertical awl hori:r.ontal refer not 
to the orientations of tbe wire p lanes within t.he detect.ors but. rathe.r t.o the 

18 



~d~I «1..,<~r ly 1- A·'9~:\ :11)~:( . .!·-.~ 

M1x.l+,.1r4: 

--
40 ,:IIJ 'fJ _ 

'i ;o . - - ·•~ ~o - - - -
r , 

, ,
1

" •:.c rA.--

! !i 2 2'S :i 35 '-4 

F. ~ ~V,·rn,] 

Figure 2.!l: Drift vdodt,y nf clcc:1,rons i11 an ;,rgon ethylene gas mixture, as a 
function nf e lectric lkld 11, 2]. 

dtif1, direct.ions of 1:be lihernted electrons within the detectors. Both tho "ver­
lical" i1nd "sbnl.cd'' wirn pfones fall under the term vertical drift clmtllber 11s 
in bot.h c11ses I.he drift direction of the liberated electrons is th<' silllle. 

As tlw HDC is no longer being used, it will only- he rncni.imicd for t.hc sa.lw of 
completeness and not in mncb detll.i L A II drift drnrnbem, vcr1Jc11L l1nri.wn1·.al 
and slanted, were designed aml commissioned hy iTlwmhfl LABS. 

Strnctnrally, t.he drilt d1mnhcrs consis(. 1m1inly of I wn high-ml! il;!;e c,11.hodc 
planes with an anode signal-wire plane between th<·ni. i\ scl1'~1m1tir: view of 
the VDC i~ shown in fig1.1rc 2.1 0. 

As Ci1n be seen from the diagrnm, two mylar planes (2511-m thick) shield the 
interior wirt~pliine from atmospl1erie gases. The volume bo11nded by the two 
mvliu· l)li1ncs is pressurised wii.lt ;1 g;.1s mixt11re consisting of 90% Ar 11nd 10% 
CO2• The two 11igh-voltagc catl1odc planes arc constructed from two pieces 
of aluminit:.i11 foil 2711.m thick illld separated by a distance of 16mm. \Vben 
in operation, t,hc cathode pl11:ws i1rc kept at 11 constant negi1tive voltage of 
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Figure 2 10: 8chematic view of a VDC at. iT'hernba LA R8 [l 9]. 

appro.xin1al.cl,Y -:J800V. This YI\VPC con.fi)(umtion i;;; the ;;;a1t1e in principle 
f'-'> tl1c I hcor<'li<:al M\.VPC;;; d<'St:ribctl e,ulicr, cxccpl. in pmdice 1.ho cal.hocfo 
plane is kepi, f.t, ft <:onst,a.nt, ncgal.ivc voll,a)(c iru;1.ct1d of 1,hc r,nodc-wirc pl,u1c 
being kcp1, al. n consl.nnl. positive voltage. 

1'hr signal wir<>-plane of each VDC cousii;ts of 198 gold-plat.ed tuugste.n signal 
wires each 201an in diameter aud spacod 4mm apart. To facilitate the. drift.ing 
of charger! part.iclei; (elect.roni;) to the i;ignal wires, t.110 signal wir~plauo is 
kept at n constant 0V potential. Ju bnt.weeJL t,he 198 i;igual wiros are a furt,her 
l!:)9 guard wires. These guard wires arc constructed from 501,tm thick gold 
µlnte<l tungsl en, plriced 4nuu r,part and kept al, a c:onstan1, ncgal ivc voltage 
of~ ,i00V. These gua.nl wirns dofine c:dls 41.1.lll'.l in widLh assodal.ed wi1,h c,id, 
"igmd wirn f l!l]. If rm olec1,ron drifl.s l,ow,ucls or j,, iouisocl ne,u a j,tuarcl wirn, 
it will be clcllcc1 eel towards Llic zero-voll.a)(<' ;;;ignal win' nearm1. to i1, under 
the action of 1.l1c Colournb force. 

The Horizontal Drift Chambor, HDC, moumed after VDC 2 and before l,hc 
plastic sc1millator detectors, is sunilar in concept, but slightly different in 
de.sign. The HDC consists of Hi signal wires and 17 guard wires in a horizontal 
configuration. The operntmg voltages of the HDC arc ~ -20UUV across the 
cathode plane and ~ -1200V across tlte gmu-tl wires. 11, can be seen t.ltat, I.he 
maiu difforonce. hetween the VDC and HDC is the driit direction of electrons 
withiu t,he drift chamber. !11 the case of the VDC. the drift direct.ion of an 
elect.roll is perJ)()ndicular to the plauc of signal wires while in tho HDC the 
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r!riij direct.ion of ,m dcet.ron is 11hmg t,hc plauc of signal wires. 

1\x Ht,ar,ecl earlier, tile new 11\VPCs cout.11in t,lie original vertical ai1ode.-wire 
plane ancl an addit.1om1l slant.eel m1ode-wirc phm,,. The decision t.o imple,­
uH,nt, 11 slai1l.cd wire plane str;,ms from t.he fact. t.h;it, i1, yic:ldH lii:i;h reH<>itJtion 
verr,lc,i] i11form11ti011 in a detector comparable in si:r1e tr> t,hc: c;urreut VDCs. 
Whc.,n cksiguiug t,hc m•w slante.d a.node-v.irc plane, \.wo primary f11c;torx were. 
i;onsiclc:rc~l: F•irstly, at. wha.t anglr t.o the vertieHl should the slaut.cd wires 
be placed? Secondly. given \.]rnt, the i.l>Jd1t,ecl wire-plane is posit.1onecl a dis­
tance behind the vertic11I wirn-plmu, within the :Vl'\VPC, how mmiy wires H.n: 

UC'C'ded h1 tl1e shmt,ccl wirc-yilauc: to e.nsure. that all events collectecl from the 
venical wirc-pl11uc arc Hlso n.illcc;\.cd in the slanted v.ire-plane ):I] . The scx:­
ond fact-OT is au import,>1m, ouc· Rs, for data to be considered valid, there must 
be a coiudclc:11cc of dcr,cc;t,ion across all fout· w1rc-pbnes (spaJwing \.he., I.we> 
11\VPCsJ as wc:11 ,L, r.wo p11cldlc· de.tee.tors, which provide Liming iuformm,1011 
and will be disc;nssecl in more clctaH lat.e.r. 

The. U-plane. wire rmgk was c>1lcnfatc:cl by w11y of a hit, analysis [13]. Consider 
a particle inc.idem on ll. rlcteclor whose, wires are. slante.d at ,m angle o[ 45° 
to t.h<'.' vcrt.ic11l. The., particles mot.ion through the clet.ector is shown in F•ignrc 
2.11 , aH \~~.,11 as t,he drift direction of ionised cl<'.'ctrons. 

Fi:i;1m: 2.11: Pront view of aal incident. p,inide's moiiou tliro11:i;h a Hlanted 
wi.rc:-plll.nc I 13]. 

Ir. is clear, from Figure 2.12, t.hal the U-plan<· \~ill function in C'Xa.::lly t.hc., 
same manner as tl1<:' X-plauc:; the: only difforenre being tile number of wlrc:s 
that fire per event., assuming r.hat. the: pc:rpe.ndir.ular v.cire-sp,Lcilig ls t.he s,uuc: 
as that of the X-plane. To fine! ont liow many wirE>s fire for v,,rious types of 
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Fi~11re 2.12: Top view of an incident, part.idc's mot,io11 Umrngli a slanted 
wire-plane (1:1]. 

event,8, a hiL analysis Mt8 performed a1, iThemlm LABS. The t.wo t.raject,ories 
depicted in 1,lte figure above arc for l.wo particles: one' travelling hori;1,c.mt,ally 
aud U1e ol her t.wo degrees off horizontal. 

From measurements ca.nied out at iThemba LABS, it was determined 1,ha.1. 
higl1 dispersion pla.ne evenl.s peak at six. wires, while medi11m dispersion plane 
events pea.k at five wires (l:l]. As I.he medium disperHion plane is t.he more 
restric:tive of the two, the hit analysis was performccl for this case. 

From calc11lal.io11s previo11s]y carried ont by Dr F.D. Smit (31], tl1e minimum 
aud maximum foc:al-plane tra.jectory angles for particles in the mediwn dis­
persion pill.De were c.alcnlat.c<l to he 29.8 a.u<l ,12.0 degrees respectively. TJ1e 
bes1, approximatio11 for t.he 1mgle of the cent.ra.l ray was calculated t,o be 
35 7fi0

• Figures 2.13, 2. H and 2. lfi below illustra.te the trajec:tories of three 
liypothetic,1I incident. partides with a.ngles equa.l fo tl1e minimum, maximum 
and nominal 1,rnject,ory angles respectively :131: 

Figill'C 2.1:1: :VIinimum medium <lispeision plane parlide traject,ory :13:. 

From t,hese tigmes it can be seen that the minimum angle pnr1,icle l.rnjedory 
causes seven wires to be fired. The maximum an~lc parl.ide 1.rnjedory causes 
four wires to be fired and the nominal angle part,iclc l,rnjec;t,ory causes six 
wires to be tired within the ex.isling VDC. 
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Figure 2.15: :\'oruiua.l ruecliuru c!isJJC;r,i,m Jllan<! particle t.ra.jec.tory [13:. 

Fiv;nrc;s 2.13, 2.14 a11d 2.15 assume that the widt.h of che signal-wire cxill, 
c:rc;at<!d by t!te guard wires, is ha.If the signal-wire co sigual-wirn clist.m1c:c. 
Thi, of course implies tha.c the width of the guard-wire cell is haU t.lw ;_\n>1.rcl­
wire t.o guard-wire distance~. Employing chis asstUllJli.lOu allows us to c;st.imat.c 
the horizontal pach si:w of au iucideut parUdc wit.!tiu t!tc; dct.c;c:tor. T!tis 
horizontal path is defined as the t.ocal horlwutal clls1.,u1C:c; whic:!t an il1cident. 
particle travels within the dct.ector for au evm11.- where; n ,igm1l-wirc, a11d 
·11 - 1 guard-wires fire. This defwiciou also i1J1J1lies to d<•kctor c;v<!11ts wlt<!rc 
·11. gna.rd-wires and n. - l signal-wires fire. The Lot.al horizontal c!i~t.a11ce is 
demoted by che variable DC"'"' and is rdat.ecl to the umnbcr or wires that fire 
and to che spacin~ of U,ose wirc;s hy t.lw fo\lowil,g formula (13]: 

(2.5) 

Ma.kin~ ,im!ic:ion, nsc of tl1<! detect.or geomecry, this hori.1outa.l distam:<! can 
also be writ.teu iu terms of th<! dct<!ctor widch and the angle 1.ha,1, the iuciclc;ut 
particle makes with t,h<! foc:al-pla11<! (1 ::\]: 



nc, = Hhn·111. . 
· tan ( 01,rm:d 

(2.6) 

\;Hin)!; cq11utio11s (2.5) and (2.6) nbovc allows 118 to e~l.imak I.he llltmber o[ 
wires t.hnl, Hho11lcl fire for u11 evc111, of any nngl1:. For t,hc pHrJlOSC'H o[ a hit. 
ann.lyHiH, however, I.he most. rclm~\J\I, an)!;ll'S arc t.lte minimum, m11xim11m and 
nominnl. Th,• I.ah!<' below shows t.hl' horiwul.nl dist.m'tcc· Llml. an i.ncicknl. 
pa.rticle tra.vels i11side t,hc <kt.ec.t.or as well as the n1mihcr ,>f wireH e.iqJeded 
to fire fur various possible a.ngles of the slant.ed wire-plime (13): 

Pml.icle tr;).(:k DC,.. I No. of wires No. of wires No. of wires 
I ( 4mm spacing) (G.ufoum 
' 

(umm spac-

.. _spacing)_. .... - ing) 
29.8' 27.9n1n1 6 or 7 ,1 or 5 ,1 or ii 
3~.!)' 22.1mm 5 or 6 3 or 1 3 or 1 
,12,9° 17.2mm 'l or 5 2 or 3 2 or 3 

The wire-spadng above refers l,o the hori7,ont.al diHl.ance het,wec11 c:ach o[ t,he 
sig11a.! (a.nd therefore also goard) wirc8. The perpendicular cfo,i,1111<:e, how­
evi:,r, is kept a,t a. c:011st1rnt •1mm. The 4mm pcrpc11dic11lar wirl'-Hpaci11i; th1rn 
obviously corrcHpondH to a sr,m·,da.rd VDC, while the 5.66mm perpendicula.r 
wirn-Hpndug corn:Hponds t,o 11 Hla.Jited wire-plane angle of 45° a,nd the 6mm 
perpeudic1tlar wirc-Hpacing corresponds l.o 11 slamed wlre-pla,ne angle o[ 41 .8''. 

To rna.ke adequate use of the slanted wire-plane, one has t.o e.nsure tha.t a.t 
leasL t,hree t.o four wires fire for tl1e worst case event, which here corresponds 
l.o t,he maximum an)!;le. To ensure t.liat. at, least. foul' wires fire for this event, 
the hori7.onta.l wirc>-Hpa.cing is ca.kulat.cd aH: 

( 
1) 17.2 4 - -;- x wire.spacing= --1 = 4.91mm. 
2 1-· -

2 

(2.7) 

Knowing both th<' hori1,011t,11l nncl perpendicular wirn-Hpacing allowH nH to 
c.alcnla.te t.he wirn-pla.nc a.nglc uHing Himple trigonometry. 'l'hc perpendicular 
wire-spa.cing is known to be 4rmn, resulting in a. {;-plane angle. of: 

. ) 1 
sin lB,..,.r,1,m.: = 

4
.
91

, (2.8} 
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so that 
0wireplane = 54.5° 

Thus a wire-plane angle of at least 54.5° is needed to ensure that enough 
wires fire to create useable data in all cases. 

2.5 Spanning the Entire X-plane 

As mentioned previously, the second factor that was taken into account dur­
ing the drift chamber construction was the horizontal size of the new U-plane. 
Consider the new wire-plane to be comprised only of full length wires and 
to be the same size as the original X-plane. It is clear in this scenario that 
there will be dead regions at the edges of the U-plane [13]. These dead re­
gions interfere with the coincidence necessary for data acquisition. Figure 
2.16 below depicts the situation. 

From Figure 2.16 it can be seen that, if the new U-plane is the same size 
as the existing X-plane, all valid readings close to the edge of the X-plane 
will not register on the U-plane. This will force the data acquisition system 
to disregard data that would be considered valid in a detector with a larger 
slanted wire-plane. 

To correct for this problem, the horizontal size of the U-plane must be larger 
than that of the X-plane. Assuming the previously calculated wire-plane 
angle of 54.5° and the detector geometry shown in the image below, we can 
calculate how much longer the U-plane must be. 

From the detector geometry shown in Figure 2.16, it is clear that, to span 
the entire X-plane, the U-plane must be an additional [13]: 

100mm 
tan (54.40) = 71.6mm (2.9) 

larger on either end of the existing X-plane. With a known horizontal wire­
spacing of 4.91mm, this results in an extra 14 wires being needed on either 
side of the X-plane. 

The above argument assumes that the centre of the U-plane is in exactly the 
same position within the detector as that of the X-plane. In reality, however, 
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Figure 2.16: Wire-plane geometry of the iThemba LABS MWPCs [13]. 

the U-plane will be 16mm behind the X-plane. This distance is compensated 
for by a horizontal shift of [13]: 

16mm = 22mm. 
tan (35.75°) 

(2.10) 

2.6 Other Components, TDCs and Paddle De­
tectors 

Thus far we have considered only the two drift chambers in the focal-plane 
detector package. These two drift chambers do, however, depend primarily 
on two additional pieces of equipment to meet experimental needs, namely 
Time to Digital Converters, or TDCs, and Paddle Detectors. We begin with 
the paddle detectors. 

2.6.1 The Paddle Detector 

The very last components in the focal-plane detector package is a set of two 
plastic scintillator detectors each connected to two photomultiplier tubes. 
The rectangular plate of the plastic scintillator, when connected to the pho­
tomultiplier tube, resembles a bat or a paddle and hence the name. 
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The inner workings of the paddle detector, while well documented, will be 
included here for the sake of completeness. A plastic scintillator is understood 
to be a material which, when a charged particle passes through it, emits a 
photon. These photons usually fall into the 100 400nm wavelength range, 
which corresponds to the violet or ultra-violet range. This range implies 
that plastic scintillators are susceptible to background atmospheric radiation 
and explains why unshielded plastic scintillators often appear to be purple 
around the edges. To correct for this high susceptibility of plastic scintillator 
material to ambient light, the plastic scintillator paddles in the focal-plane 
detector package were light-proofed by wrapping them in black paper and the 
edges were secured with black tape. This ensures that no background light 
creeps into the scintillator material, which would compromise the readings. 

Plastic scintillator materials are manufactured in many forms and from many 
substances. The paddle detectors in the focal-plane detector package of the 
K600 magnetic spectrometer are constructed from solid state scintillators, in 
this case BC-408 premium plastic scintillator manufactured by Bicron [32]. 

When a charged particle is incident on the plastic scintillator, it excites the 
electrons within to an energy level proportional to the energy of the incident 
charged particle. When the excited electrons de-excite, photons are emitted 
as the excited electrons return to their ground state energies. The photons 
produced, however, are too small in number to be easily detected. In addition 
to this the produced photons are unlikely to have a trajectory in the desired 
direction ( towards the detector). 

To ensure that these photons are directed towards the detector a light guide 
is used. The light guide simply provides a reflective medium which reflects 
photons towards the photomultiplier tube. To prevent the produced photons 
from escaping, the plastic scintillator material is wrapped in smooth white 
paper (located under the light-proofing), to ensure that the photons stay 
within the scintillator plate until they are scattered into the photomultiplier 
tube. Ensuring that the maximum number of produced photons reaches the 
detector is of great importance as each photon represents a reading and the 
detection of that photon is used to generate trigger information. 

These few produced photons are still too few in number to be detected, 
however, and must therefore be increased in number until they can produce 
a detectable current. This amplification of the produced photons is facilitated 
by the photomultiplier tube. 

The photomultiplier tube is a circuit element founded on the photoelectric 
effect. The photoelectric effect, which won Einstein the 1921 Nobel Prize, 

27 



states that a photon with energy greater than the threshold energy of a metal 
may cause an electron to be ejected from that metal. A schematic diagram 
of the photomultiplier tube is shown in Figure 2.17. 
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Figure 2.17: Schematic diagram of a photomultiplier tube containing 11 dyn­
odes. 

As can be seen from Figure 2.17, the top layer of the photomultiplier tube is 
a photocathode which ejects an electron when a photon, in this case from the 
plastic scintillator, is incident on it. This ejected electron then strikes a dyn­
ode, a circuit element which ejects multiple electrons when a single electron 
strikes it. The number of electrons ejected from the dynode is determined 
by the material from which the dynode is constructed as well as the energy 
of the incident electron. 

The dynode is coated in a secondary emissive material which facilitates the 
ejection of multiple electrons from a minimum of one single incident electron. 
One dynode, however, is not enough to amplify the number of electrons to a 
detectable level. It is for this reason that most photomultiplier tubes contain 
a chain of ~ 10 dynodes. The photomultiplier tubes at iThemba LABS 
contain 12 linear focused dynodes [32, 21]. 

Each dynode in the chain is held at a certain potential, relative to the other 
dynodes, to ensure that all secondary electrons are directed down the chain 
and towards the detector. As the secondary electrons are accelerated from 
dynode to dynode, they cause even more electrons to be ejected. These 
electrons in turn strike another dynode and cause additional electrons to 
be ejected until what started out as an undetectable ~ 1 electron at the 
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photocathode becomes an easily detectable 104 - 105 electron current at the 
terminal of the detector [27]. 

2.6.2 The Time to Digital Converter 

The information generated by a MWPC must be extracted before it can be 
used in data acquisition. There are a number of possible ways to do this. 
The most standard method, however, is to consider each of the signal wires 
as its own detector with its own detector electronics [1]. The MWPCs at 
iThemba LABS are treated in this way. Each wire in the signal-wire plane is 
connected to a pre-amplifier which is in turn connected to a unique channel 
on a Time-to-Digital Converter (TDC) module. The role of the TDC is to 
obtain a time interval measurement in a digital format [l]. 

The time interval measurement is obtained by using a start signal to activate 
a scaler (an electronic device which stores accumulated data) which is set to 
count the number of oscillations of a clock oscillating at a constant frequency 
[l]. When the time interval to be measured draws to a close a stop signal 
is then sent to the scaler which, at this point, ceases to accumulate. Given 
the constancy of the oscillating clock, it follows that the value accumulated 
by the scaler will be proportional to the time interval between the start and 
stop signals. 

The resolution of the TDC unit depends on the frequency of the internal 
clock used. The higher the internal clock frequency, the smaller the time 
interval measured. 

The TDCs used at iThemba LABS are the V1190A and V1190B TDC mod­
ules developed by CAEN. The V1190A TDC module is single-unit sized VME 
6U module that contains 128 independent time-to-digital conversion chan­
nels [18]. Each unit contains four high-performance TDC chips developed by 
CERN. The resolution of the V1190A TDC module can be set to 100, 200 
or 800 ps. 

The V1190B TDC unit is also a single-unit sized VME 6U module that 
contains 64 independent time-to-digital conversion channels and also shares 
most of the V1190A's feature set, excepting that the V1190B TDC unit 
contains only two high-performance TDC chips [18]. 

The high-performance TDC chips used in both the V1190A and B units is 
a general purpose time-to-digital converter, which contains 32 independent 

29 



channels per chip. The chip can be [)rogramrned to detect the rising and/or 
falling edge of the input pulse. 

The programmiug of bot.Ii the VJ J 90A :md B nnits is fo.cilits.ted by ,1. micro• 
controll<'r t.har. implements a high-level interface to the user. which allows 
I.he user ea;;y 11C'ces8 r.o the functionality of the TDC unit while at the same 
t.ime masking t.he ra.w TDC hardware. A block-diagram of the Vll!JOA unit 
is sl1own in F'ig11re 2.18. 
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Figure 2.18: Block diA.grl'lrn of the Vll90A TDC [18j. 
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hapter 3 

Mathematical Methods for 
ata nalysis 

Thus far we have the following information available to us: From the preamp 
electronics we know which wire, and therefore which cell, detected the ionised 
electrons. From the paddle detectors and TDCs we know the point in time 
at which the incident radiation arrived and we know the drift time of each 
of the ionised electrons. 

3.1 Linear Least Squares Fit 

Electrons are liberated along the path of the incident radiation only. Knowing 
which wire, or cell, the ionised electrons were detected at gives us horizontal 
or X information about the location of the incident radiation at a point in 
time, while knowing the drift time of each of the ionised electrons allows us 
to calculate vertical or Y information via the following relation [19]: 

(3.1) 

where Di is the vertical drift distance of the ith ionised electron, ti is the drift 
time of the ith ionised electron and Tis a Look Up Table (LUT) relating the 
drift time of the ionised electrons to their respective drift distances. This drift 
table is stored in an online database within the data acquisition software and 
will be dealt with in more detail later. 

31 



Let us assume, for the time being, that we now have two lists of information: 
one list containing X information of points along the path of the incident 
radiation and another list containing the corresponding Y information for 
each of the X points, calculated from the LUT. An example six wire event 
is shown in Figure 3.1 [13]. 

Figure 3.1: An example detector event where six wires fire. 

From the figure it becomes clear that reconstructing the trajectory of the 
incident radiation entails calculating the best-fit curve for the X and Y data. 
The trajectory of the incident radiation will, in principle, be a straight line 
as there are no external forces acting on the particle this far down the beam 
line [19]. 

Mathematically, the vertical information, calculated from the L UT, of each 
point corresponds to the offset of that point from the straight line we wish to 
find. Logically the next step is to find the straight line whose parameters fit 
the recorded data best. One intuitive way of doing this would be to minimise 
the sum of the offsets. This, however, cannot be used as the function obtained 
from the absolute values of the offsets is discontinuous and, therefore, cannot 
be treated analytically [29]. Instead we minimise the sum of the squares of the 
offsets, which yields a function which is both continuous and differentiable. 
The sum of the squares of the offsets from n known data points, R, is given 
by the following formula [5]: 

n 

R2 = L [Yi - f (xi, a1, a2, a3, ... , am)], 
i=l 
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where Yi is the i th experimental function value, Xi is the i th experimental X 
datum and the ai, where j E { 1 ... m}, are the function parameters to be 
fitted. Here 

is the general function being fitted. 

From the formula above it is clear that, if a judicious choice of the an is 
made, the value of R2 will be small. If a perfect fit is obtained, then R2 will 
be zero. Conversely, when R2 takes on a minimum value, the am will provide 
the best-fit parameters. The condition for R2 to be a minimum is [29, 5]: 

(3.3) 

for i = 1, ... , n. Looking at a straight line fit specifically, and thus setting 

yields the following: 

n 

R2 (a, b) L [Yi - (a+ bxi)J2. (3.4) 
i=l 

Using equation (3.3) above to minimise R2 gives 

(3.5) 

(3.6) 

Rearranging the above two equations: 

n n 

na + b L Xi = L Yi, (3.7) 
i=l i=l 

n n n 

a LXi + b I:x; = LXiYi· (3.8) 
i=l i=l i=l 
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Combining the above two formulae and solving for the parameters a and b 
yields a unique solution: 

a -

b 

where 

and 

I:; Yi L~ xf - L~ Xi L~ XiYi 

n I:~ x; - (I:~ xi)
2 

f} I:~ x; - x I:; XiYi 
I:7 xr - nx2 

1 n 

fj = - LYi 
n i=I 

are the mean x and y values. 

The correlation coefficient, r, is given by: 

(3.9) 

(3.10) 

(3.11) 

(3.12) 

(3.13) 

These parameters define the best-fit straight line for the data set of xi,Yi· 
This best-fit line corresponds directly to the trajectory of an incident particle. 
The formulae for a and b calculated above are not ideal for use in computer 
programming and so the following variable substitutions are introduced [5]: 

n 

SSxx - L (xi - x)2
, (3.14) 

i=l 

- ( i>1)-nx', (3.15) 
i=l 
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n 

SSyy L (Yi -y)2' (3.16) 
i=l 

(ty;)-nri, 
i=l 

(3.17) 

n 

SSxy - L (xi x) (Yi - fi), (3.18) 
i=l 

(3.19) 

These variable substitutions reduce the equations for a,b and r to [5]: 

(3.20) 

a= y- bx. (3.21) 

SSxy 
r = ---;::~=;:::::;== 

✓SSxSSy 
(3.22) 

The errors associated with the calculated parameters were calculated to be 
[5]: 

u(b) = (3.23) 

u(a) = (3.24) 

where~ = Yi - (a+ bxi) 

These formulae allow us to calculate the necessary properties of the incident 
radiation - namely the position, denoted here by x, and its associated error 
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u(x), and the angle 0, and its associated error u(0) - by a simple manipulation 
of the best-fit straight line. The equations for these variables are as follows: 

a 
X - -,;, 

u(x) 
- X 

X 

u(0) 

2 2 

+ 

(3.25) 

(3.26) 

(3.27) 

(3.28) 

At this point in the design phase it was deemed necessary to test the results 
of the line-fitting routine by examining the quantities derived from the fit, 
namely position and angle. The calculated values of position and angle were 
found to be of the correct order of magnitude but did not exhibit the numer­
ical accuracy expected. It was reasoned that a numerical error manifest in 
the calculated values of position and angle most likely originated from the 
paramaters a and b. 

What was found was that the information contained in the least significant 
bits of the paramaters a and b was being truncated, resulting in information 
being lost. This loss of information was attributed to computational rounding 
error. 

3.2 Roundoff Error in Real Number Repre­
sentation 

Real number representation in computers is limited as each variable has a 
maximum allowed size, measured usually in Bytes [6]. It follows that each 
variable must also have a maximum allowed precision. Consider a pair of one 
byte, or 8-bit, binary variables with the following values: 

X= 11111111, y =00000001 

Consider now a third 8-bit variable, say z, which is the sum of x and y: 
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z - X + Y, 

z 100000000. 

00000000. 

(3.29) 

(3.30) 

(3.31) 

As computer addition is calculated from the least to the most significant bit 
and only 8 bits are allotted to the variable z, it is clear that the leftmost bit 
would be lost by the above addition as the computer would have to truncate 
the variable to fit within its allotted variable size. In decimal terms, this 
would result in the following sum: 

z - 255 + 1, 

- 0. 

(3.32) 

(3.33) 

This type of rounding error is known as overflow error and is so termed 
because the most significant bit has flowed over and been lost to truncation 
[7]. On the other end of the spectrum, we also have what is known as 
underflow error. Consider the following three 4-bit variables: two (a,b) with 
all four bits to the right of the decimal point, constructed to represent a 
real number less than unity, and one (c) with all four bits to the left of the 
decimal point: 

a - .1111 

b .xxxx 
C 0010. 

where x = 0 or 1. 

If we now perform the following operation: 

We obtain the result: 

b = 1111. 

b= ~ 
c' 

(3.34) 

(3.35) 

(3.36) 

(3.37) 

However, as there are only four bits allotted to the variable b, the fifth bit is 
truncated. In decimal terms this results in the following erroneous quotient: 
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b - (~:) 

15 
- 16~ 

1 
x-2' 

(3.38) 

(3.39) 

From the above explanation of underflow, it ought to be clear that, should two 
real numbers extremely close to each other be subtracted from one another, 
the result of that subtraction would either be heavily truncated or zero. 
Neither of these two scenarios is acceptable in a high precision experiment, 
where any limitations should be defined by the experimental setup. 

Before programming an entirely different curve-fitting routine, there was one 
last test to be carried out. If the problem was indeed rounding error, then in­
creasing the size of each variable should have, in theory, caused the calculated 
values of position and angle to have had an increased numerical accuracy. All 
floating point variables were converted to double floating point variables and 
the newly calculated values of position and angle were indeed found to a 
greater degree of accuracy. 

Although the calculated values of position and angle were known to a greater 
degree of accuracy, this increase in precision was obtained at a far higher 
memory cost. This is clearly unacceptable and as a result a more robust line­
fitting method was implemented [6] and is presented in the following section. 
The standard straight-line fitting routine was left in the data acquisition 
system as it could prove useful in the future. 

3.3 A More General Straight Line Fitting Tech-
• n1que 

If we assume the uncertainty associated with each measurement Yi, denoted 
here by Bi, to be known, and again assume that the values of the dependent 
variables, denoted here by Xi, are exact, then the x2 merit function can be 
used to measure the goodness-of-fit as follows: 

(3.40) 
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Again, we minimise the x2 function with respect to the two parameters a 
and b to find the best fit straight line: 

ax2 ty· -a-bx· 
(3.41) -2 I I = 0 

oa 
-

2 ' 
i=l ai 

ax2 t (y· - a - bx·)x· 
(3.42) 

ob 
- -2 i 2 i i = 0. 

i=l ai 

As before, we rewrite the individual sums in the above equations in a more 
readable form using the following definitions [6]: 

Substituting these sums into equation (3.42) above yields two equations for 
two unknowns, much the same as the previous method: 

aS + bSx - Sy, 

aSx + bSxx Sxy· 

The solution to these two equations is: 

a 
BxxSy - SxSxy 

-
2 ' SSxx - (Sx) 

b 
SSxy - SxSy 

-
(Sx) 2

. SSxx 

(3.44) 

(3.45) 

(3.46) 

(3.47) 

The formulae calculated above still have the same inherent flaw as the previ­
ous ones: they still rely on the subtraction of two numbers which, by design, 
are very close together. The correction for roundoff error works by altering 
the data set of the dependent variable, in this case the xi. The correction is 
performed as follows: 
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N 

Su= 2::>:. 
i=l 

Substituting the above two equations into equation (3.42) yields [6]: 

with the following uncertainties: 

a2 
a ~ (i + S~u)' 

1 
stt· 

(3.48) 

(3.49) 

(3.50) 

(3.51) 

(3.52) 

(3.53) 

The ai are not measured explicitly at iThemba LABS. However, seeing as 
though all drift chambers and TDCs are identical, the ai can be assumed to 
be the same. Employing this assumption allows us to make a few changes to 
the formulae above, namely: 

These equations, by direct substitution, yield: 
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l n 
b - -I:tiYi (3.55) 

Su i=l 

a 
Sy - Bxb 

(3.56) -
n 

a2 - 1 (l S; ) (3.57) a ~ + SSu 

al 1 
(3.58) -

Su 

These parameters completely define the trajectory of the incident radiation 
and, as before, the necessary particle information is calculated as follows: 

X (3.59) 

u(x) = 2cov(a,b)a ~ 
- b3 xy~, (3.60) 

where cov( a, b) is the covariance of a and b, and x2 is the merit function used 
to find the best-fit parameters. These two quantities are given by: 

cov(a, b) 
Bx 

- nStt' 
n 

- L (Yi - a - bxi)2 
. 

i=l 

The angular information is given by: 

0 - tan-1 (b), 

u(0) 
1 

(3.61) 

(3.62) 

(3.63) 

(3.64) 

This final set of equations is the one in use in the data acquisition system. It 
is worth noting, however, that, should the errors associated with the vertical 
information, ai, be measured through the installation of new electronics or 
rendered dependent on wire number, then the data acquisition system would 
have to be altered to use the above method. 
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Chapter 4 

pplication of Curve-Fitting 
chniques to the V Cs at 

i hemba L S 

4.1 Trajectory Reconstruction in the X-plane 

Explained in the previous chapter was a robust method by which a straight 
line could be fitted to a set of n experimental data points whose dependent, 
or x, variable values are known exactly and whose independent, or y, variable 
values have either a known error, denoted by O"i, or an unknown error that 
can be assumed to be independent of the y data. 

The applications of this line-fitting algorithm, however, are non-trivial and 
merit some explanation. As previously stated, the signals registered by the 
data acquisition electronics, namely the TDCs and paddle detectors, arrive at 
a front-end processing crate unit utilising the CAMAC standard. This front­
end system in turn strips off control bits and performs other experimenter­
defined housekeeping tasks, and then passes all collected data to the MIDAS 
analyser module in the form of an internal data structure known as a bank 
[20]. These so-called banks and their proper usage will be discussed in more 
detail later. For the purposes of this chapter, let us assume, once again, that 
all data arriving in the MIDAS bank consists of two lists containing x infor­
mation ( or wire number) and y information ( drift distance). A hypothetical 
six wire event is shown in Table 4.1. 

As stated previously, each drift chamber consists of two wire-planes: one 
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Table 4.1: A hypothetical six wire event 

x (Wire Number) y (Drift Distance) 
X1 d1 
X2 d2 
X3 ds 
X4 d4 
X5 d5 
X6 d6 

vertical and one at an angle of 54.5° to the vertical. As the slanted wire­
plane calculations depend on values calculated from the vertical plane, the 
vertical wire-plane will be considered first. 

Suppose the event under consideration resulted from a trajectory as in Figure 
4.1. It is reasonable to assume that the first and last drift distances are of 
opposite sign as the straight line along which they fall intersects the focal­
plane. However, it must be noted that there is an ambiguity in the sign of 
the smallest drift distance [30]. 

low p high p -
positive I 

Xt, -4mm 
negative I 

Figure 4.1: A six wire detector event with liberated-electron drift paths [30]. 

There are two immediately obvious ways to correct for this sign ambiguity. 
One way would be to ignore the smallest drift distance and fit the straight 
line to one fewer data points. This causes problems, however, as the curve­
fitting routines described above require at least three wires to fire per event 
or, put another way, the curve-fitting methods require at least three points 
to fit a straight line. Therefore, ignoring the smallest drift distance renders 
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perfectly good three wire events useless. 1 

The second option for correcting the sign ambiguity of the smallest drift 
distance would be to assume a sign and proceed with the line-fitting. As 
stated above, the line-fitting routine used makes use of the x2 merit function 
as a goodness-of-fit test. Once the line-fitting routine has been employed to 
fit the straight line, the goodness of fit metric is stored. A second straight 
line would then be fitted to the same data, but this time using the opposite 
sign of the smallest drift distance. The goodness-of-fit metric resulting from 
the second straight line fit is then also stored. 

Clearly, whichever straight line possesses the lower value of the x2 merit 
function is the straight line which fitted the data better [8]. It therefore 
stands to reason that the straight line which possesses the higher x2 must 
have fitted the data worse and is discarded. This method was implemented 
as it allows for greater accuracy in measurement. 

The above discussion is incomplete, as whichever curve-fitting method is 
used, the drift distance data set must be altered. As stated earlier, the 
electronics register the total drift time of each of the ionised electrons. The 
drift distances associated with these drift times are then retrieved from a 
look up table. 

As all drift times recorded by the timing electronics are inherently positive, 
so too are all of the drift distances retrieved from the look up table. This is a 
problem as Figure 4.1 above clearly shows that some of the ionised electrons 
drift in the positive direction and some in the negative direction. The pattern 
is quite simple: All ionised electrons which arrive before the electron with the 
minimum drift distance must have their signs made negative, while all those 
arriving after the ionised electron with the minimum drift distance must have 
their signs left positive. 

Thus a complete algorithm for calculating the trajectory of an incident par­
ticle of radiation in the focal plane, assuming MIDAS data banks populated 
with wire number and drift distances only, would look as follows: 

• Isolate the electron with the minimum drift distance. 

• Set the signs of all drift distances before the minimum to negative. 

• Assume the sign of the minimum drift distance to be positive. 

1The requirement of at least three data points by the curve-fitting algorithm stems 
from the fact that a straight line will always pass through two points without error. 
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• Use the curve fitting method described above to calculate the best-fit 
parameters a,b and x2

• 

• Set the sign of the minimum drift distance to negative. 

• Use the curve fitting method described above to calculate the best-fit 
parameters a2,b2 and X~-

• Compare the values of x2 and x~- If x2 < x~, then the parameters 
a,b describe the best-fit straight line. Otherwise, the parameters a2 ,b2 

describe the best-fit straight line. 

Once the parameters for the best-fit straight line have been calculated, the 
necessary incident particle information, such as position and angle in the 
focal-plane and their associated errors, can be calculated from formulae 
(3.59), (3.60), (3.63), (3.64) above. 

The units of the position of the incident radiation, calculated from formula 
(3.59) above, are worth considering. As stated above the data available to 
the fitting routine at this point are two lists: one list containing the numbers 
of the wires that fired and another list containing the corresponding drift 
distances. It therefore stands to reason that all positions calculated in the 
vertical wire-plane and in all other wire-planes are in terms of wire number. 

As an example consider the position of a hypothetical incident particle the 
value of which was calculated to be 5.5. This result is interpreted as follows: 
the position of an arbitrary incident particle was found to be 5.5 wires, i.e. 
the particle crossed the focal-plane exactly midway between wires 5 and 
6. Should the experimenter require the position of the incident radiation 
along the drift chamber in units of millimetres or metres, then the position 
determined from the straight line fit would have to be multiplied by the 
horizontal wire-spacing. In the case of the vertical wire-pane, this wire­
spacing would be 4mm, and in the case of the slanted wire-plane, the wire­
spacing would be 4.91mm [13]. 

4.2 Trajectory Reconstruction in the U-plane 

Making use of the vertical wire-plane, we have reconstructed the trajectory 
of the incident radiation in the focal-plane. To obtain the trajectory of the 
incident radiation in the plane perpendicular to the focal-plane, we must 
consider the slanted wire-plane. 
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For the first part of the calculation the wire-plane angle can be ignored and 
the slanted wire-plane is treated as a vertical wire-plane. A straight line is 
fitted to the wire number data and unaltered drift distances to produce a 
position in terms of wire-number along the slanted wire-plane. 

The same problems are encountered with the above curve-fitting procedure 
as were encountered when reconstructing the trajectory in the focal-plane. 
The sign of the smallest drift distance is also ambiguous and, as before, all 
drift distances occurring before the minimum drift distance must be made 
negative. The solution to the sign ambiguity of the minimum drift distance 
is resolved in the same manner: Two straight lines are fitted to the data, 
one straight line assuming a negative minimum drift distance and a second 
straight line assuming a positive minimum drift distance. As before, the x2 

merit function is used as a goodness-of-fit test and the straight line resulting 
in the lower value of the x2 function is taken to be the best-fit straight line. 

Utilising the information above, the vertical position in the focal-plane can 
be calculated as follows [13]: 

Consider the two geometrical diagrams of the wire-planes inside each drift 
chamber depicted below [32]: 

-----------..."'-----~u 
d=16mm 

Figure 4.2: Top-down view of one of the new detectors at iThemba LABS. 
Both the X and U-planes are shown as well as the trajectory of an incident 
particle passing through the detector. The angle, 01p, refers to the angle at 
which the incident particle crosses the focal-plane, dis the distance between 
the vertical and slanted wire-planes within the new detector and Xoffset is 
the distance between the horizontal positions in the vertical and slanted wire­
planes. 

From figures 4.2 and 4.3 it follows that: 

AB = x-AD, 
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Figure 4.3: This figure illustrates the internal geometry of the new detectors 
used to calculate vertical position information. The angle 0 refers to the 
slanted wire-plane angle, and U 0 ff 8et is the distance between the vertical 
positions in the vertical and slanted wire-planes. 
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U1 2d 
YI = X1 tan (0) - cos (0) ( 0) (0 )' sin 2 tan /pl 

(4.11) 

Similarly for the y position in the second drift chamber we have: 

( 4.12) 

where x 1 and x2 are the positions in the focal-plane determined from the 
first and second vertical wire-planes, or the Xl and X2 planes, respectively. 
The angle 0 corresponds to the slanted wire-plane angle, in this case 54.5°, 
and 0 /pl and 0 fp2 correspond to the angles at which an incident particle 
crosses the focal-planes in the first and second detectors respectively. The 
distanced is the perpendicular distance between the two wire-planes within 
each detector. 

The formulae above complete the trajectory reconstruction of the incident 
radiation both in the focal-plane and also in the plane perpendicular to the 
focal-plane. It is still necessary to know, or at least to estimate theoretically, 
how accurate our determination of the position actually is. To determine 
this position accuracy we refer to an article on drift chambers by [16]. 

4.3 Error in Position Determination 

In Figure 4.1 a typical six-wire VDC event is illustrated. As there are no 
external forces acting on the incident radiation downstream of the spectrom­
eter, the trajectory of the radiation is described by a straight line. This 
straight line geometry dictates that the particle trajectory should be at a 
constant angle on both sides of the wire-plane. Thus the two gradients, as 
calculated on both sides of the wire-plane, should be equal in magnitude, so 
that [13, 16]: 

(dt1 - dt2) 
wirespacing . . ' wzrespacing 

(4.13) 

where dtx denotes the drift distance of wire x retrieved from the look up table 
using drift time t. In reality, however, this is not exactly the case and what 
results is a Gaussian distribution centered about zero. The deviation of the 
Gaussian distribution is given by [13]: 
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(4.14) 

This deviation is related to the standard deviation of the drift distance 
through the following formula [13]: 

O"D = 2Cldrift-distance· (4.15) 

If we now assume that the standard deviations of the drift distances are 
independent of wire-number, i.e. 

(l drift-distance = (l dt1 = (l dt2 = (l dt5 = O" dt6, (4.16) 

then the accuracy in position determination, denoted Clpos, is given by [9]: 

FWHMpos - 2.35Clpos, ( 4.17) 

2_35 adrift--;,stance, (4.18) 

an 
(4.19) - 2.35 vn· 2 n 

where n is the number of wires used to calculate the particle's position. Some 
typical values for these variables taken from a ( d, d') experiment at an energy 
of 46MeV are as follows [13]: 

Cldrift-distance - 0.2mm, 

FW H Mpos 0.08mm. 

(4.20) 

( 4.21) 

The above calculations determine the accuracy of position measurement in 
the X-plane only. To calculate the expected accuracy in the U-plane, we 
begin by assuming a typical event. Consider an arbitrary wire chamber 
event where five wires fire in the X-plane and 4 wires fire in the U-plane [13]. 
In addition to this assume: 

Cldrift-distance-X - 0.2mm, 

Cldrift-distance-U - 0.4mm. 
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The value of crdrift-dfatance-u is purposefully chosen to be conservatively large 
so that the value obtained for FW H Mpos is also conservatively large [13]. 
Substituting both values of CTdrift-distance shown above into equation (4.19) 
yields the following [13]: 

FWHMx 
crn 

( 4.24) - 2.352fo' 

2.35 X 0.4 
(4.25) 

2vl5 
- 0.21mm, (4.26) 

and similarly for FW H Mu we have: 

FW H Mu = 0.42mm. ( 4.27) 

We now have the errors associated with the wire-number calculation in both 
the X and U planes for a typical event where five wires fire in the X-plane and 
four wires fire in the U-plane. Unlike the X-plane, however, the result of line­
fitting in the U-plane does not yield position information directly, but rather 
the wire-number on the slanted wire-plane at which the incident particle was 
detected. The desired vertical position can then be inferred using equation 
(4.11) or (4.12). 

Hence the value of FW H My must be calculated from the values of FW H Mx 
and FW H Mu, in conjunction with the following altered form of equation 
(4.11) above modified for error propagation [13]: 

2 2 ( 2 16
2 

X 2 ) FW H Mi FWHMy = FWHMx tan 0u + 2 . 20 20 + 20 · 
d x sm u cos u cos u 

(4.28) 

Assuming that the detectors are placed 200mm apart, FW H My is calculated 
to be: 

FW H My = 0.43mm. (4.29) 

With a less conservative estimate of crdrift-distance-u = 0.2mm, FW H My is 
calculated as [13]: 
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FWHMy = 0.235mm. (4.30) 
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Chapter 5 

he Customised nalyser 

5.1 The MIDAS Data Acquisition System 

The Maximum Integrated Data Acquisition System (MIDAS), a data acqui­
sition system under the Gnu Public License (GPL), is used in medium-scale 
nuclear and particle physics experiments. Developed in tandem by the Paul 
Scherrer Institute in Switzerland and TRIUMF in Canada [20], the system 
is essentially a collection of libraries, which facilitate the transport of exper­
imental data between various computing hardware and software platforms, 
and also provides a means of data logging and overall system management 
[20]. 

MIDAS is comprised mainly of the following components or modules: 

• A buffer manager to control data flow and message passing between all 
modules of the Data Acquisition System (DAQ). 

• A message system to create and interpret the meaning of messages sent 
and received by the buffer manager. 

• An Online Database (ODB) which stores information such as system 
and hardware settings as well as all other relevant experimental data. 

• A MIDAS server which allows experiments to be controlled remotely 
via Remote Procedure Call (RPC) functions. 

• A frontend module which allows all experimental equipment to be regis­
tered within the MIDAS framework and also provides a means of read­
ing and storing all data collected by the registered equipment. This 
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data is then organised into a known format, known as a bank, and is 
then passed to the buffer manager. 

• A data logger module which receives data from the buffer manager and 
stores that data to disk, magnetic tape or another computer via FTP. 

• An analyser module which allows the experimenter to define his or her 
own custom application for performing data analysis on all recorded 
event data. Such analysis may include trajectory reconstruction, beam 
statistics or various histograms displayed by third party software. Cus­
tomisation of the MIDAS analyser formed the bulk of this project and 
will be discussed in more detail later. 

• A run control module which allows the experimenter to access the ODB 
to alter the current state of the DAQ. Such states refer to the opera­
tional status of the DAQ and include running, paused and stopped. 

• A slow control system which allows the user to control hardware mod­
ules, such as magnets or other frontend equipment, via the online 
database. 

• A history system. In addition to ordinary event data logging routines 
MIDAS provides a means of storing slow control data as well as any 
periodic events to disk. These events can then be easily and quickly 
retrieved from the ODB. 

• An alarm system which, when triggered by a user-defined alarm trigger, 
allows the experimenter to log the alarm message to the experiment log 
file or interrupt data acquisition. 

• An electronic logbook which allows the experimenter to store any rele­
vant experimental information. The electronic logbook also allows the 
user to convert stored experimental logs into a form publishable over 
the internet. 

5.2 The MIDAS Analyser 

The MIDAS analyser module is a collection of files which allow the exper­
imenter access to all acquired data either online during data acquisition or 
offline in replay mode [20]. The MIDAS analyser module is made up of the 
following files: 
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• "experim.h" : A header file which defines the ODB structure. 

• "analyser .c" : This module is the core of the analyser and allows the 
user to define the structure of the data banks as well as the analyser 
and the online database. In addition, the analyser also provides the 
user with entry points into the MIDAS framework by means of user­
programmable BEGIN OF RUN and END OF RUN functions. 

• "adccalib.c" : An analysis module designed to take in ADC calibration 
data. 

• "adcsum.c" : This file is used to store accumulated ADC data. 

• "scaler.c" : A module used to store information from the scaling equip­
ment. 

MIDAS also allows the experimenter to program his or her own independent 
analyser module in an external file, provided that the user module is cor­
rectly registered within the MIDAS framework. Such an external analyser 
module was created and named "f-plane.c". As the name suggests, this file 
was responsible for all calculations carried out on focal-plane data. Such cal­
culations include the trajectory reconstruction described previously as well 
as all histograms derived from raw and trajectory data. 

In order to provide a more exible framework for data analysis, MIDAS em­
ploys a unique multi-stage design. All incoming measured raw events are 
passed through several stages in the analyser module, each stage having a 
specific goal or task. Each separate stage has the ability to read any part of 
an event, perform arbitrary calculations on that event data and then add the 
results of the analysis back to the event. This multi-stage concept is depicted 
in Figure 5.1. 

The banks referred to in Figure 5.1 above may be interpreted as internal 
MIDAS meta-variables used for data storage. The most simplified view of 
one such meta-variable is considered to be an array with first element equal 
to the number of entries in the array, say n, and the remaining n - l elements 
equal to the data for a particular event. 

This multi-stage design proves useful as, should any two calculations have 
intermediate results in common, those intermediate results may be written 
to a bank and then recalled in the later calculation without the need for 
recalculation. The most obvious example of this can be seen in Figure 5.1. In 
stage two of the hypothetical analysis above, the raw ADC data is calibrated 
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&f ocaLplane,.modulc; 
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The name used in module registration must correspond to the name defined in 
the module declaration portion of the actual customised module itself. Thus 
one cannot name ones module x within the module file and then register 
it as y within the analyser. In addition to this module registration, the 
custom module must also adhere to the existing MIDAS structure, i.e. there 
must exist certain methods within the module otherwise MIDAS will not run 
it, even if it is registered within "analyzer.c". The list of these mandatory 
methods is shown in Table 5.1. 

Method MIDAS Purpose 
Name 
focaLevent Method to gain entry to MIDAS event data. 
focaLbor User-specific code to be executed at the be-

ginning of an experimental run. 
focal_eor User-specific code to be executed at the end 

of an experimental run. 
focaLinit User-specific code intended to initialise data 

structures. 

Table 5.1: Mandatory methods in the MIDAS analyser. 

Having ensured that MIDAS would use the custom analyser, "f-plane.c", 
and that the file contained all necessary methods expected by the MIDAS 
framework, construction of the program flow and methods of data storage 
were then considered. Of primary importance during the planning stages of 
the analyser was the balance between code abstraction and execution speed. 
In the field of computer science, the term abstraction refers to both the 
concept and methodology of factoring out unnecessary information so that 
fewer, more important, details may be considered [10]. 

As an example of the important role abstraction plays in programme design, 
consider the following short program, written in pseudo-code, designed to 
simulate a two step random walk: 

x = random(0,1) 
If x < 0.5 then go left 
If x >= 0.5 then go right 
x = random (0,1) 
If x < 0.5 then go left 
If x >= 0.5 then go right 
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The computer programme above is optimal in terms of calculation speed. 
However, should a twenty step random walk be required, it is obvious that 
the design of the programme above would soon become inconvenient; both 
to read and to maintain. The above program could be re-written in the 
following way: 

random_min = 0 
random_max = 1 
p = 0.5 
for i = 1 to 2 DD 
x = random(random_min,random_max) 
if x < p go left 
if x >= p go right 

Now the abstraction becomes clear. It is now obvious to the user what the 
goal of the programme is and how the solution is implemented. We have 
abstracted all numerical values from the programme and replaced them with 
meaningful variables. We have also removed the need to add many lines of 
code for more steps by looping the process. The resulting code is neater 
and more easily maintainable by another human being. Computationally, 
however, the second programme is less efficient. The addition of the loop 
means that the computer must keep track of an extra variable, namely the 
looping variable, and alter its value appropriately. In addition, the variable 
names must be resolved and the appropriate numerical values inserted before 
any calculations can be performed. The latter is usually handled by the 
compiler and does not affect the execution speed much. 

Applying the principle of abstraction to the MIDAS analyser implies that 
all computationally-intensive tasks, such as data sorting, merging and ma­
nipulation, should be done as few times as possible and that each of these 
tasks should have as small an execution time as is reasonably possible. This 
principle was adhered to throughout all stages of the analyser design. 
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5.4 Analyser Program Flow and the Expla­
nation Thereof 

5.4.1 Reading and Manipulating Data from the ODB 

As mentioned in §2.6.2, all wires in the anode wire-plane are treated as 
separate detectors, each with their own electronics. Each wire is connected 
to a unique channel on one of a number of CAEN Vl 190 TDC modules. 
These TDC modules each contain 128 independent channels [18] and, since 
there are 208 wires per wire-plane, it follows that each wire-plane would 
require at least two TDC modules. 

These TDC modules do not necessarily have to be connected in any physically 
meaningful manner. At first glance one might think that the first wire in the 
first wire-plane of the first detector would be connected to the first channel 
of the first TDC module and the second wire in the first wire-plane of the 
first detector would be connected to the second channel of the first TDC 
module and so on. This setup, however, does not allow experimenters to 
alter the physical TDC channel connections without having to alter the data 
acquisition system code as well. 

To solve this problem the detectors at iThemba LABS retrieve the TDC chan­
nel to wire-number mapping information from an online database. This al­
lows experimenters to physically alter the TDC channel connections without 
having to alter the data acquisition software, provided the online database 
is correctly updated. This method of mapping the detector wire number to 
its corresponding TDC channel number proves useful in the event of one or 
more TDC channels failing. 

The online database entries specific to an experimental run are stored in the 
same file used to store the event data and the online database is automati­
cally updated when an experimental run file is loaded. This allows the data 
acquisition system programmers easy access to an accurate and constantly 
updated wire number map. 

The code fragment used to access the online database is as follows: 

I* open □DB structures *I 
cm_get_experiment_database(&hDB, NULL); 
db_find_key(hDB, 0, 11 /Equipment/WireChamber/Settings 11

, &hKey); 
if (db_open_record(hDB, hKey, &WireChamberSettings_focal 
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, sizeof(WIRECHAMBER_SETTINGS), MODE_READ, NULL, NULL) 
!= DB_SUCCESS) 
{ 

cm_msg(MERROR, 11 analyzer_init 11
, 

11 Cannot open \ 11 /Equipment/WireChamber/Settings\ 11 tree in 00B 11
); 

exit(1); 
} 

for(i=O;i<MaxWire_focal;i++) 
{ 

module=i/128; 
WireNum2Module_focal[WireChamberSettings_focal.channel2wire[i]] 
=module; 
Channel2Wire_focal[i] 
= WireChamberSettings_focal.channel2wire[i]; 
} 

db_close_record(hDB,hKey); 
} 

This code fragment searches the online database directory structure for the 
settings section and retrieves the database entries which map the TDC chan­
nel data to wire number data, namely channel2wire. The resulting array 
(Channel2Wire\_focal) is then used in the following manner: 

Wire_number = Channel2Wire_focal[TDC_Channel_Number]; 

The second array populated in the database code fragment (WireNum2Module) 
is used to discern to which TDC module a wire of a given number is con­
nected. As there are 128 channels per TDC module [18], it follows that the 
module number to which a given signal-wire is connected is simply the wire 
number itself divided by 128 with the decimal component of the quotient 
truncated. The wire number to module map is used in a similar manner to 
the wire number to channel map: 

Module_number = WireNum2Module[Wire_number]; 

This allows the analyser module to easily convert TDC channel data to sig­
nalwire and module number data. 
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5.4.2 Locating the TDC Data Bank 

Locating the TDC data bank is a relatively simple process involving just one 
method call. The method in question is the MIDAS-provided "bklocate()" 
[20]. The correct usage of the locate method is as follows : 

int bank_size == bk_locate(pevent, 11 TDC0 11
, &ptdc); 

The locate method above requires three arguments as input and returns an 
integer as output. The integer returned as output contains the current size 
of the bank being located. Therefore, should we wish to locate an arbitrary 
bank containing five data elements, then the value of bank_size would be 
five. This variable allows the programmer to iterate through the bank data 
without going over the boundaries of the bank in memory, which would cause 
a segmentation fault [20]. 

The returned size variable does not allow the programmer access to the ac­
tual data within the bank, only to the quantity of data stored. To retrieve 
and perform calculations on the data within a MIDAS bank the arguments 
depicted in the "bk_locate" method call above are necessary. The argument, 
pevent, is a pointer to the current event. This is necessary as the bank con­
tents change every event. Therefore, should the event pointer variable point 
to some other undesired event, then all data read from the bank would not 
pertain to the current event, which is logically what the experimenter would 
want. The event pointer can be crudely thought of as timing information as 
the banks are filled every event and the events change over time, so that the 
contents of the banks must also change over time. 

In addition to knowing for which event we would like the bank contents, we 
also need to know which bank we would like access to. This information is 
located in the second argument of the locate method. During the creation 
of each bank, the user must provide MIDAS with certain information. One 
of these pieces of information is a four character string used to identify the 
bank. This string is then passed as an argument to the locate method so 
that MIDAS can differentiate between all accessible banks. In the single-line 
code excerpt above the bank name is T DCO. 

At this point MIDAS now has enough information to retrieve the desired 
bank data for the current event. However, there is as yet no means of pass­
ing that bank data back to the user. The third and final argument of the 
locate method provides a means of relaying the information retrieved from 

60 



the bank back to the programmer. As passing a potentially large amount of 
information from one point in the MIDAS program to another could be very 
expensive computationally, MIDAS requires that the programmer provides 
a reference, capable of pointing to an arbitrary memory location, so that 
MIDAS itself can point the user-supplied reference to the area in memory 
where the desired data is stored, thereby allowing the user to iterate through 
that data by iterating the reference. 

5.4.3 Correcting the Raw TDC Time Data for Differ­
ences in Processor Speeds 

As was mentioned previously, the CAEN V1190 TDC modules are a new 
addition to the focal-plane detector package at iThemba LABS and were 
purchased, in part, because of the potential high resolution that these TDCs 
offer and also because the manufacturers of the old TDC modules, LeCroy, 
are no longer in business. 

The high-performance microprocessors used in the CAEN V1190 TDC mod­
ules operate at 320MHz [18], while the processor used to drive the triggering 
hardware only operates at a frequency of 40MHz. This causes problems with 
data acquisition as the current TDC modules send time data faster than the 
system can register it. Consider a TDC event triggered at the very beginning 
of the main CPU's 40MHz clock cycle. The control system would not register 
that event until the end of the current system clock cycle, resulting in the 
event being offset by as much as 25ns (T = 1/40MHz). This 25ns jitter in 
the raw TDC data is shown in Figure 5.2. 

To correct for this difference in operating frequencies both the control system 
and the TDC processors are kept in a phase locked loop (PLL). A phase 
locked loop is defined as a control system that generates a signal that has 
known and fixed relation to the phase of a reference signal [11]. A circuit in a 
phase locked loop responds to both the frequency and phase of an input signal 
and automatically raises or lowers the frequency of a controlled oscillator until 
it matches the reference signal in both frequency and phase [28]. 

Employing this phase locked loop allows the slow 40MHz system processor to 
achieve the same resolution as the fast 320MHz TDC modules. The result of 
the phase locked loop is that every TDC module stores timing offset informa­
tion to a unique channel in the TDC module. This timing offset information 
gives the experimenter access to when in the 40MHz main system cycle the 
current event was triggered. This allows the experimenter to subtract the 
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As c:Hn bE' seen from Figure 5.~ thr l.iruhig rcsolulion of the niw datf.1 spcc~rurn 
[set'n here 11.-. veriini.l lhic:kucs.•) is ~i~nilicamly better tlnn in Figure 5.2. 
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Table 5.2 illustrates the TDC module offset to channel map. 

TDC module No. Channel No. 
1 600 
2 601 
3 602 
4 603 
5 604 
6 605 

Table 5.2: TDC module offset to channel map. 

If one examines Figure 5.2, one notices a structure in the y-axis data. The 
structure that appears at around 1200µs on the y-axis is the result of cor­
rupted raw wire data from faulty channels within the detector (to be ex­
plained in Chapter 6). To aid the experimenter to recognise corrupted raw 
wire data, the analyser module assigns all event data collected from unstable 
channels a large value relative to the rest of the collected data set. Infor­
mation collected from these events is not used in the calculation of physical 
observables. 

When subtracting the offset data from the event data one could perform 
the subtraction in such a way so as to have either a positive or a negative 
result. The convention in the developed analyser module was to perform the 
subtraction so as to have a positive result. Performing the subtraction in this 
order is responsible for the shift in the y-axis data observed when comparing 
Figure 5.2 to Figure 5.3. The general lowering and thinning out of the time 
data on the y-axis is the intended result of the offset data subtraction. 

5.4.4 Correcting for Physical Cabling Effects 

If we re-plot Figure 5.3 and set the range of the vertical axis from 5250 
to 5600ns we observe that not all pulser signals were received by the data 
acquisition system at the same time. When the system is operated in test­
pulse mode however, it stands to reason that all wires within their own 
wire-planes should fire at precisely the same time as they were sent the test 
pulse at precisely the same time. 

The timing offsets resulting from cable effects can be observed in Figure 5.4. 
These offsets are large enough to adversely effect the results of a experiment 
and, in a complete analyser, ought to be corrected for. 
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Figure 5.4: Raw wire number and time refined with TDC offset data for 
pulser nm number 45Y magnified to illustrate cabling effects. 

The ea;,iesl, ,,r.1,v l.o correct, for t.hcse cabling effeds ls l,o ill, n Gnu;;sian dis­
l,ribnl.ion l,o evrry wirn l,hRI fired on a per rlrift-chii.rnher lmHis in t.esl. pulse 
mode, ~lore the mean~ of these GauRHiim cli~l:ributiou, n.nd c1uculaLe the meau 
of I.he means. Once l,he mcml of I.he rue11JW has been cakulaLed, I.he Gaus­
si,m peaks arc ,ill Hhifl,erl uni.ii l,hey are all of Lhem equal Lo I.he mean of l,he 
me,rns. The ofhet.s resulting from l,hcse vi1.rio1rn shift,8 ,ire I.hen H.ived Lo ftll 
i1.rn1y and subtnu.:t.ed from the rele\',1.nt dnrnnel when t.hc system is opcnit.iug 
iu cfo.tft-capture mode. 

The effect that this c.able offset c.akulation has on the c.ollectcd raw data c.an 
be seen in Figures 5.6 and 5. 7. 

5.4.5 Sorting Data into Correct TDC Data Structures 

):ow l,hal. I.he analyser is capable of .iccrnsin;.; I.he rhiL,1. rcftd HS iuput from 
the electtonicH a.nd pftda,;.;cd by I.he fronl,-end s_vHLcm, I.he ncxl, logicii.1 step 
is to sort and collat.e Llml daL11 inl,o a form cmwenient (or boLh di1.l.i1. i1.m1.lysiH 
and potential debuggin;,; or daLa dumping. The mosL c:ommon t.cdmique 
used to design a compnl,er pro;,;mmmc bfu;ed 011 ii.n existing physicii.l system 
is to model l,he conHLiLncnLs o( Lhftl. cxisl,ing Hysl.em within the progrn.mme 
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Figure 5.6: Cleaned up raw data spectrum with cable eJTect.s compen,at.ed 
for_ The data is from pulser run 4ii9. 

code. Applying this technique 1.o the ana.lysm implies 1.hal. I.he focal-plane 
package should, t.o a degrne, be rnpre;;eutcid cou1p\1tat,ionally. As there are 
t,wo M\\'PCs, eac.h containing two wire-pla.r11~s, t.l1e 1lc<:iHion waH mane t,o 
model t,he individnal wire-planes and relate t.hese 1.o !,he t,..'I\VPCs by 11aming 
t.he variables representing the 1vire-planes approp1fatcly. 
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Figure 5. 7: Cle,uwcl 11)) raw clam spc(:trnm with (;able dfocts (:ompenimt.ed 
for iu1d vertical axis rc-SC;alccl. Tlie clatu i~ from JH.11,cr run ,1fi!J. 

The data scructure chosen to ;;tore clie wire-plane and :YI\VPC data was an 
,ll'n~v of integers. 'l'he rcasou for 1.his is that. l,he drift. t.ime, whe11 measnrecl 
in m~JL0Se<:011cls, i;; an inl,q_\cr number ;Uld so l,oo is l,he number oft.he clmnnd 
that firecl. The inl,egcr arrays l,hemsclves arc of a fixccl size. The reason for 
thi;; i~ lliat. there exi;;ls a maximum n11mber of wires thac are allowrd to fire 
in a singl1· evc!ll heforc tlic ev1•111. i;; deemed invalid [33]. Thi;; implie;, cliat clie 
maximum lcngtl1 of ally of l,he duumd array;; mm;l, he equal lo lhe maximum 
Humber of allowecl wire~ per evcHL A:s l,he dmmtd clata and clrifl time clala 
form a tu)lk, i1 follow~ 1-hal, l,l1e unLximum lcn~l.h of any of t.11<' drift. tiwc 
army~ mu~1 ,d:;o be equal 1o 1,he ma.ximu111 uumber or allowecl t:hannels per 
C\'Cnl,. 

i::'or the l<G00 magnetic spectrometer. the maximum number of allowed chaJ1-
nels per evenc is eight [30). Therefore the length of all drift chamber 8torage 
arra~'S i;; cl1osen co be eight. or, at lease, chosen to be a variable which i;; 

detinecl to be eight at the beginni11g of che program, so that correct event 
clat,a analysis 1s en~urcd for all event, data. The arrays osecl t.o store all eveut 
clatn prior to a.ualy,i, a.re a.s follow,: 

int VDCl_ClfAN [MAX_WIRES_?ER _E\/ENT] 

int VDCl_TIME [MAX_\,/IRES_?ER_EVENT] 

These two integer arrays arc u~ecl to ~tore event. dat,a. for t.he X-plane of the 
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first MWPC. The first array stores the channel or wire-number data and the 
second array stores the drift times associated with the wire or channel data. 

int VDC2_CHAN[MAX_WIRES_PER_EVENT] 
int VDC2_TIME[MAX_WIRES_PER_EVENT] 

These two integer arrays are used to store event data for the X-plane of the 
second MWPC. As before, the two arrays correspond to the wire-number 
and drift time data respectively. 

int VDC3_CHAN[MAX_WIRES_PER_EVENT] 
int VDC3_TIME[MAX_WIRES_PER_EVENT] 

The above two integer arrays are used to store event and channel data for 
the U-plane of the first MWPC. 

int VDC4_CHAN[MAX_WIRES_PER_EVENT] 
int VDC4_TIME[MAX_WIRES_PER_EVENT] 

The final two integer arrays shown above are used to store event and channel 
data for the U-plane of the second MWPC. The arrays depicted above still 
have to be filled, however, and this is done by way of the online database. 
As mentioned before, the TDC to wire-number map is read from the online 
database, allowing the analyser program to correctly identify which TDC 
channel corresponds to which wire in all four wire-planes. Once the TDC 
channel numbers have been resolved to wire-numbers, the analyser program 
can then fill the CHAN arrays depicted above as the wire-plane to wirenum­
ber map is known. 

5.4.6 Methods Used to Check TDC Data Correctness 

At this point in the analyser program the channel and drift data arrays are 
filled correctly. There is, however, a chance that the correctly sorted event 
data could represent an invalid event. For this reason the channel arrays are 
checked against a list of predefined criteria to ensure that the event data is 
useable. This list of criteria is presented below [30]: 

• At least three wires in any wire-plane must fire per event. 
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• No more than eight wires may fire in any wire-plane per event. 

• There must not be a gap larger than one in between wires that fired. 

Implementation of the first two criteria was accomplished by creating and 
updating the following four variables: 

vdcLhits, vdc2_hits, vdc3_hits, vdc4_hits. 

As the names suggests, vdcLhits stores the number of wires that fired in 
the X-plane of the first MWPC on a per-event basis, while vdc2_hits stores 
the same information for the X-plane of the second MWPC. The remaining 
two variables, vdc3_hits and vdc4_hits, store the number of wires that fired 
in the U-planes of MWPC one and two respectively on a per-event basis. 
These variables are incremented during the data sorting procedure explained 
above. Every time a V DC _x _CH AN array has a member added to it, the 
appropriate hits variable is incremented. 

After all data has been sorted into the appropriate channel and data arrays, 
the values of the corresponding hits variables are checked against the first 
two elements in the above list via simple algebraic comparisons. As there is 
both a lower and an upper bound on the number of wires that must fire in 
all four wire-planes, there will be a total of eight comparisons all of which 
must be true. These comparisons look as follows: 

if ((vdc1_hits > MAX_WIRES_PER_EVENT) I I 
(vdc1_hits < MIN_WIRES_PER_EVENT) I I 
(vdc2_hits > MAX_WIRES_PER_EVENT) I I 
(vdc2_hits < MIN_WIRES_PER_EVENT)) I I 
(vdc3_hits > MAX_WIRES_PER_EVENT) I I 
(vdc3_hits < MIN_WIRES_PER_EVENT)) I I 
(vdc4_hits > MAX_WIRES_PER_EVENT) I I 
(vdc4_hits < MIN_WIRES_PER_EVENT)) 
clear_VDCS(); 

In addition to clearing the channel and data arrays when too many or too 
few wires have fired per event, the number of events rejected by these criteria 
is also recorded in separate variables for the sake of statistics and diagnostic 
purposes. These statistics are useful ones to keep track of as, if it is found 
that a large percentage of all incoming events is being rejected based on 
the number of wires that fired, then that would be a good indication to the 
experimenter to re-examine the experimental setup and machine calibration. 

68 



The variables responsible for storing these statistics are incremented as fol­
lows: 

if ((vdc1_hits > MAX_WIRES_PER_EVENT) I I 
(vdc1_hits < MIN_WIRES_PER_EVENT)) 
dc1_x_miss->Fill(vdc1_hits); 
else if ((vdc2_hits > MAX_WIRES_PER_EVENT) I I 
(vdc2_hits < MIN_WIRES_PER_EVENT)) 
dc2_x_miss->Fill(vdc2_hits); 

if ((vdc3_hits > MAX_WIRES_PER_EVENT) I I 
(vdc3_hits < MIN_WIRES_PER_EVENT)) 
dc1_u_miss->Fill(vdc3_hits); 
else if ((vdc4_hits > MAX_WIRES_PER_EVENT) I I 
(vdc4_hits < MIN_WIRES_PER_EVENT)) 
dc2_u_miss->Fill(vdc4_hits); 

The values of the miss variables are then added to histograms so that they 
can be more easily interpreted by the experimenter. 

After this has been done the analyser then checks all wire-plane data to 
ensure that there is no gap larger than one between the wires that fired 
within each wire-plane. Any such gap would seem to suggest that more than 
one particle was incident on the MWPC in a single event, a scenario that 
is undesired and is therefore discarded. As before, should there be a gap 
larger than on in any wire-planee, all event data is cleared by the clear _vdcs 
method. The algorithm responsible for checking the gap between the wires 
that fired is as follows: 

int c = VDC1_CHAN[O]; 
for (i=O; i<N; i++) 
{ 

if (VDC1_CHAN[i] - c <= 2) c = VDC1_CHAN[i]; 
else return O; 
} 

The code excerpt shown above is used to calculate the gap in the X-plane 
of the first MWPC and is taken from the check_tdcs method located in the 
analyser. All pairs of wire-numbers in the channel array are compared to each 
other by value and, should a gap of more than one be detected, the method 
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will return zero. When the analyser receives a zero from the check_tdcs 
method, it then calls the clear_ V DC S method described above. 

Similar code fragments perform the same calculations on the three remaining 
wire-planes in a single pass. Therefore, should any wire-plane possess a gap 
of more than one wire in the list of wires that fired for a single event, the 
clear_ V DC S method would return zero immediately, negating the need for 
further calculations on the remaining wire-planes. 

5.4. 7 Implementing the Line-fitting Techniques 

At this point in the analyser's execution all event data has been checked for 
correctness and packaged into the appropriate data structures. The event 
data structures and their units are shown in Table 5.3. 

Data Structure Name Unit 
vdcLchan (Channel data for Xl) Wire number 
vdcLtime (Drift time data for Xl) µs 
vdc2_chan (Channel data for X2) Wire number 
vdc2_time (Drift time data for X2) µs 
vdc3_chan (Channel data for Ul) Wire number 
vdc3_time (Drift time data for Ul) µs 
vdc4_chan (Channel data for U2) Wire number 
vdc4_time (Drift time data for U2) µs 

Table 5.3: Analyser event data structures and their units. 

In order to accurately apply the line-fitting techniques explained in Chapter 
3, we need both variables to be of the same type. Table 5.3 shows that the 
channel array is in units of wire number, which is analogous to distance, 
while the data or time array is in units of µs. In order to reconstruct the 
particle's trajectory, both arrays must be in units of distance. 

As stated previously, the drift time in the MWPCs is proportional to drift 
distance and can be converted into drift distance by means of a look up table. 
The look up table takes a drift time as input and returns the corresponding 
drift distance as output. This look up table is necessary as the MWPCs at 
iThemba LABS are not conventional in the sense that the drift velocity is 
not constant, but rather possesses a 1/r dependence when close to an anode 
wire [33]. The role of the look up table is therefore to compensate for this 
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chm1ging drift V!:llocit.y and 11.llow the expe.rimentcr 11ccess to tbe correct drift 
<li:;tan<~•~. The look up table used with t.he :VT\VPCs at iThemba LA BS i~ 
shown in F ii;u re. 5.8. 
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Figure. G.8: A visualisal.iou oft.he look 1111 t.abl<' used in t,he m·w dat,a acqnisi­
Liou syst.e.m. The ima:i;,· above shows t.he exp<'rimeut.al dat.a used t.o geuernl.c 
Llw look up t,able, while i.lw irmige bdow shows t,11(' com11ld.rnl look 1111 table. 
1:12]. 

The. visualisaiion depict.eel in Figure. 5.8 is a graphical represeul.at,iou of i.h<' 
data file used Lo convert. drift. Limes t.o drifl disl.ance.s. The file used by I.be 
analyser compri:;es one colunm of da.t,a, whose le.ugl.b spans t.he ent,ire x-axis 
and whase. value.s span 1,he y-axis of t.he secoud part, of Figure 5.8. 

During the initialisation phase. of 1,he analyser program, t.bis data file. is loaded 
int.o 11n array who:;e. le.ngth is equal to the number of rows in 1,J1e. file. Whal·. 
rt!:;ults is an array with 1,he number of entries exact.ly equal 1,0 the. allow­
able drift times, wbile the e.ntries t.hem:;elves are the distances tba1, ionised 
electrons would have drift.e.d during 1,hose drift, t.iru•is. 

As an example, cousider a siuglc-wire evcat, where the drift Lime measured 
wa.~ GUUOns. To eompuLe t.he drift. distanee 1.,s:;(>datcll with a drift time of 

71 



6000ns, one would set the drift distance equal to the 6000th entry in the look 
up table. Should the drift time have been 8000ns, one would set the drift 
distance equal to the 8000th entry in the look up table. 

Once the drift times have been resolved to their respective drift distances, 
the line-fitting algorithms outlined in Chapter 3 can be applied and the 
desired spectral data added to histogram data structures and displayed to 
the experimenter. 
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hapter 6 

esting the Analyser 

Now that the analyser raw data has been corrected for various hardware and 
physical constraints, all that remains to be seen is whether or not the tech­
niques outlined in Chapters 3 and 4 have resulted in a working analyser mod­
ule. The most intuitive method of checking the customised analyser module 
for correctness is to compare it to known spectra from another system. 

Unfortunately, at the time of writing, the new detectors were not functioning 
with the new MIDAS software. The current system at iThemba LABS func­
tions either with the new detector electronics but the old data acquisition 
software or with the new data acquisition software with the old detector elec­
tronics. For the purposes of this project however, testing the effectiveness of 
the new analyser module with the old detectors was deemed more relevant as 
the vertical wire, or X, plane of the old detectors is the same as the X-plane 
of the new detectors. 

Unfortunately this implies that the methods used to reconstruct the tra­
jectory of the incident particles perpendicular to the focal-plane cannot be 
carried out. There is some consolation, however, as the line-fitting techniques 
used to reconstruct the position of the incident particles in the plane of the 
focal-plane arc the same as those used in the plane perpendicular to the 
focal-plane. Therefore, proving that the focal-plane information calculated 
by the analyser is correct in itself implies that the methods used to calculate 
information perpendicular to the focal-plane are also likely to work, when 
the experimental data becomes available to test this. 

The first step in checking the analyser module for correctness is to ensure 
that the raw data gathered by the analyser is in fact correct. To check this 
the raw data spectrum calculated from run number 436 is compared to the 
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rnw claia sped.rum for 1 he same experiment geueratecl ,tt. iTbPrnlm. LA RS. 
These two graphs shnulcl nol <>nly lw similar, lmt melter iclcntical. Tiu: two 
raw data spcdrn a.re shown in ~·•igurcs 6. 1 and 6.2. 

Fi~urn 6.1: A plot. of I.he wire hii paU.ern for run number 4:16 ta.ken from the 
iTbcrnba LA BS da.i a book wit.Ii t.he y-axis in lngadt.hmic scale. 

Plot of wlro nU'nlbor fli•ci 

SGO 600 700 

Figure 6.2: A plot of the wire hit p,1.ttern c,1ku\H.ted by the new MIDAS 
anii.Jyser for run number 436 with the y-a.--ds in log~i.rithrnk sc,ile. 

F'igurcs 6.1 ,1.nd 6.2 11grec cx,tctly, ,ts i:s required. To ensure th11t r.ltis is not 
UH!.rcly a cniuddcncc l.he wirl' hit pall.ems frorn the new MIDAS awilyser 



,i.nd iThemba. LADS arc compared again with daLa from experimental mo 
number 437. Figures 6.:i a.nd li.4 dcpici ihe comparison. 

. : Hl'tPaJ1'!'10 " 
r.,m- ,.;uaa-1..n 

Figmc (i.:\: A plot of the wire hit pau.cm for run number 437 taken from the 
iThcmha LA13S data book wiLh the y-axis in logarithmic sr.alc . 
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Figure 6.4: A plot of the wire hit pa.ttern r.alr.ulated by the new MIDAS 
a.nalyser for run number 437 with the y-axis in logarithmk ;;r.a.le. 

Onr.c again we observe that the spectra match each other perfectly. This 
implies that the portion o[ the new analyser module responsible for collection 
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and prncci<Hiug of tlte raw data works correctly. The only t.c~t. rcmai11lug is 
whct.lt<-r or not, the calculat,P.d position spectrn match the mw dat>1., whi<:b is 
uow knowu to be correct. 

The cal1;11latcd po;;i~ion ~pectrnm in tl,P. plane of the focal pla,ue from run 
ntunbcr 437 is presc11t.cd i11 Figure 6.5. 

Plot of x position from DC1 

,-

------ ___ __, 

Fignr<: 6.5: A plot of focal-planP. po~it.ion calculat.P.d from thP. first horizontal 
wirn-plam: from run ,137 1'it,h the y-axis in logarithmir srale. 

J•;xp!,rimcuial nm number ,1,r, r:.ousisted of a proton bo?am, with a, beam 
currcn1 of 1 uA. iucident, on a 12C target with a thickness of approximately 
:!Q 45 mg.cni-2. The, carbon ta.rget however was nol, pun, and comaiu<'d 
13C impurities of the order of 1 pa.rt iu 1000, 

Figure 6.5 displa.ys the lll<'illl position spcct.rnm calc11la1.ccl from t.lu: X-planc 
of the first detector. The second X-phmt, aud 1.h<: vcn.icaJ phuH' W<'rt: not. 
consid,m,,d as they were known to yield Ila,wcd data [:1:1, 3l. Thi" i" confirm<'d 
by the breadth of the peaks in the second di:if1 chmnhcr ,rncl t.ll<' complf't.,· 
lack of usable da.ta in the IIDC. The Hpikc:< <,hscrvcd bdwem1 d 1a11ne.L5 600 
all(! GU-5 are t,be offset data de.scribed in §5.:l.:l a,ud 1.he spike observed a.twin, 
1,15 is tbc rc,ult of a noisy channel [33]. 

The rt•maiuing peaks, corrcHponding to the. physic.al experimental infornH1-
tiou, occur ,iJ, wire mnulH:rH 8-5, 120, 172, 178. The. position peaks, a~ calcu­
lat,ccl by tbc mlfllyst':lr r:.ode, were. found to be at wire number~ 85, 172. 178. 
Tlw fir~I. p<"ak in tltc position .spect.runi, located before the peaks at. wire 
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numbers 85 -178, is considered co be part of the background as it is relatively 
small. even when viewed 011 a logarithmic scale. 

The 8CCOIH.1 pl'a.k in the position spcct.rnrn, locat,<'d at, wire mnnher 85 corr!'­
sponds to the first excit.ed st.ate of 12C :32, :l4]. The third peak seen in the 
raw <lat.a spectrum, located at wire number 120, is not. seen in t.he posit.ion 
spectrum. The reason for chis is two-fold: Firstly, channel number 130 was 
not opcra.t,ional dnring t.J1fa r1111 and ;,ocondly, the cn.Jibra.t,ion dat,n. gcncrnr.ed 
from run number 459 was fiaw<'d in t,his region. These two fact0rs forced the 
<Ima analysis software t.o <lisr<'gar<I t.h<'se events mul t.reat, t,hen, ns though 
they were invalid. Fig11re 6.6 illust,rates an example ,~ire that. resulted in bad 
ca.librat,iou data. 

,....__,C'-"hamber X1 wlra # 86 cleened with offset 
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Figure 6.6: A plot of the single wire spectrum for wire 123 from test pulse 
nm number 459. The smaller of the two r,eaks, centred r1t 5410, should not 
have resulted from a pulser run and is cousequeucl,v ignored by the analyser. 
This unforttmacely renders the wire unusable by the ,UHLl,vser module. 

The next peak observable in the position :;pectrum is located at wire number 
1 7'1.. In the raw data spectrwu wire number 172 is the ;,boulder to the peak 
obscrv11blc 11L wire nunih<'..r 178 ru1d corrnspottds Lo the: gmnnd 8tat.<' cuc:rg_y 
of ihe 1'1C impw·ili<~~ ill the 12C t.n.rgei 1:12, :14]. 

The final, 11ud brge;,t peak, fouutl at wire uwuher 178 in 1.he raw daLH. spcc­
cntm corresponds co 1.he ground sli1Lc o[ 12C [32, 311]. 

Checking t.hc calculated focal-plm1e angnlH.r informat,ion, however, is uot as 
simple. A st.andar<I ,Lpproad1 won]<! cousist of cn.lcnlat,iug the focal-plane 
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anp;les from both th,, lirst. 11l1<l scmncl drift. cfounb;;,rs aud comp8.ring these 
to each other, t.o check for ,·ominuil.y. ht the :i,b~fmc•: of darn. from the 
second drift. c:htunhcr, I.I}(, mo~t reliable means oJ asc.en.aininr; focal-plane 
ru1~lc corr<·d.11e~s is to cxarnine the full width of the Gaussim1 at half of its 
maxitnum w1l11c [:l2I. 

This value is known to be bd.wem1 7 ancl 8 degree~ [32, 34]. Figure 6. 7 
illustrai,es l,he calcuh,tccl foc:al-plauc augle spectrum, c,,.Jculated from the first. 
drift. ch;uubcr, from r1111 11111uber 437. The ~-nr;ulaT distribution, c,'llculat.ed 
as t.ht; full widl.h of t.he (}1ussia11 at half of the maximum value, was found 
t,o be 7A72°, wh.id.:i foll;; witllin thP inten-11[ RU pp lied by iThemlm LABS . 

. Plot of ttieta/Xf fromllbfil , ric:1 vc lh~t;i 
EntM.$ ·217•0 

--------------Mc;in 11.21 
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:woo 
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00 20 40 60 80 100 120 140 160 180 

figure 6. 7: A plot, of c,'llculr,t.,,d foc:Hl-plaue angles iu the first, drift rhamber, 
taken from .run nutnhcr :J37. '!'he x-c1xis here i., i11 1111its of dep;rees. 

llavi11g dernonstrn.ted that the customised ,malyser developed in t.his r.lt<'sis 
rcprodu<:cs raw datH spr!c,trn exactly when comp,\red t,o t,hose gcnr:rat.ed at 
iT'hr,mba LJ\ BS and that t he position aJ1d a.11gle information, c;1kulm.!'cl hy 
the line-lif.t.iu~ l,ed111iqucs a11d trajec:.tory reconstruction algorithms, r,~e,·s 
with c.xµerimc11l, t.l.ie customised analyser module is deemctl r,o work snt,is­
factorily. 
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hapter 7 

onclusions and Further 
evelopments 

In this thesis, the underlying principles behind proportional counters and 
multi-wire proportional counters were thoroughly reviewed, both in theory 
and design. These ideas were then extended to both standard horizontal and 
vertical drift chambers, and the non-standard drift chambers currently in 
operation at iThemba LABS. Mention was made of the changes recently made 
to the focal-plane detector package at iThemba LABS. The mathematical 
methods used to generate physical data such as position, both in the focal­
plane as well as perpendicular to the focal-plane, were presented. 

A new analyser module, intended to operate within the recently upgraded 
detector package was proposed, and both the conceptual and software designs 
of this analyser were outlined in detail. Included was a concise description 
of the software environment in which the analyser was designed to operate 
(MIDAS), as well as the additions to the software framework necessary to 
facilitate the integration of the new module into the existing ones. The inter­
nal functionality of the analyser was explained, together with the methods 
used for calibration and cabling effects. 

Finally, the new analyser module was tested against both pulser and ex­
perimental data, and was found to be working satisfactorily. The raw data 
spectra produced by the analyser were compared to those taken from the 
K600 experiment logbook and found to agree. In addition, the position and 
angle spectra calculated by the new analyser module were themselves exam­
ined and determined to be consistent with experiment. 

The working analyser module will be integrated into the new data acquisition 
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system at iThemba LABS1 and will be responsible for the calculation of 
basic focal-plane information common to all experiments carried out on the 
K600 magnetic spectrometer. As mentioned previously, the newly upgraded 
detector package is not yet completely operational. The current schedule 
places the first data capturing run of the new detectors in June 2008 [33, 
32], which will allow the analyser module developed in this thesis to be 
implemented. 

Further developments to the analyser module include a wider range of his­
tograms available to the experimenter, as well as complete testing of the 
algorithm used to extract vertical information from the slanted wire-planes. 
Currently this cannot be tested as, at the time of submission, no data was 
available for the new detector package. 

1 A complete copy of the source code is available at iThemba LABS, Cape Town. 
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