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Abstract

The 	PANDA experiment is a planned experiment for the FAIR upgrade to GSI in Darmstadt, Germany. It

aims to probe the nature of hadronic matter and the Strong nuclear force to unprecedented levels of accuracy

and precision. A general purpose detector, covering 4π solid angle, will reside on the High Energy Storage

Ring (HESR) racetrack-type accelerator. The HESR will provide a beam of variable momentum anti-Protons

which impinge upon a proton target internal to the 	PANDA detector.

To ful�l the physics programme the detector will utilise two �erenkov detectors based on the Detection of

Internally Re�ection �erenkov radiation (DIRC) principle, one in a barrel con�guration and one in an disc

con�guration. A proposed design for the disc con�guration DIRC is the Focussing Lightguide Disc DIRC

(FLDD). In addition to the novel geometry the FLDD proposes to use a unique hardware element to correct

for the chromatic dispersion present in DIRC detectors. Lithium Fluoride was selected to correct for this

dispersion and was found to reduce the angular spread resulting by a factor of ∼ 4.7, in agreement with the

predicted reduction.

A full optical simulation of a prototype accurately reproduced all of the features observed at test beam.

Therefore to perform the Pion/Kaon separation required for the 	PANDA physics programme the design

needs a detector surface split into 64 channels or a resolution of 0.78125mm per pixel.

Further study of the focussing lightguide element is required to access the full performance of the FLDD

design.
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Chapter 1

Introduction

The frontiers of physics are being simultaneously pushed to higher energies and new discoveries, leading to

greater understanding of our physical universe. This is a challenge which requires the development of novel

detectors and the use of novel technologies to successfully achieve.

An active branch of modern physics is the research into hadronic matter, any matter which interacts with the

Strong force. Our understanding of hadronic matter is vital to our understanding of the material universe as

it forms both the constituents of the atomic nucleus and the constituents of the nucleons themselves, quarks.

Only through a complete knowledge of these constituents and the force which governs their interaction can

we fully understand the universe.

The study of such a complex �eld requires advanced technology and detector systems to achieve the accuracy

and precision required to further our understanding. One such experiment will be the 	PANDA detector,

to be situated on the High Energy Storage Ring (HESR) at the Facility for Anti-proton and Ion Research

(FAIR) upgrade to the GSI facility near Darmstadt, Germany.

A variable momentum beam of cooled anti-protons will impinge on a proton target and the resultant products

will be detected by a general purpose detector with near-4π solid angle coverage. 	PANDA will centre on

excellent calorimetry complemented by state-of-the-art tracking. Particle Identi�cation (PID) is required to

cover a large dynamic range and have excellent identi�cation capabilities.

To this end the novel Focussing Lightguide Disc �erenkov detector, based on the Detection of Internally

Re�ected �erenkov (DIRC) principle, is proposed to be situated within the end-cap of the 	PANDA detector.

The development and understanding of the prototype for this detector will be presented in detail in this

thesis.

1.1 Physics Motivation

The nuclear force, known now to be the residual long-range component of the Strong force, was postulated

as a mechanism to overcome the electromagnetic repulsion between bound protons in the nucleus, allowing

the formation of nuclei beyond hydrogen. Hideki Yukawa (1935) postulated a carrier particle to mediate this

force and named them Mesons, from the Greek mesos meaning intermediate as it was predicted to have a
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(a) Positronium energy levels. [6] (b) Charmonium energy levels. [7]

Figure 1.1: A comparison between energy levels of Positronium and Charmonium. Striking similarities such

as the 3P0,1,2 triplet state, the 1P1 state being �nely split from the triplet states and the structure of the

S-states. These similarities lead to the hypothesis that Charmonium was a particle-antiparticle pair.

rest mass between that of the electron and proton.

The Pion was the �rst Strong force interacting particle discovered to display the properties required of

Yukawa's meson and was subsequently found to be the primary carrier of the nuclear residual component of

the Strong force. Subsequent to it's discovery a great many hadrons, particles participating in Strong force

interactions, were discovered and catalogued and this lead to the development of a new model of classi�cation

of these hadrons in terms of small sub-components, known as quarks.

Every observed hadron was comprised of valence quarks, which together contribute the quantum numbers of

the observed hadron. Mesons, such as the pion, comprise a quark-antiquark pair whereas Baryons, such as

the proton, and anti-baryons, such as anti-protons, comprise three quarks or three antiquarks respectively.

Strong evidence for the constituent-based model of hadrons can be found when looking at the energy level

systems of heavy quark-antiquark pairs, Figure 1.1.

1.1.1 Charmonium

Quarkonia are meson states comprising pairs of a single quark �avour, such as the J/ψ or Υ states which

consist of cc̄ and bb̄ respectively. The �rst of these very massive meson states was discovered in 1974 simul-

taneously at the Stanford Linear Accelerator [2] and Brookhaven National Laboratory [3] through di�erent

reaction channels:

e+e− → ψ → l+l− + hadrons (1.1.1)
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p+ Be→ J/ψ → e+e− + other (1.1.2)

respectively.

Reconstructing both the centre of mass energy for the e+e− annihilation at SLAC and the invariant mass

distribution of the e+e− products at BNL showed a sharp resonance at 3.1GeV . This new state, named J/ψ,

has been shown to have a width of only 92.9 keV . When compared with the resonances of mesons comprising

the three lightest quark �avours, which typically have widths of order 1− 10MeV [4], the narrowness of the

J/ψ resonance was highly anomalous. This indicated that it could not be explained in terms of these three

light quarks, the only quarks discovered to that point.

A new quark, carrying a new Charm quantum number, had been postulated prior to the discovery of the J/ψ

to answer a separate problem regarding the non-existence of strangeness-changing neutral weak currents, i.e.

interactions mediated by the electric charge-less Z0 boson [5]. It was postulated that the J/ψ state was

comprised of a cc̄ pair. Comparison of the energy levels of the ψ and e+e− pair, Figure 1.1, at di�erent

JPC shows clear similarities in structure, such as the appearance of a triplet state at 3P0,1,2
1 corresponding

to JPC = 0++, 1++, 2++. This triplet structure is also clear when the energy levels of the Υ were studied,

implying it too is a composite particle comprising a fermion-antifermion pair. The J/ψ was therefore found

to be a charm-anticharm c barc quark pair.

The Strong force is best studied in its simplest manifestations and Mesons like J/ψ are such systems.

Charmonium, the generalised name for all cc̄ states including J/ψ, is a meson system presenting attractive

features for the study of the Strong force. First of these is its simplicity as a two-body system comprising

a quark-antiquark pair of the same �avour. Second is the increase mass of the Charm quark relative to the

Up, Down and Strange quarks. The mesons constructed of these lightest three �avours occupy a densely

populated spectrum of mesons with up to 77 mesons expected in the mass region 1.5 − 2.5GeV each with

widths in the order of 100sMeV [4]. The lightness of these quarks requires any theoretical treatment include

relativistic e�ects and this results in a Strong coupling constant too large for perturbation theory to be used.

Charmonium avoids both of these issues as the mass region 2.9 − 3.7GeV contains only 8 narrow, isolated

Charmonium states, Figure 1.1(b), and due to the mass of the Charm quark the relativistic considerations

of cc̄ result in fewer Strong coupling problems. Third is that the Charmonium mass spectrum requires

much lower Ecms for any detector system to access, when compared to the otherwise similarly bene�cial

Bottomonium, bb̄ states such as Υ.

Above 3.7GeV further excited Charmonium states are both predicted and discovered though many unan-

swered questions remain, indicated by dashed lines in Figure 1.1(b). These additional states occur in a mass

range above the DD̄ production threshold. The D mesons comprise a Charm paired with and Up, Down or

Strange quarks and have masses ranging from 1.867GeV to 2.573GeV and in meson-antimeson pairs have

masses > 3.7GeV [4]. These mesons obscure the Charmonium states above this mass so making the region

less suited to precise study, the widths of these states are a factor of some 10 eV to 103 eV greater than those

of the narrow resonances below 3.7GeV [7].

1Convention in Nuclear physics labels lowest energy P-states as 1P, Atomic physics, used for positronium, labels these as 2P.
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Within the states below the DD̄ threshold the singlet states ηc(1S), hc(1P ) and ηc(2S) have the greatest

uncertainty on the mass, sometimes of > 1.0MeV [7]. Recent results from the BESIII collaboration reduce

the uncertainty on Mhc ± 0.13 ± 0.18MeV [8]. Further limitations on the uncertainty of both the mass

and width of the two ηc states will be of importance in continuing the improvement of QCD models. The

prediction of the hc(1P ) state, with a mass ofMh ≈ 3.525GeV , was con�rmed by its unambiguous discovery

in 2005 [9]. Lattice QCD models predicted the hyper�ne splitting between the hc and the centroid of χc(3P )

masses of 1.5MeV ≤ ∆Mhf ≤ 3.7MeV . Experimentally this was found to be ∆Mhf = 1.0±0.6±0.4MeV ,

in agreement with theoretical prediction.

Perhaps most interesting amongst the states above the DD̄ threshold are the so-called X, Y and Z states,

observed by BELLE in 2005 [10]. These states were not observed to decay into channels predicted for excited

states of the χcJ , which are predicted to decay into DD̄ pairs. The Z(3931) is tentatively identi�ed as the

excited charmonium state χc2(23P2) as it agrees with predictions on mass, angular distribution of decay

products and Branching ratio into DD̄ pairs. This and many other states lying above the DD̄ threshold are

not con�rmed and many of their quantum numbers are unknown. 	PANDA will be in an excellent position

to study these states and to pin down these unknowns [1].

The study of the Charmonium spectrum gives an excellent insight into the behaviour of QCD and the

successes of its simple potential model. Key topographical features such as the mass and width of the ηc

state, the structure of the χc triplet states, the hyper�ne mass splitting of the χc states and the hc state and

the radial excitations of the ηc and J/ψ are all clean tests of QCD model below the DD̄ threshold. Above

the threshold almost all states have questions still attached to them and any greater study of these can only

improve our knowledge of this energy regime.

1.1.2 Exotic Excitations

It is predicted that the gluon "�ux tube" connecting hadrons together can be excited. Doing so increases

the number of degrees of freedom in the qq̄ system. This increase may be manifest in its contribution to the

quantum numbers of the observed system. In some cases the quantum numbers of the gluon, JP = 1+ or 1−,

added to those of the existing Quarkonium state will produce exotic excitations with JPC states which are

not possible for a simple qq̄ system [1]. An outline of the spectrum of these exotics is shown with observed

cc̄ states in Figure 1.2.

Several light, un�avoured mesons with exotic quantum numbers have been observed by E852 [11�14] at

Brookhaven National Laboratory and Crystal Barrel [15�18] at the LEAR accelerator in CERN. The initial

observations of these states indicated that these states were the π1(1400) and its excited π1(1600) state. As

the nomenclature implies these states carry J = 1 and are exotic as they have PC = −+, a combination not

formed by a qq̄ pair. The E852 experiment also reported seeing a candidate for the π1(2000) state [13, 14]

carrying the same JPC as the lower energy π1 states. These states require extensive further studies but the

potential successful identi�cations of hybrid un�avoured states indicates that looking for such hybrid states

in Charmonium region is a worthwhile undertaking.

In the Charm sector there are hybrid states predicted with JPC = 1−+ and masses in the range 4.287GeV ≤
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Figure 1.2: The energy levels, JPC quantum numbers and spectroscopic labels of discovered Charmonium

states and predicted Charmonium states, glueballs and hybrid states within the energy range for which
	PANDA is designed [1].

Figure 1.3: The energy level spectrum of charmonium showing conventional states, S, P and D, and predicted

Hybrid states, Πu and Σ−u [19].

m(cc̄g) ≤ 4.390GeV [20�23], see Figure 1.3. These states are believed to be the lowest lying hybrid char-

monium states, tentatively named η̃c1, and occur above the DD̄ threshold. In this region, as previously

discussed in Section 1.1.1, there are predicted to be many states with varying masses and widths. The

exotic quantum numbers of the η̃c1 state allow for initial separation from other states in the open-charm

energy region. Successful identi�cation of charmed hybrid states would be a clear success in the current

QCD models [1].

Another type of Exotic Excitation predicted by Lattice QCD models is the glueball, a state arising from gluon

self-coupling, Figure 1.4. The study of glueballs is strongly linked to knowledge of the QCD vacuum and

study of the states consequently impacts upon the vacuum. The masses of the glueball states are predicted
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to lie between 1.730GeV and 4.740GeV [24] placing them in a similar range to the Charmonium spectrum

discussed in Section 1.1.1. Experiments at LEAR [25�29] have previous attempted to �nd glueballs but have

not managed to unambiguously identify any state. Both a successful identi�cation or a failure to identify any

glueball states will have a profound impact on our understanding of QCD and how matter is constructed.

Figure 1.4: The energy levels and JPC of predicted glueball states. [24]

1.1.3 	PANDA Benchmark Channels

The key to all modern physics is �uid translation from theory to experiment. All of the physically interesting

states in Sections 1.1.1 and 1.1.2 will decay a short time after production, the mean lifetime of J/ψ is of order

τ ∼ 10−20 s, and so will not reach the 	PANDA detector system before decaying. Each state can potentially

decay in to dozens of decay channels, some of which will contain a large background obscuring the desired

reaction from clear study. The 	PANDA collaboration therefore looked to key, Benchmark, channels for their

physics programme. The physics case for 	PANDA presents simulated studies of detector performance based

on these channels [1].

Charmonium

Background from other hadronic particles is the primary background in Charmonium spectroscopy. Identi-

�cation of channels which have reduced background is imperative to ensure a clean performance evaluation

and the correct identi�cation of Charmonium states. The 	PANDA collaboration categorised the decays of

Charmonium into 4 classes: those with J/ψ in the �nal state; two- and three-photon decays; light hadron

decays; and decays in to DD̄ states.

Decays with a �nal state J/ψ: The benchmark channels for this class of decays have been focussed around
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the detection of the decay J/ψ → e+e−. The additional particles that will be detected by 	PANDA include π

and γ, for example in the decays channels pp̄→ J/ψπ+π− → e+e−π+π− and pp̄→ J/ψπ0π0 → e+e−γγγγ.

The positive identi�cation of the decay particles, both charged and neutral, is crucial to performance for this

decay class.

Two- and Three-Photon decays: The multi-photon decay class arises from the desire to study the

hc(1P ) state for reasons outline in Section 1.1.1. The initial observation of this state was carried out on the

channel pp̄ → π0hc → γγγηc, an electromagnetic decay from the excited hc state. The initial Charmonium

decay within this channel is hc → γηc → 3γ requiring the accurate identi�cation and reconstruction of the

multi-photon decay products.

Decays to light hadrons: The same initial pp̄ → hc → γηc decay can result in the hadronic decay

ηc → φφ → 2(K+K−). This channel is an example of Charmonium states decaying into light hadronic

states, which are readily produced in pp̄ reactions. The direct production of 2(K+K−) pairs or of a single 2φ

pair, along with a π0, is considered primary amongst the background for this channel. The failure to identify

the π0 state by missing one of its 2γ decay products would produce the same detectable decay products as

the desired reaction. Complete identi�cation of all neutral particles, as well as the charged Kaons, should

therefore obtained.

Decays into DD̄: Two channels above the DD̄ were benchmarked, the pp̄→ D+D− → K−π+π++c.c. and

pp̄ → D∗+D∗− → D0π+ + c.c. → K−π+π+ + c.c. channels. The simulated production energy for the DD̄

pairs were 3.770GeV for D+D−, corresponding to the ψ(3770) state, and 4.040GeV for the similar D∗ pair.

These channels both end in the production of charged light hadron states and background channels with 6

charged hadrons, kinematically similar to the DD̄ pair decays, were also studied. Any precise study of these

channels and suppression of the background events requires accurate identi�cation of the decay products,

knowledge of their momentum and energies.

Exotic Excitations

As 	PANDA uses an anti-proton beam impinging on a proton target and thus can directly access a full range

of JPC via pp̄ → X Y . This allows direct production of every hybrid and glueball state should they exist

within the energy range accessible. The hybrid states of Charmonium, cc̄g, encounter similar problems with

hadronic background as the pure cc̄ states. Glueballs, should they exist, will also have hadronic decay modes

and be located over a similar energy range adding to the background.

The benchmark channel for the η̃c1 hybrid state, identi�able as it has exotic JPC = 1−+, is pp̄ → η̃c1η →
χc1π

0π0η. The primary pollution for this channel is expected to be the uncertainty over direct or decay

production of the �nal state. Other Charmonium states, such as the J/ψ, are also expected to contribute

to this contamination. Identi�cation will centre on reconstructing the invariant mass of candidate photons

and accepting pairs with masses near the π0 and η. Identi�cation of the J/ψ using its decay e+e− pair, in

combination with a photon not accounted for in the reconstructions of the π0 and η, will give χc1 candidates

and it is then combined with the previous identi�cations to create candidate χc1π0π0η states. Through

this careful analysis procedure it is possible to place selection criteria upon each stage of the �nal state
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reconstruction such that it recombines to the η̃c1η initial state.

The η̃c1 state lies above the DD̄ threshold and as such decays into open-charm topologies are possible. The

benchmark amongst these is pp̄ → η̃c1η → DD∗η. Direct production of either DD̄∗0 with either π0 or η

contributes to the primary background. Using the same photon invariant mass method as for the χc1 decay

above the π0 and η can be reconstructed. The decay D0 → K−π+π0π0 will be present either from directly

produced D0 or from η̃c1 → DD̄∗η and the invariant mass of the K and π state is constructed to give the

originating DD̄∗ pair. The �nal state here requires clear neutral particle identi�cation for the decay product

photons, but it also requires unambiguous charged particle separation for the K−π+ and conjugate states

present in the detector.

1.2 The High Energy Storage Ring and 	PANDA Detector

The 	PANDA detector is required to have excellent capabilities in detection of all decay products and their

properties if it is to realise the physics programme outlined in Section 1.1. The detector must provide

accuracy and precision in locating decay vertices, in tracking particle trajectories, in the identi�cation of

charged and neutral particles and in measuring the energy and momentum of these decay products. Alone,

however, these facets will not enable the realisation of the physics programme, and the provision of a beam

of antiprotons by the High Energy Storage Ring (HESR), with an accurate and precise control over the beam

momentum, is critical to the success of the experiment.

1.2.1 The HESR

Figure 1.5: An overview of the proposed FAIR facility at GSI. The location of 	PANDA is highlighted.
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The HESR will be one of the accelerators situated at the FAIR upgrade to GSI in Darmstadt, Germany,

Figure 1.5. The accelerator will be a racetrack-type con�guration with two long straight sections, housing

the 	PANDA detector on one and the cooling systems on the other, Figure 1.6. The accelerator is designed

to run in two modes, High Luminosity and High Precision, the challenge for the former being luminosities

of up to 1032 cm−2 s−1 and for the latter a momentum spread in the order of σp/p ≤ 10−5. A summary of

the required experimental parameters is given in Table 1.1.

Figure 1.6: Schematic of the High Energy Storage Ring with the positions of the 	PANDA detector, electron

cooler, bending and steering magnets.

The two operational modes will allow 	PANDA to both produced rare events, running in High Luminosity

(HL) mode, and also to undertake �ne resonance scans, using High Resolution (HR) mode. The former

will be bene�cial to the study of glueballs and other low yield states; the latter is of greatest use in the

precision Charmonium spectroscopy that will form the backbone of the 	PANDA physics programme. The

electron cooler is postponed until a future upgrade limiting the performance of the HR mode initially. The

development of the HESR is considered to be on pace for construction within the FAIR schedule [30].

1.2.2 The 	PANDA Detector

The 	PANDA detector, Figure 1.7, will be constructed in two separate spectrometers [1]. The Target Spec-

trometer (TS), Figure 1.8, is furthest upstream of the two and contains the 	PANDA internal target. It is

an asymmetric detector to account for the target interaction kinematics. It forms a complete spectrometer

system with a Micro Vertex detector (MVD) - detecting the primary decay vertex, Tracking detectors -
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Table 1.1: Summary table of the experimental requirements for the HESR and an overview of its two

operational modes.
Experimental Requirements

Species Antiproton

Mean Interaction Rate 20MHz

Operation Modes High Resolution (HR) High Luminosity (HL)

Luminosity 2× 1031 cm−2 s−1 2× 1032 cm−2 s−1

Particles per Bunch 1010 1011

RMS Momentum Spread σp/p ≤ 2× 10−5 σp/p ∼ 10−4

Momentum Range 1.5GeV/c - 9GeV/c with elec-

tron cooling.

1.5GeV/c - 15GeV/c with

stochastic cooling.

Figure 1.7: A CAD render of the full 	PANDA detector. The Disc DIRC, contained within the Target

Spectrometer is highlighted. The beam enters through the beampipe from left to right [1].

measuring the �ight path if charge particles, Particle Identi�cation detectors (PID) - to discriminate be-

tween particle species, Electromagnetic Calorimeters (EMC) - to measure particle and photon energy, muon

detectors - to distinguish muon tracks from others and a solenoid magnet - to allow measurement of charge

particle momentum. It can be broadly split into two subsections, the Barrel and the Endcap covering θ ≥ 22◦

and 5◦ ≤ θ ≤ 22◦ in polar angle respectively. It is in the Endcap that the Focussing Lightguide Disc DIRC

(FLDD) will be located.
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Figure 1.8: The Target Spectrometer. The beam enters from the left. Highlighted are both the Barrel DIRC

and the FLDD. The EMCs are shown in purple, the GEM trackers in red, the central tracker is in beige and

the MVD is in black [1].

Figure 1.9: The Forward Spectrometer. Secondary particles produced at the Interaction Point enter from

the left. Tracking is highlighted in red, the magnet in blue, PID in yellow and the EMC in purple. Tracking

consists of a system of GEM-foil trackers organised in sets located before and after the dipole magnet and

also within the magnet opening [1].

The second section is the Forward Spectrometer (FS), Figure 1.9, which is located downstream of the TS

Endcap. The system covers θ ≤ 5◦/10◦ in polar angle with the asymmetry introduced by the dipole magnet.

It shares the Micro Vertex detector and sections of the TS Endcap Tracking detector, but also includes
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Tracking, Particle Identi�cation, Electromagnetic Calorimetry and muon detection within its set-up. The

highest momentum particles, which will have the greatest Lorentz boost in the downstream direction, will

be detected in the FS.

The 	PANDA system will not use central trigger, but will distribute time information to each subsystem

individually where it will then be encoded with the detected events. O�ine reconstruction can use this time

information to associate events from each subsystem appropriately.

The beam will enter the 	PANDA detector and strike the Internal Target, located within the TS section of the

detector system [31]. The current leading design for the target is a cluster-jet target where cooled gaseous

hydrogen is forced through a nozzle and is ejected at speed, causing it to cool and cluster in to bunches

of between 103 and 105 atoms. Studies into the optimum combination of experimental conditions for this

target have been conducted and it is believed this system will produce a target which matches the 	PANDA

experimental requirements.

An alternative target system is the creation of frozen pellets. This system comes with two primary strengths.

First in producing high e�ective thickness of target and second it allows for an accurate monitoring of the

position of the target within the Interaction Point, limiting uncertainties in production position. However

the discrete nature of the pellets can cause wide variations from pellet to pellet and so a high variability in

interaction rate.

Charged particle tracking is vital to any modern particle detector system. The �rst stage of the 	PANDA

tracking system will be the Micro Vertex Detector (MVD) [32]. It is designed to sit close to the Interaction

Point (IP) and provide 3D spatial information immediately after the primary reaction has taken place. Ad-

ditionally the initial tracking measurements will aid in the momentum reconstruction for all charge particles,

which in turn will aid all PID.

The MVD will consist of barrel and endcap-type sections with the inner layers being silicon pixel detectors

and the outer layers being silicon micro strip detectors. It will cover between 3◦ and 150◦ in polar angle,

θp, which is most of the geometric acceptance of the complete 	PANDA detector. The system is designed

such that there a minimum of 4 measured track points within the detector, spanning a maximum of 150mm

radially from the centre of the cylindrical design and 230mm downstream from the IP.

The second level of tracking is provided by a Straw Tube Tracker (STT) [33]. Operating similarly to a

ionization chamber tracking detector in that they measure the time of arrival of ionised electrons to determine

the distance of closest approach to the anode wire within each tube. As with the tracking from the MVD that

from the STT is required for momentum measurements. The track information also allows for subsequent

positive identi�cation of particles in other detectors. The Particle Identi�cation power of the two �erenkov

detectors relies heavily on knowing the trajectory of the traversing particles to resolve the combined �erenkov

and particle angle.

The STT will be in a barrel like con�guration and cover 10◦ ≤ θp ≤ 140◦. The radial cross-section will be

hexagonal and the only blind spot is caused by the target pipe. The inner portion of the STT will have

straws aligned parallel to the beam direction, extending in z. There will then be layers of straws o�set by
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+2.9◦ and −2.9◦ to the parallel, followed by a �nal section of z-aligned tubes. Straw tubes only measure

distance of closest approach to the anode wire running within the tube, therefore angularly o�set layers are

required to resolve z-coordinates in tracking.

In the direction of the beam the same role is performed by a set of GEM-foil trackers [34]. The detectors will

cover θp ≤ 22◦ and will be placed and 1.1m, 1.4m and 1.9m downstream of the IP. These detectors will see

a high particle �ux, upwards of 1× 104 cm−2 s−1 and operate in high magnetic �elds of up to 2T .

These tracking detectors are all located within the Target Spectrometer which is housed within a solenoid

magnetic �eld, the central axis of the magnet running parallel along the beam line [35]. The �eld strength in

this central region will be 2T and the internal bore will measure 1.9m. The uniformity of the �eld strength

within the tracking region of the detector, from the IP to the end of the STT and GEM trackers, is designed

to be ±1.6% and give a bending power of 1Tm within the tracking region. Within the endcap region the

�eld strength will decrease.

Particles with a the highest momentum will be preferentially produced at the lowest θp and will pass through

the TS into the Forward Spectrometer (FS). The tracking within the FS will be carried out by a set of wire

chambers placed in 3 pairs, the �rst pair in front of a dipole magnet, the second within the magnet and the

�nal set downstream of the magnet. The design of these detectors is foreseen to have 3 pairs of detection

planes per element, 1 with vertical wires and 2 with wires o�set by ±10◦ to give the z coordinate. The

momentum resolution of this system is expected to be ∆p/p = 0.2%, limited by the scattering induced by

the detector system.

The magnetic �eld used for momentum measurements within the FS will be provided by a superconducting

Dipole magnet [35]. It will provide a bending power of 2Tm when the beam momentum is pbeam = 15GeV/c

and has an acceptance of between 0◦ and 5◦ in the vertical and 10◦ in the horizontal. The bending power will

be variable in association with pbeam, starting at 0.2Tm for pbeam = 1.5GeV/c. Particles with a momenta

which is a factor of 15 less than pbeam will be undergo a strong enough de�ection that they will not traverse

the full �eld produced by the dipole. The uncertainty in momentum reconstruction introduced by the reduced

�eld integral is o�set in part by the increase deviation these particles undergo.

Reconstructing the energy of the �nal state from their decay products is critical to the performance of any

particle detector like the 	PANDA detector. Electromagnetic Calorimeters (EMCs) will be used for both the

TS and FS sections of the detector and are required to cover a large range of energies, from a few MeV up

to a few GeV per particle. Reconstruction of di-lepton and multi-photon channels is central to the physics

programme and only an EMC can access these channels. They will be the outermost layer of the 	PANDA

system and requires detectors inside them to minimise radiation length and therefore the energy deposition

in each section.

The Target Spectrometer EMC system will consist of a barrel and an endcap section both functioning

independently [36]. Such a large energy range requires special consideration to be given to ensuring a su�cient

light yield at the lowest energies. Lead Tungstate (PWO) crystals will be used and cooled to −25◦C in order

to increase yield at lower energy scales. The barrel section will consist of 11,360, 200mm crystals and cover

the majority of the angular coverage of the 	PANDA detector. Backwards from the IP will be a 592 crystal
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cluster, part of the barrel system, ensuring close to 4π solid angle coverage. The endcap EMC will consist

of 3600 crystal and have to cover a much larger particle �ux than the barrel system. It is in front of this

endcap EMC that the Focussing Lightguide Disc �erenkov detector will be positioned.

Calorimetry in the Forward Spectrometer will be handled with the Forward Sampling Calorimeter [37]. It

consists of alternating layers of heavy absorber material, lead, and active scintillator material, PWO as above.

The ratio of absorber thickness to scintillator thickness is a vital step in the design of a sampling calorimeter.

A design favouring absorber material will produce a shower of particles with a very narrow Moliere radius

whereas a design favouring scintillator material will result in a greater energy resolution. The design will

utilise lead plates with a thickness of 275µm and scintillator crystals with a thickness of 1.5mm in cells of

5.5.× 5.5 cm2.

A system of muon detectors, based on the range system technique, will be placed as the furthest system from

the IP in each of the Barrel, Endcap and FS sections. The system will be placed within the iron yoke of the

TS solenoid magnet for the Barrel and Endcap and will be placed beyond the FS EMC. The use of layers

of iron as absorber is intended to aid in separation of muon tracks from those of low momentum pions, the

further through the system a particle travels the greater the likelihood of it being identi�ed as a muon. Using

Mini-Drift Tubes, a miniaturised version of ionization chambers, a two coordinate measurement of particle

track is obtained for each instrument stage. The third dimension is obtained from the layer of detector �red.

Accurate track reconstruction, combined with information from the other tracking detectors, will allow for

separation of secondary decay muons from the primary decays being studied.

The �nal stage in reconstruction of the �nal state of any reaction is positive charged particle identi�cation.
	PANDA will utilise three PID detector systems to achieve PID: a barrel �erenkov detector based on the

successful BaBar Barrel DIRC design; an endcap disc-shaped detector based on the same DIRC principle

and a Time-of-Flight (ToF) detector. The design of these detectors will be discussed in Section 1.3.

1.3 Particle Identi�cation and the Focussing Lightguide Disc DIRC

Particle Identi�cation (PID) is one of the central features of every high energy physics detector. The correct,

positive identi�cation of the species of particle responsible for tracks within the tracking detectors and clusters

within the calorimeters is a basic requirement of any such detectors. Sub-detectors designed speci�cally to

contribute accurate PID to a detector do so typically by measuring the velocity of the traversing particle,

using Time-of-Flight or electromagnetic e�ects to ascertain it. Tracking detectors can contribute to PID

by measuring energy deposition with respect to the distance traversed within the detector, abbreviated to

dE/dx. 	PANDA will have three PID speci�c detectors, a forward Time-of-Flight detector in the Forward

Spectrometer (FS) and a pair of �erenkov detectors utilising the Detection of Internally Re�ected �erenkov

(DIRC) radiation principle, a barrel DIRC and an endcap Disc DIRC in the Target Spectrometer (TS).
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1.3.1 The �erenkov E�ect

The �erenkov e�ect is the emission of electromagnetic radiation caused when an electrically charged particle

traverses a dielectric medium with a velocity greater than the phase velocity of light in the medium, described

by the Refractive Index of the medium n = c/vp. The particle creates a disturbance, which builds up and

is discharged in an electromagnetic shockwave, similarly to a Sonic Boom of aircraft exceeding the speed of

sound. It is named for Pavel �erenkov who was the �rst person to rigorously categorise the e�ect [39].

The shockwave is emitted with a conical wavefront relative to the path of the particle causing the disturbance.

The emitted photons are polarised radially outward from the particle path. The opening half-angle of the

cone is called the �erenkov angle, θc, and is govern by the relation:

cos θc =
1

np(λ)β
(1.3.1)

The �erenkov angle varies with np, the Refractive Index of phase of the medium in which the e�ect takes

place, and the the velocity of the particle β = v/c. It is clear that cos θc = 1 at threshold and so light is

produced along the particle trajectory at β = βt. As β → 1, cos θc → 1/np(λ) which gives the maximum

�erenkov angle for a given medium.

The frequency dependence of the production of photons by the �erenkov e�ect is governed by the Frank-

Tamm relation which describes the energy dissipated per unit length [40]:

dE

dx
=

(ze)2

c2

∫
ε(ω)>1/β2

ω

(
1− 1

β2ε(ω)

)
dω (1.3.2)

where z is the charge of the particle whose passing causes the �erenkov e�ect, ω is the frequency of a photon

produced and ε(ω) is material dielectric constant. Expressed with respect to energy and for a given β and

particle path length through the radiator of L Equation 1.3.2 can be re-written in terms of number of photons

as:

N =
2παL

~c

∫
sin2 θc dE (1.3.3)

where α is the �ne structure constant. The number of detected photons Nobs = wN where the weighting

factor w is derived from the detector performance and is given by:

w =

∫
Q ·G dE (1.3.4)

where Q is the intrinsic Quantum E�ciency of the chosen photon detection device and G is the geometric

e�ciency of the optical systems used in the detector. As both of these vary with λ they remain non-trivial

integrands and the result of the integral which is unique to each detector system. The maximum number of

observed photons is related to the threshold Lorentz factor γt = (1− 1/n2p)
1/2 by the relation [40]:
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Nmax =
αL

~c
w

γ2t
(1.3.5)

and the mean number of observed photons for a given β is lower and governed by the relation:

Nobs

Nmax
=
γ2 − γ2t
γ2 − 1

= 1− η2t
η2

(1.3.6)

where η = βγ and is related to the particle momentum by η = p/m in natural units.

1.3.2 �erenkov Detectors

The �rst and simplest type of detector utilising the �erenkov e�ect were so-called threshold detectors. They

were designed to distinguish between two particle species by designing the detector in such a way that βt

would only be achieved by the lighter of the two particle species for a given reaction that was to be studied.

Detectors like this can be tuned by using a gas radiator and varying the pressure of gas within the radiator

volume, thereby varying the gas density. As outlined in Equation 1.3.6 it is possible to determine particle

momentum by accurately measuring the number of photons detected and thereby reconstructing the number

produced.

An improvement on this system was proposed in the form of a Ring Imaging �erenkov (RICH) detectors [41].

Position sensitive photon detection and a knowledge of the particle tracks and detector geometry can be

combined to allow the reconstruction of θc and so an indirect measurement of particle β. With good particle

track resolution prior to the detector a RICH system can measure β for high particle multiplicities and across

a broad range of momenta. This addresses one of the main drawbacks of the threshold system, when more

than one particle creates �erenkov light within the same section of a threshold detector it is impossible to

disentangle photons produced by one particle from the other.

A RICH detector contributes charged particle identi�cation by measuring the impact positions of �erenkov

photons on a system of photon detectors and using this image to reconstruct the �erenkov cone and thus β.

They are typically described in four stages: photon production within the radiator and photon transportation

through the optical system photon detection with a suitable photomultiplier device and pattern recognition

after detection. The prototype FLDD is primarily concerned with the �rst two stages.

When a particle with direction up traverses a RICH detector it will produce a set of N photons with a

corresponding set ui of direction vectors. An ideal RICH bijectively2 maps ui onto the set xi of spatial

points on the detector surface. The detector output is then this set of spatial xi values. As the mapping

f(ui) 7→ xi is de�ned by the detector geometry pattern recognition is achieved by applying the inverse

mapping f(xi)
−1 7→ ui and then using the up in combination with ui to reconstruct the angle subtended by

the cone with respect to up. This angle is then θc.

2A Bijective mapping is one which is injective - maps onto every element in the co-domain from at most one element in the

domain - and surjective - maps onto every element in the co-domain from at most one element in the domain. This is also

known as one-to-one and onto.
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If multiple particles are present within the detector at the same time then the set of observed photons xj

will include a set of xi for each coincident particle. Pattern recognition in this case must �rst associate the

subset of xj which belong to a given particle with up, a task that that requires detecting a minimum number

of distinct xi for each particle. This number varies with the number of coincident particles, the external

tracking of each particle available to the reconstruction and the desired PID e�ciency of the detector system.

Each stage of the process is subject to constraints which add uncertainty to the reconstructed θc and so

the extracted β. The errors pertaining to single photons include: optical errors arising from surface quality,

approximation of curved surfaces and the inherent di�culty in de�ning a suitable mapping f ; the granularity

of the photon detector; the multiple scattering of the traversing particle within the radiator; the bending of

the particle trajectory arising from magnetic �elds within the detector; the e�ect of chromatic dispersion in

photon production arising from the λ dependence of Refractive Index, n.

Each of these are independent processes and so the error on a single photon reconstruction of the angle, σθ,

is the quadrature sum of each contribution. If the detector observes Nobs photons from the same �erenkov

cone the overall uncertainty on θc is given by [40]:

σθc =
σθ√
Nobs

(1.3.7)

The contribution arising from chromatic dispersion is greater than that arising from multiple scattering. For

gaseous detectors this is often by an order of magnitude but it is also true of more dense liquid or solid

radiators. The maximum momentum, pmax, at which it is possible to resolve between two particles of masses

m1 and m2 is given by the relation:

pmax =

(
β2∆m2ηt
2nσσθc

)
(1.3.8)

where nσ is the number of standard deviations separation desired for successful separation. The value of

pmax varies with radiator material choice and is high typically for gaseous when compared to liquid or solid

radiators. The minimum momentum, pmin, is the momentum at which the most massive particle reaches βt.

RICH detectors have relied upon solid, gel, liquid and gaseous radiators to produce �erenkov photons

throughout their existence. Examples of radiator choices include He, N2 for gases, C6F14 for liquids, LiF or

SiO2 for solids. Gaseous and liquid radiators are often expensive and are space intensive. It is in this regard

that they are unsuitable for use in the 	PANDA Target Spectrometer (TS).

A solution utilising solid radiators was �rst implemented by the BaBar experiment on the PEP-II asymmetric

e+e− collider at the Standford Linear Accelerator (SLAC) facility. It was the �rst detector to operate on the

Detection of Internally Re�ected �erenkov radiation principle (DIRC) where the photons which undergo total

internal re�ection are extracted at the edge of the radiator and subsequently imaged [42]. The asymmetry

gives rise to the distinctive Barrel DIRC design which is the basis for the barrel DIRC in the 	PANDA TS.

The success of the initial DIRC has lead to proposed adaptations into di�erent geometries such as the FLDD,

at the WASA-at-COSY experiment [43] and for the TORCH upgrade to RICH-II in LHCb [44].
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1.3.3 The Focussing Lightguide Disc DIRC

The 	PANDA detector is designed to cover a full 4π solid angle. To achieve this detector functions will be

separately present in the Forward Spectrometer, which covers θp < 5◦/10◦, and in both the Barrel, which

covers θploar > 22◦ and Endcap, which covers 5◦/10◦ ≤ θpolar ≤ 22◦ regions of the Target Spectrometer. It

is in the Endcap region that a DIRC detector based on disc geometry will be constructed. This geometry is

novel and unique to the 	PANDA Endcap. A space of only 60mm in the downstream direction is available

and the design must be robust for magnetic �elds up to 1.5T .

Two competing designs are proposed to �t within the Endcap region, one based on a Time-of-Propagation

(TOP) principle and the Focussing Lightguide Disc DIRC (FLDD) the prototype for which is discussed in

this thesis. The TOP DIRC works by measuring the position of photon impact on the rim of the disc and

the relative time of arrival of each photon to reconstruct the �erenkov angle [45].

Figure 1.10: The front elevation of the Focussing Lightguide Disc DIRC (FLDD). The asymmetric central

hole through which the beam line passes is centrally located and the 6 sections marked. It can be seen that

the 6 sections are constructed from 2 designs: 2 central sections with 3 straight edges and 4 side sections

with 2 straight edges. The removal of Focussing Lightguides due to support arms, blue, is clearly visible.

The FLDD will be a 128-sided polygon with a radius of 1100mm and a thickness of 15mm [46]. The chosen

radiator material will be synthetic fused silica similar to that used by BaBar. Production of fused silica in

the grade required for the FLDD necessitates the design to be constructed from 6 sections, introducing glue

joints as marked in Figure 1.10. Support arms will be connected in 8 places, occupying 1 of the 128 sides

18



Chapter 1: Introduction

per arm. This will result in a dead section covering π/64 Radians per arm. The remaining 122 sides will be

connected to a hardware based chromatic dispersion correction element, Chapter 2. The titular Focussing

Lightguides are attached to each of these elements. They are designed on the principle of parallel-to-point

optics and map the angle of photon propagation onto a position on the focal plane of the Lightguide. The

focal plane is the instrumented by a position sensitive photon detector. Example expected patterns from the

initial FLDD design are shown in Figure 1.11.

Figure 1.11: Simulated example patterns for an initial design of the FLDD. The coordinates used are the

impact position, p, from the centre of the detector and azimuthal angle, φ, within the detector system. A

central impact position corresponds to 0mm and a photon travelling straight up corresponds to 0◦.

The choice of radiator material or materials is vital to the design of every �erenkov detector as it de�nes the

dynamic range over which the detector will work. Within DIRC detectors, however, the radiator material

choice is of greater importance as it also must perform in photon transportation and as a mechanical structure.

These roles must be balanced with the cost and usability of the material.

The BaBar DIRC used synthetic fused silica and this was the de facto starting point for the FLDD also [47].

Fused silica o�ers a refractive index in the range 1.45 ≤ np ≤ 1.55 for 300nm ≤ λ ≤ 700nm. This index

range also allows for photon production over the short length available within the Endcap of the 	PANDA

detector. Fused silica remains transparent in the near-UV and middle-UV wavelength ranges where the

greatest number of �erenkov photons will be produced thus increasingly the usable wavelength bandwidth

of the detector.

The environmental conditions within 	PANDA also present challenges that any radiator material must over-
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come. Central amongst these is the ability to withstand the radiation doses present within the 	PANDA

Target Spectrometer. The expected lifetime dose in within 	PANDA is ≈ 100 krad and samples of three

brands of synthetic fused silica, Corning 7980, Lithosil Q0 and Suprasil 1, were irradiated to test for optical

conductivity after 10 krad, 100 krad, 1Mrad and 10Mrad of absorbed dose. The %-transmission before

irradiation and normalised transmission di�erence ∆Tnorm = Tbefore−Tafter/Tbefore is shown in Figure 1.12.

(a) (b)

Figure 1.12: The %-transmission of a non-irradiated sample of Suprasil 1 is shown in a). The values are

not corrected for Fresnel losses. The ∆T of the sample after irradiation is shown in b). Vertical lines

show expected position of the radiation spots and are labelled with the dose received. The top plot of b)

corresponds to one edge of the sample and the bottom plot to the opposite edge. Positions are the lateral

position along the sample edge, divided into 23 bins.[48]

The speci�cations for the radiator used in the �nal detector are envisaged to match those of the BaBar

DIRC [47]. As photons traversed a longer path length and underwent more numerous surface interactions

within the BaBar radiator bars than is anticipated in the FLDD it is likely that the speci�cations will be in

excess of the minimum required for performance within the 	PANDA system. The accepted surface roughness

was up to 7.5Å.

The most novel element within the FLDD design is its hardware based chromatic dispersion correction

element. A cuboid measuring 50 × 50 × 15mm3 constructed of monocrystaline Lithium Fluoride (LiF) is

proposed for this function. It will be directly connected to the 122 active sides, marked in red on Figure 1.10,

and will rely on a dn/dλ variation that di�ers from that of fused silica suitably to correct for the inherent

dispersion present upon creation. The performance of this component is discussed in detail in Chapter 2.

Upon exit of the LiF element photons produced from the same particle should enter the Focussing Lightguide

(FLG) parallel to one another. The focussing surface of the element is then designed to focus parallel light

onto a speci�c position on a focal plane. Such a step is required to remove the ambiguity in the photon
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Figure 1.13: The design of the FLG used throughout prototype testing. Each colour represents a speci�c

angle of photon propagation upon entry to the lightguide. The focussing surface directs light travelling with

the same angle of propagation onto a speci�c position upon the focal plane.

production origin and to ensure the surface of the position on the focal plane is dependent solely on photon

propagation angle. The input for the design of the Focussing element was calculated by taking the range

of angles that will be present in the radiator disc, passing them through a perfect representation of the LiF

element and using the resultant angular distribution. The surface was then designed with the optimisation

criterion to minimise the average spread of light on the focal plane for 5 input angles of θp, spanning the full

range expected in the �nal detector, and entering the lightguide at 5 di�ering positions spanning an isotropic

distribution on entry to the lightguide. A discussion of the FLG performance and its impact on the overall

FLDD performance can be found in Chapter 4.

A position sensitive photon detection device is a prerequisite for the FLDD design to work. The focal plane

of the FLG was limited to 51 × 51mm2, the active area of a Photonis Burle XP85011 Microchannel Plate

Photomultiplier (MCP-PMT), Figure 1.14. This PMT is considered the base candidate for use in the FLDD,

as well as the Barrel DIRC. Studies have shown that the current PMT options show a su�cient deterioration

in gain to be inoperable over the whole 	PANDA lifetime [49]. Some performance requirements for any suitable

candidate MCP-PMT are discussed along with the FLG in Chapter 4.

The geometric di�erences between the FLDD design and the successful BaBar DIRC lead to two clear

mechanical engineering questions: can the joints of the central suspended section, see Figure 1.10, withstand

the load imparted by the central section using only a two component epoxy resin and without aid of structural

support; and is the disc able to withstand the load imparted under contact with the two bottom support

arms.
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Figure 1.14: A Photonis Burle Planacon 85011-501 MCP-PMT. Compact position sensitive devices such as

this are under consideration for use by the 	PANDA �erenkov group.

The glue joints were tested throughout the course of prototype testing and were found to survive a load

> 9.6MN/m minimum. The tests were carried out on fused silica discs of � = 20mm using a sheer

stress machine at the Mechanical Engineering section of the University of Glasgow. The results were the

extrapolated by area to the contact area between the central section of the FLDD and the two neighbouring

"corner" sections. The equivalent load placed upon the joints of the central disc section will be 37.95 kN/m.

It was noted that the bonds remained intact and the samples had shattered in all tested cases. The bonds

are therefore of su�cient strength for use in the FLDD.

1.3.4 The Prototype Development

The FLDD design is novel in its geometry and in its approach to Chromatic Dispersion correction. It is

therefore crucial to develop a prototype which tests the decisions made its design. A three step approach

was used for the development of the prototype.

The �rst stage was to test the Lithium Fluoride Dispersion correction element. An optical bench based

experiment comparing the path of light at wavelengths within the range planned for the FLDD with and

without Lithium Fluoride was design and is discussed in detail in Chapter 2.

The second stage was to con�rm the simulated performance of the chosen Heraeus Suprasil fused silica

radiator. A photon counting experiment consisting of an example bar of Suprasil 1 and a conventional 2-inch

Photomultiplier tube was designed to achieve this. It is discussed in detail in Chapter 3.

The �nal stage was to combine the LiF element with the fused silica radiator and an example FLG to test

the performance of the combined system alongside an optical simulation. A Hamamtsu H9500 multi-anode

Photomultiplier was used to give a position sensitive readout. It is discussed in detail in Chapter 4.
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Chromatic Dispersion Correction

There are uncertainties introduced in any detector which result from the fundamental physics underlying

their operation, and which must be minimised to achieve the full potential of any detector design. With every

�erenkov detector these unavoidable uncertainties are dominated by Chromatic Dispersion introduced as a

result of the variation in Refractive Index with wavelength. Corrective systems fall in to the two broad of

categories software- or hardware-based, relying on precise timing or photon trajectory alteration respectively.

The Focussing Lightguide Disc DIRC (FLDD) has chosen a hardware based system. The selection of a

medium with a suitably varying dn/dλ from that of the radiator, and designed with a suitable geometry

to allow for the correction of the dispersion by process of refraction. A cuboid of Lithium Fluoride placed

between the edge of the radiator and the entrance window of the Focussing Lightguide. A simple optical

experiment was devised to verify the simulated parameters of this component.

2.1 Dielectric Materials and Refractive Index

The �erenkov e�ect occurs when a particle carrying electric charge traverses a dielectric medium with a

velocity v such that |v| > |vp|, the phase velocity of light in the medium. A dielectric medium is electrically

insulating and able to be polarised under an applied electric �eld. The magnitude of the phase velocity is

given by |vp| = c/np where np is the real part of the phase Refractive Index of the medium. It is the variation

of |vp| with λ or µ that gives rise to optical dispersion.

The decrease in the velocity of light within matter, when compared to vacuum, is as consequence of scattering.

As the light scatters from the individual constituents of the matter being traversed the scattered waves

interfere with the primary impinging wave. This interferences changes the phase of the wave, and thus the

wave velocity. At wavelengths suitably far from absorption bands within a material it is possible to show the

connection between scattering and refractive index. We can achieve this by studying the change in intensity

caused by scattering from a material with scattering coe�cient αs and thickness, t, which is small compared

to λ. The change in intensity in this case is:

dI = −αstI0 (2.1.1)
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The intensity scattered by a single atom, for a density of Nt atoms per unit area, is thus:

Ia ≈
αst

Nt
=
αs
N

(2.1.2)

and, if we assume a wave of the form E = eikx at a given time, a resulting amplitude of the scattered wave

of:

Ea ≈
√
αs
N

(2.1.3)

As the light scattered in the direction of propagation of the primary light source is coherent we must sum

the contributions to amplitude from each atom, resulting in a scattered wave amplitude, Es, of:

Es ≈ Nt
√
αs
N

= t
√
αsN (2.1.4)

At a distance R0 along he path of primary beam propagation, and a distance R from the scattering volume

the two waves will be superimposed given a resulting amplitude of:

E + Es = eikR0 + t
√
αsN

∫ ∞
0

2πr

R
dr eikR (2.1.5)

where r is the distance between the central axis of the primary wave and the Nt particles from the scattered

amplitude emanates. As R2 = R2
0 + r2, it follows that r dr = R dR and so the integral becomes:

∫ ∞
0

2πr

R
dr eikR =

∫ ∞
R0

eikRdR =
2π

ik

[
eikR

]∞
R0

(2.1.6)

As the source wave must have �nite length the scattered amplitude will have no e�ect for R > R0 and so we

have:

E + Es = eikR0 − t
√
αsN

λ

i
eikR0

= eikR0(1 + iλt
√
αsN)

(2.1.7)

The second term in parenthesis is small compared to the �rst and so these terms combined are the �rst two

terms in the expansion of eiλt
√
αsN . Therefore the coherent wave amplitude is:

E + Es = exp
[
i(kR0 + λt

√
αsN)

]
(2.1.8)

Which means that the initial wave has undergone a phase shift of λt
√
αsN . It is also true that such a thin

material will cause a phase retardation of (2π/λ)(n− 1)t. It is therefore true that:

λt
√
αsN =

2π

λ
(n− 1)t

n− 1 =
λ2

2π

√
αsN

(2.1.9)
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(a) (b)

Figure 4.9: The time structure of the accepted triggers versus the synchronised triggers is shown on the left.

The Synchronised trigger time plotted against the time elapsed since the beginning of the data run is shown

on the right.

(a) (b)

Figure 4.10: The Synchronised trigger timing is shown against the measured length of the Gate for the

QDC is shown on the left. The timing of one of the trigger scintillators is shown on the right. The overlay

histograms in green, red, purple and black, each correspond to one of the four peaks shown in Figure 4.9(a).

separate stage of the logic has shown its own independent twin-peak structure it was considered an artifact

of the timing chain and not inherent in the trigger logic passed through the system. An investigation into a

single QDC signal channel was carried out the con�rm this and is shown in Figure 4.11.

It is clear that each peak shows no correlation to either higher or lower QDC values. The discrete splitting of

trigger propagation times did not result in a systematic alteration of the signals observed through the QDC

and as such no correction for this e�ect was applied. As each separate component within the logic system

showed independent peaks it was taken to be an artifact introduced between the logic signal production and
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Figure 4.11: An example QDC channel spectrum shown with an overlay of the contributions to the signal

arising from events located within each of the 4 peaks visible in Figure 4.9(a).

the TDC digitisation, and so was independent of the QDC trigger or data chain.

Following these steps resulted in the removal of anomalous events and spurious signals from the data stream

and so it was then possible to impose cuts which ensured the quality and consistency of the data. The �rst of

these was to ensure that the time with respect to reference of each of the ToF1, Fast and, if requested, ToF2

scintillators were fell within the primary distribution for each detector. As this distribution is correlated

to a �xed reference time, events falling within it were correlated with the particle which caused the trigger

condition.

(a) (b)

Figure 4.12: Timings for the ToF1 scintillator showing a full spectrum, left, and a spectrum constrained to

show the primary distribution.
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An example of a raw ToF1 spectrum can be seen in Figure 4.12(a). Some events can be seen at extreme times

relative to the clear main distribution centred around channel 3330. If the upper and lower limits on the time

are constrained to show the details of the main peak we can see a distribution which can be approximated

as Gaussian Figure 4.12(a). As this distribution was clean from background events, an indication of a low

particle rate, an automated Gaussian �tting algorithm was used within channels 3000 to 4000.

The selection criterion was tevent = µGaus ± 3σ.

A similar process was used for the Fast scintillator.

(a) (b)

Figure 4.13: Timings for the fast scintillator showing a full spectrum, left, and a spectrum constrained to

show the primary distribution.

This process was used �nally on the Raw trigger logic, Figure 4.14.

(a) (b)

Figure 4.14: Timings for the raw trigger showing a full spectrum, left, and a spectrum constrained to show

the primary distribution.

The Raw trigger logic timing spectrum is appreciably di�erent to both the ToF1 and Fast scintillators as it

was used as part of the trigger logic. The trigger system was constructed and timings calculated such that all
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accepted triggers would show a positive TDC reading. This allowed for a simple cut to be placed restricting

the domain of the Raw trigger to positive TDV values.

Selection cuts were also placed on the number of times a given channel was allowed to have �red within a

given event. For data runs it was required that: there was at least 1 raw coincidence, there was exactly 1

accepted trigger, there was exactly 1 synchronised trigger, there was exactly 1 QDC gate start signal and

there was exactly 1 QDC gate end marker signal. This ensured we only deal with events which �re all stages

of the trigger scheme as designed.

For pedestal runs only the QDC gate was used. This allowed a measure of the background signal across all

QDC channels simultaneously and in-situ.

Each of these selection cuts produced a ROOT TEventList object containing a set of the number of every

event which pass each of the selection criteria. The intersection of all of these sets was then taken and

contained only those events which were selected by all selection criteria.

4.2.4 Data Extraction

Run by run data was selected as outlined in Section 4.2.3 and the selected data was used subsequently as the

basis for further analysis. Each Data run was then associated with the neighbouring pedestal runs as de�ned

by the measurement programme, Section 4.1.3. These backgrounds were then checked for consistency, �tted

and then subtracted from the data runs to access the signal events present in the data.

(a) (b)

Figure 4.15: Pedestal distributions for the background runs either side of data runs.

The �rst stage in this process was to compare the spectra of both pedestal runs to ensure the background

was self-consistent. This was achieved by �tting both spectra with Gaussian distributions, Figure 4.15, and

comparing these �ts. If they agreed within 1σ then they were combined into a Chained ROOT object. A

Chain allows the combination of Tree objects into a single, combined, Tree. For practical purposes this sums

the data from each Pedestal Tree such that the resultant Chain will have the total number of entries from

both contributing pedestal runs.

The chained data can then be �tted in the same way as a single tree of data. The combined pedestal data

is then �tted with a Gaussian distribution, Figure 4.16, and the amplitude, mean and σ of this distribution
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Figure 4.16: If the mean of the two sandwich pedestal runs agreed they were summed, a process known as

�chaining�. The resulting distribution was then �tted with a Gaussian distribution as shown in red.

extracted. A new Gaussian distribution is then de�ned with these parameters. This distribution is then �tted

to the leading edge of the Data run spectrum, limited to the region of the spectrum up to and including the

mean of the combined Pedestal spectrum. This constraint is required as the Data spectrum will have signal

events at values greater than the Pedestal and this would skew any �t for subtraction purposes. The constraint

is valid as the Pedestal represents the lower bound for output from any given QDC channel, therefore the

leading edge is not skewed by additional data at QDC values lower than pedestal. The amplitude, mean and

σ of this constrained �t are then extracted.

(a) (b)

Figure 4.17: The spectrum with leading edge pedestal �t in red, left, and the resulting left half-Gaussian

function from this �t, right.

The parameters from this constrained Gaussian are then extracted, Figure 4.17, which is the subtracted from

the signal spectrum. The resultant value is the residual signal, with background subtracted. This procedure
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is carried out for each QDC channel in turn. As this method is constrained to the rising edge of the pedestal,

pedestal trailing edge events are still included in the resulting spectrum.

Figure 4.18: The spectrum with 5-σ cut is shown with a logarithmic y-axis to show the signal "bumps".

To remove the remaining pedestal events from he signal the a cut was imposed removing events within

the Gaussian distribution, as de�ned above, that fell within ±5σ of the pedestal mean, Figure 4.18. The

remaining events are then summed and taken to be the total number of signal events for that QDC channel

within that data run. It is these vales that are used throughout the remaining analysis.

Figure 4.19: An example of the Heat Map histogram system. This example is data taken at 10GeV/c at

θp = 18◦.

Each of the background subtracted spectra are then sorted into their respective detector and beam settings

e.g. p = 10GeV/c, θ = 10◦, φ = 0◦. The number of events remaining in each QDC channel of the subtracted

spectra were then taken and associated with the pixel the data corresponds to as outlined in Section 4.1.3.

The average remaining signal from runs at a given setting was then taken for each pixel. This data was then

mapped on a 2-D Histogram "Heat Map" showing each pixel and the remaining signal clearly, Figure 4.19.
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4.2.5 Results

Studies were carried out using the measurement programme outlined in Table 4.1. At �rst each angle setting

was taken using a beam momentum of 10GeV/c as this predominantly contained particles with a velocity

of β ≈ 1. These were then compared to data taken with a beam momentum of 4GeV/c at the same angle

setting and the results compared. It was noted that the top left sector quadrant, Columns 4 and 5 and Rows

9 to 16, had induced line noise which obscured the signal striking pixels in the quadrant.

Figure 4.20 shows the results taken at an angle of θp = 18◦ for both momenta.

(a) (b)

Figure 4.20: A comparison of the data taken at beam momentum 4GeV/c, a), and 10GeV/c, b), with a

polar angle of θp = 18◦.

A small di�erence in the mean can be clearly seen with the 4GeV/c events striking the PMT closer to the

bottom of the face. Both also show a splitting of the signal across two distinct pixel rows, Rows 11 and 14.

Similarly the signals at θp = 10◦ were compared in Figure 4.21.

(a) (b)

Figure 4.21: A comparison of the data taken at beam momentum 4GeV/c, a), and 10GeV/c, b), with a

polar angle of θp = 10◦.

The signal for θp = 10◦ at a beam momentum of 10GeV/c is located on primarily on a single pixel row, no

split signal is observed in Figure 4.20. The 4GeV/c signal is spread over neighbouring rows however it also

does not have a secondary band as previously. Such a 2-row e�ect was not observed at other angle settings.

The lowest clean signal angle was found to be θp = 6◦ and the results are shown in Figure 4.22.
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(a) (b)

Figure 4.22: A comparison of the data taken at beam momentum 4GeV/c, a), and 10GeV/c, b), with a

polar angle of θp = 6◦.

Again the 10GeV/c results show a clean peak centred on row 5 and the 4GeV/c shows a signal split near

evenly over rows 4 and 5. This pattern is repeated across the range 6◦ ≤ θp ≤ 18◦, a slight di�erence is

apparent between signals taken with at 4 and those taken at 10GeV/c. For θp < 6◦ we see less predictable

and less clear cut signal detection. Shown in Figure 4.23 is the data taken with a beam momentum of

10GeV/c at θp = 5◦, 5.5◦.

(a) (b)

Figure 4.23: The observed data taken with 10GeV/c beam at θp = 5.5◦, a), and at θp = 5◦, b). In both a

strong signal can be seen to be spread across a larger area of the PMT surface than for θp ≥ 6◦.

A clear secondary peak is visible for the data at θp = 5.5◦ and at θp = 5◦ the distribution is spread over the

lower pixel rows with a peak in common with θp = 5.5◦. This data presents the lowest angle that will be

present in the �nal FLDD. Lesser θp were planned to investigate o�set between beam direction and measured

θp but this was extended to investigate the unexpected spread behaviour shown in Figured 4.23. The data

at perpendicular incidence and and at θp = 1.5◦ are shown in Figure 4.23.

The signals at θp = 0◦ and 1.5◦ can be seen to be spread across the whole PMT surface, with only small

peaks visible. At perpendicular incidence the core constituent of the light is spread near evenly over Rows

2-5 and at 1.5◦ a slight peak at Row 3 is o�set by a high mean signal across the PMT. As the peak row → 1

as θp → 0◦, the Focussing Lightguide (FLG) tries to re�ect light below the bottom edge of the focussing

surface. When this occurs the light is focused onto the inactive bottom side and subsequently re�ected on
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(a) (b)

Figure 4.24: The observed data taken with 10GeV/c beam at θp = 0◦, a), and at θp = 1.5◦, b).

to the PMT. Further studies were carried out to discern to what extent this e�ect explains the behaviour

observed.

4.3 Simulation & Analysis

A number of clear features are present in the results, Section 4.2.5, that di�er from the the ideal of a

single-peaked signal. If these features were present in the combined data for a given setting they were also

present in each contributing run to that setting. This would imply that e�ects over time or Data runs being

systematically misaligned from those at the same setting were not responsible.

The experimental set-up was therefore simulated using the Zemax optical simulation system to ascertain if

these features were inherent in the design of the Advanced Prototype as used at the CERN T9 Beam time.

Figure 4.25: A cross-section of the radiator bar and the corrective LiF element.

Zemax is a proprietary ray-tracing-based lens design and optimisation software package published by Radiant

Zemax. It enables the user to de�ne objects and prescribe the objects with given material properties, either

pre-de�ned or user entered. Simple geometries such as those for the radiator bar and Lithium Fluoride
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element are easily de�ned within Zemax and are shown combined in Figure 4.25.

Figure 4.26: The Focussing Lightguide simulated with rays of �erenkov light. The mismatch of 0.5mm

between radiator and LiF thickness is clearly visible.

It is non-trivial to de�ne the Focussing Lightguide (FLG) shape with the pre-de�ned geometries Zemax

provides. It does, however, allow the user to import an object in the form of common Computer Aided

Design �le types, such a STEP �les. This imported object, although possibly displayed less clearly than

prede�ned objects, can be prescribed in a similar fashion to the prede�ned objects.

Source rays were then de�ned at angles corresponding to β = 1 particles incident upon the detector as

described in Section 4.1. The angle and origin position of these rays were then rotated and moved to account

for each of the settings shown in Section 4.2.5.

The �rst question the simulation was able to answer was that of systematic o�set within the Advanced

Prototype. This was caused as the precise alignment of the beam and detector was not known during

the beam, the best constraint on the beam being the geometric acceptance of the ToF1, Fast and ToF2

scintillators. By looking for clearly identi�able features which are unique to a single Data setting and

comparing to their occurrence to the setting at which they occur within the simulation allows for a best

estimate of systematic angular o�set. Figure 4.27 shows this for the data taken at θp = 6◦ with a beam

momentum of p = 10GeV/c and the simulation at the same setting.

The simulated data splits the PMT surface dimensions into 128 rows and 4 columns for greater resolution

compared to the 16 rows of the H9500. The peak in the Observed data, Figure 4.27(b), is on Row 5 of 16,

or 31.25 ± 3.13% up the surface from the bottom row. The peak in the Simulated data, Figure 4.27(a), is

situated at row 40 of 128 or 31.25± 0.39% up the surface from the bottom row. The same comparison was

carried out at θp = 10◦.

The peak in the Observed data falls on Row 7 of 16, 43.75± 3.13% up the PMT from the bottom, and the

peak in the Simulated data is at Row 59 of 128, 45.31± 0.39% of the way up, again indicating agreement in

alignment. The Observed data thus shows movement of 3.125 ± 1.105% of the surface per degree in Polar

angle while the Simulated data shows movement of 3.71 ± 0.14% of the surface per degree, again within
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(a) (b)

Figure 4.27: Comparison between Simulated, a), and Observed, b), data for θp = 6◦. The Simulated data

splits the PMT surface into 128 pixels for greater resolution.

(a) (b)

Figure 4.28: Comparison between Simulated, a), and Observed, b), data for θp = 10◦.

agreement.

Observed in Figures 4.23 and 4.24 is a degradation of signal quality below θp = 6◦. The Observed data was

taken in 0.5◦ intervals and the Simulated data taken at 0.25◦ intervals. The data were compared at 5.5◦,

Figure 4.29.

Both the Observed data, Figure 4.29(b), and the Simulated data, Figure 4.29(a), show signal splitting

replacing the clear peaks, though the observed data shows a more extreme e�ect. As the simulation closely

echos observation at previously tested settings it was used to restrict the angle range in which the splitting

�rst occurs. As can be seen in Figure 4.30 the splitting is not present to the same extent at θp = 5.75◦.

A comparison for perpendicular incidence begins to highlight the limitations of the produced lightguide

prototype, Figure 4.31. The Simulated data shows a clear spread across the lower section of the PMT

however not to the same extent as the Observed data, which is spread over the whole PMT surface. It is

important to note that the Simulated data retains a peak, albeit with a lower absolute value, at Row 1. This

contrasts with the Observed data which shows no single peak and a large spread, covering 1/4 of the PMT
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(a) (b)

Figure 4.29: Comparison between Simulated, a), and Observed, b), data for θp = 5.5◦.

Figure 4.30: The Simulated data for θp = 5.75◦. The splitting e�ect visible in Figure 4.29 is not present in

this data.

surface.

The last comparison is drawn between the data at θp = 1.5◦. The Observed data, Figure 4.32(b), shows the

entire surface of the PMT having elevated signal levels with a small peak region along Row 3, especially in

columns 7 and 8. The Simulated data, Figure 4.32(a), shows a series of strips but, as in Figure 4.31(a), a

peak remains. This peak is clearly below the area of the PMT surface that is occupied by Row 3 in common

with the perpendicular case.

The lower bound for FLG focussing arises from a the �erenkov cone produced by a particle incident at

θp = 5◦ and the Total Internal Re�ection condition ful�lled. The critical angle for fused silica is θcrit ≈ 41◦

and the �erenkov angle for β = 1 is θc ≈ 49◦. Therefore a β ≈ 1 particle incident upon the radiator in
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(a) (b)

Figure 4.31: Comparison between Simulated, a), and Observed, b), data for θp = 0◦.

(a) (b)

Figure 4.32: Comparison between Simulated, a), and Observed, b), data for θp = 1.5◦.

the Advanced Prototype will produce light within the operating range of the FLG well below θp = 5◦. This

would be true of a lightguide constructed of fused silica, and is not a concern for the �nal FLDD as the

beampipe cut-away ensures no particles will strike the radiator at θp < 5◦.

The most simplistic explanation of both signal splitting and the discrepancies between observed and simulated

data is that the issues with the production of the FLG detrimentally a�ect performance. The focussing surface

was designed to translate the angle range found at the entrance to a fused silica lightguide. A PMMA version

will required a di�erent focussing surface to both cover the angles present before focussing and also utilise

the full PMT surface. The resulting deviation of light onto the support walls on the side and bottom of the

FLG cause "splash back" which strikes the the PMT surface.

As Zemax had recreated the features of the observed data accurately it was used to postulate the performance

of a FLG constructed from Suprasil as designed. First the clean signal settings from Figures 4.27 and 4.28

were tested using the Suprasil lightguide and they show clean peaks with very little splitting, as for the

PMMA case, Figure 4.34.

To check the performance of a Suprasil FLG the setting was also tested at θp = 5◦, Figure 4.35. This is
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(a) (b)

Figure 4.33: Comparison between Simulated, a), and Observed, b), data for θp = 1.5◦.

(a) (b)

Figure 4.34: Simulated data with a Suprasil lightguide for θp = 6◦, a), and 10◦, b).

the minimum polar angle present in the �nal FLDD design and also the angle at which higher momentum

particles are more likely to be found. The splitting e�ect that was present in the PMMA lightguide remains

when the material is changed.

As the splitting e�ect was present within the expected range of angles in the �nal FLDD and with a Suprasil

lightguide a second mechanism for production was postulated: The presence of photons propagating with

a wide range of azimuthal angles in the same lightguide causes additional angles to be present. As the

simulation was carried out with discrete azimuthal angle bands there are discrete bands present upon the

detector. Within the observed data the azimuthal component forms a continuum of equal probability and

so signal is spread over a great section of the surface. To test this a set-up with perpendicular incidence was

Simulated, as this would be outwith the angle range for which the FLDD is designed, Figure 4.36.

The Simulated data with no azimuthal component, Figure 4.36(a) shows no signal, with bands of minimum

intensity residual from the plotting algorithm. However the data with 15◦ azimuthal components shows an

obvious signal. To investigate this further the Simulation was also carried out for azimuthal angles of 5◦ and

74



Chapter 4: Advanced Prototype Design & Performance

Figure 4.35: Simulated data with a Suprasil lightguide at θp = 5◦.

(a) (b)

Figure 4.36: Simulated data with a Suprasil lightguide for θp = 0◦ and photons with no azimuthal component,

a), and with the 15◦ azimuthal component, b).

10◦, Figure 4.37.

As for the case with no azimuthal component there is no signal present on the PMT surface as a result of

photons emitted due to a β = 1 particle perpendicularly incident upon the radiator. It is clear that the
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(a) (b)

Figure 4.37: Simulated data with a Suprasil lightguide for θp = 0◦ and photons with with a 5◦ azimuthal

component, a), and a 10◦ component, b).

observed data in Figure 4.36(b) is directly resulting from the azimuthal component. The circumstances under

which this will occur will be present in the �nal FLDD will be for particles incident within the 93.30mm of

the rim. As �erenkov photons are emitted with equal probability around the cone, such azimuthal conditions

will be present irrespective of initial particle momentum.

The path taken by light within the Advanced Prototype set-up is shown in Figure 4.38. It is clear that the

case of no azimuthal component shows no light passing beyond the focussing surface of the FLG, Figure

4.38(a), but light makes it to the focal plane when a component of 15◦ is introduced, Figure 4.38(b).

(a) (b)

Figure 4.38: Ray tracing diagrams for the full Advanced Prototype set-up within Zemax. The presence of

light on the focal plane is clear in the φ ≤ 15circ case, b), but not present at all in the non-azimuthal case,

a).

As the photon propagation vector changes with the addition of azimuthal components, so does the projection
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of the vector along the optical axis for which the FLG is designed. The resulting focussing is therefore

altered as the azimuthal angle changes. If the photons enter the lightguide with similar azimuthal trajectory

components they will be focused onto the same section of the PMT surface and the e�ect will result in an

o�set from the position expected for a give θc. Knowledge of the photon impact position of a given event

allows for this o�set to be accounted for. This does not solve the issue when a wide range of azimuthal angles

are present in the same lightguide.

This could achieved either through a complete redesign of the FLG component itself, sacri�cing radial preci-

sion for increase stability to non-radial photons. Such an optimisation would present signi�cant challenges,

ostensibly in the de�nition of a suitable function of merit to be minimised or maximised. Any design would

also have to be subject to production capabilities, limiting the options for such an optimisation.

An alternative solution would be to eliminate re�ections from the sides of the FLG, thereby stopping the

non-radial photons from reaching the photon detector. Such a solution would eliminate any photons which

strike the side walls indiscriminately, thus eliminating all photons entering o�-radial lightguides and severely

curtailing the ability of the FLDD to sample the �erenkov cone projection.

Another second alternative is to eliminate discreet LiF and FLG components and to replace them with 128

"keystone" or wedge-shaped replacements. This eliminates all side walls in favour of a toroidal solution. This

solution would, like the discreet FLG solution above, be of high technical di�culty and require extensive

study for optimisation.

The performance of the Advanced prototype set-up for Pion/Kaon separation given particles with θp = 5◦

and p = 4.5GeV/c, assuming the removal of azimuthal uncertainty, is given in Figure 4.39. The resolution

required to separate these two particles, which are at the upper momentum limit for the FLDD, is 1/64 th

of the surface of the 51 × 51mm2 PMT surface. It is currently envisaged to use a 32 Row PMT, implying

that either a further element to the FLG redesign or a PMT with a 64× 64 anode matrix is required.

(a) (b)

Figure 4.39: Simulated PMT response for Pions, a), and Kaons, b), incident at θp = 5◦ and with p =

4.5GeV/c.

77



Chapter 4: Advanced Prototype Design & Performance

This does not detract, however, from the success of the Advanced Prototype test campaign. By showing

a strong correlation between the Simulation and Data from the T9 test beam time it is clear that the

assembly of the prototype and small systematic o�sets within the experimental execution were not crucial

to the detector performance. Such an outcome should extrapolate to the �nal FLDD and shift the burden

of di�culty with its design to that of the FLG design itself.

It would be bene�cial for the FLG to be "over-engineered", such that there is room on the focal plane for

angles outside those predicted by the absolute dynamic range required of the detector. This should be done

for angles both above and below the maximum and minimum of those within the dynamic range. This will

ensure that all angles within the dynamic range of the detector can be focused, and no information is lost,

allowing for small systematic alignment miscalculations within the assembly of the FLDD.

The drop in absolute resolution resulting from such a solution, in favour of robustness, can be partially

overcome by studying the e�ciency of each of the PMTs to be used. This then allows the response of each of

the PMTs to be �tted and this �tting to weighting to improve the resolution potentially beyond that of the

simple conformal mapping. This technique can also be used for a perfectly aligned and optimised solution

to further improve the FLDD detection e�ciency.
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Summary & Conclusion

The re�nement of theoretical predictions of the Strong nuclear force and the fundamental particles which

experience it is a very active area of modern physics research. Particles comprising a quark-antiquark pair of

the same �avour are the simplest possible hadronic systems. Amongst these the heavy quarkonia, comprising

Charm-antiCharm or Bottom-antiBottom pairs, o�er states predicted to have narrower widths than those

found with lower rest mass quarks. The increased mass also reduces the relativistic corrections required

within theoretical predictions. As Charm quarks are the less massive than Bottom quarks they require less

centre-of-mass energy at production. 	PANDA will study Charmonium in unprecedented detail.

The 	PANDA experiment will use the High Energy Storage Ring (HESR), a racetrack-type accelerator, at the

FAIR facility at GSI to provide a beam of cooled antiprotons. The antiprotons will annihilate with a proton

target housed within the 	PANDA detector. The detector is split into two section, a Target Spectrometer

immediately surrounding the target, and a Forward Spectrometer to detector particles produced with large

Lorentz boosts in the downstream direction of the beam.

Within the Target spectrometer 2 geometries are used to achieve full angular coverage: a barrel-type con-

�guration in the central region and and endcap con�guration. The PID for the target spectrometer will

be performed by two �erenkov detectors based on the Detection of Internally Re�ected �erenkov radiation

(DRIC) principle. In the central region a barrel detector will be constructed, with the system being read out

on the upstream side of the internal target. In the endcap a DRIC detector in a novel disc con�guration is

proposed.

The Focussing Lightuide Disc DIRC (FLDD) is one proposed design for the endcap disc DIRC, Figure 1.10.

The disc will be approximated with a 128-sided polygon of fused silica which will lead to a unique hardware-

based Chromatic Dispersion correction element constructed from Lithium Fluoride and then to a focussing

lightguide (FLG) which maps the angle of propagation onto the surface of a position sensitive PMT. For such

a novel system each section must be properly tested to ensure it performs as predicted and that the design

is valid for performing to the requirements of the 	PANDA physics programme. As such a stepwise approach

to prototype development was employed, starting with the testing of the Chromatic Dispersion correction

element.

Chromatic dispersion is one of the largest contributions to the uncertainty in measured �erenkov angle in
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all DIRC detection systems. The dispersion arises at production of �erenkov radiation as a result of the

frequency dependence of the Refractive Index of the radiator material. The dispersion cannot be avoided and

so must be mitigated through subsequent detector design. The FLDD proposes a cuboid block of Lithium

Fluoride to achieve this mitigation. The veri�cation of this e�ect is central to this thesis.

After testing the observed spread in photon propagation angle within the FLDD design was compared to the

predicted case, Table 5.1.

Table 5.1: The measured angles after being recorded on the CCD with geometric calculations included. All

angles are measured with respect to the normal to the external surface of Block 2.
Material Predicted ∆θf (rad) Measured ∆θf (rad)

Fused Silica 0.011155± 3.146× 10−5 0.0111± 3.8× 10−4

Lithium Fluoride 0.001761± 4.024× 10−6 0.0021± 3.7× 10−4

Although subject to large uncertainties the observed data and predicted data are in agreement. As the

observed data was taken using a system constructed of several sub-components it shows that the reduction

in angular spread is robust to real world assembly tolerances. As the FLDD envisages 122 such LiF blocks

this robustness is crucial to the success of the design.

The FLG element is designed on the principle of parallel-to-point optics, mapping photon propagation angle

into a given point on the PMT surface, Figure 1.13. The position on the PMT surface is therefore a direct

measure of the angle of propagation of the photon which struck it. The reduction in uncertainty on this

angle σθ caused by Chromatic dispersion is therefore equivalent to the reduction in angular spread ∆θf . An

improvement as shown in Table 5.1 will result in an improvement in σθc , the uncertainty on �erenkov angle.

Assuming an this uncertainty stems purely from Chromatic dispersion gives and uncertainty which varies

with the number of independent photons observed during the reconstruction of θc as shown in Figure 2.9.

The �nal observed σθc will include a contribution from Multiple Scattering of ∼ 1.721 × 10−3 rad which is

of the order of that contributed by Chromatic Dispersion with a LiF corrective element. As such further

improvement in the Chromatic Dispersion will have an increasingly limited e�ect without reducing multiple

scattering, a factor inherent to the radiator material.

The performance of the LiF element justi�es its inclusion in the design of the FLDD.

The second stage of the prototype development was to test the assumptions about photon production. A

simple experiment counting the number of produced photons within a test bar of Suprasil 1, a fused silica

radiator candidate material, was carried out. The Set-up consisted of the radiator bar, with re�ection

dampening on the sidewalls, and a 2-inch traditional photomultiplier tube. The set-up was rotated through

a number of polar angle settings and the number of observed photons recorded, Figure 3.8.

The simulations of the set-up were carried out to investigate the impact of the re�ection dampening on the

observed photon yield. After �tting the resulting data it was possible to estimate the e�ective absorption

factor of the sidewalls of the detector, Figure 3.15. The result was an e�ective absorption factor η ≈ 0.27.

This was signi�cantly below the expected value and it was found to occur as a result of poor optical contact
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between the foam rubber and the radiator bar.

The simulation accurately reproduced the observed geometric behaviour of the system however, and the

remaining o�sets were a result of systematic misalignment between the beam axis and the normal to the

radiator bar surface, to losses sustained during coupling between PMT and the bar and to the reduced

Quantum E�ciency of the PMT itself. The data show that the simulations of the system were an accurate

representation of the performance of the Suprasil radiator.

The �nal stage of the prototype development was a combination of the radiator, LiF component, example

FLG and a position sensitive PMT, Figure 4.1. The system was placed in a beam of mixed hadrons and

rotated to cover the range of Polar angles covered in the �nal FLDD design. The movement of the signal

over the surface of the PMT gives an indication to the performance of the FLG.

An optical ray-trace simulation of the set-up using the Zemax framework was constructed. All components

were accurately modelled within this set-up and using the data extracted from previous experiments. The

results of the simulated showed excellent agreement with the observed data, with both showing photons

striking the same distance up the PMT surface for the same polar angle setting. This con�rmed that the

set-up was not signi�cantly o�set from the beam axis and also that the FLG performance could be accurately

understood within the framework.

Peaks present at signi�cantly di�erent positions to one another were shown to result from the the photon

angles being lower than the minimum for which the lightguide was designed and from the presence of a large

variation in photon azimuthal angle within the same lightguide. The latter of these proves to be a major

obstacle in design of the FLG component. As can be seen from Figure 5.1 the presence of azimuthal photons

at certain polar angles can explain why signal was seen when it would be expected that all light escapes from

the FLG focussing surface.

(a) (b)

Figure 5.1: Ray tracing diagrams for the full Advanced Prototype set-up within Zemax. The presence of

light on the focal plane is clear in the φ ≤ 15◦ case, b), but not present at all in the non-azimuthal case, a).

The design of the FLG component works well when the photons entering do not carry this azimuthal com-
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ponent. This would be true of photons emitted from particles striking the disc at low polar angles. These

particles are also most likely to have the highest momentum and so be the particles where successful positive

PID is hardest. In the case of a purely radial photon set, the response on the PMT surface for a Pion and a

Kaon both with p = 4.5GeV/c, is shown in Figure 5.2.

(a) (b)

Figure 5.2: Simulated PMT response for Pions, a), and Kaons, b), incident at θp = 5◦ and with p =

4.5GeV/c.

The signals are separated by 2 Channels of the 128 present within the simulation. The required pixel pitch

is therefore x = 0.79mm per pixel, or to split the 51mm surface into 64 channels. This is double the spatial

resolution currently proposed. The presence of azimuthal photons will degrade the performance as they will

produce signals from the same event as radial photons but in di�erent positions. Such an e�ect will require

to be minimised before any �nal FLDD design is approved.

This thesis has presented a systematic approach to prototype design and testing for the Focussing Lightguide

Disc DIRC. Central to the performance of the FLDD is the novel hardware-based chromatic dispersion

correction element. The experimental veri�cation of the e�cacy of Lithium Fluoride in combination with

the fused silica to achieve a reduction in dispersion was the primary aim of this prototype development. The

veri�cation shown in Chapter 2 is the �rst time such a hardware based system has been demonstrated and

represents a major success in the design of the FLDD.

The veri�cation of the assumptions made on photon production and transport within the chosen radiator,

Chapter 3, in combination with the con�rmation of the performance of the LiF component allowed for the

development of the Advanced Prototype, combining key elements of the FLDD in a single system. The study

of the Advanced Prototype, Chapter 4, was accurately described in terms of its optical performance using the

assumptions proven in this thesis. The accurate reproduction of observed e�ects by a simple optical model

also further proved that the Lithium Fluoride component will satisfactorily reduce the Chromatic Dispersion

present in the radiator. The results of this simulation also show that the design in its current form does not

perform to the standard required for use in the 	PANDA endcap.

To design such a component requires a function which can map the position of photon emission from the
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surface of the LiF block and the direction with which the photon propagates onto the a focal plane. It must

do so in a way that the distance from the bottom of the focal plane re�ects a change in photon propagation

angle with reference to the surface of the radiator disc.

Two mutually exclusive systems may solve this. The �rst is to link the discrete lightguides and LiF blocks

into toroidal sections and to then redesign the focussing surface in a way which allows for the fullest range

of photon angles. Such a design would be di�cult and must strike a compromise between perfect radial

photons, which originate from the highest momentum particles, and the presence of a large azimuthal spread

in photons from hits striking closer to the rim of the disc.

The second is to allow a second degree of freedom within the focussing surface. The current design is constant

across the width of the lightguide allowing for radial focussing irrespective of the position with which the

photon enters the LiF block, and hence lightguide. By allowing the height above the entrance window of the

surface to vary not just along the length of the lightguide, but also over the width, the surface can address

for the changes in azimuthal propagation. This design would compromise between azimuthal correction and

allowing focussing for radial photons.

Any new lightguide designs will require to be utilised in similar development and testing process to that

undertaken in this thesis before their e�cacy can be understood.

In spite of the successes of the prototype development campaign for the Focussing Lightguide Disc DIRC

it is therefore clear that extensive further study into the Focussing Lightguide element must be carried out

before the FLDD performance reaches that required for use in the 	PANDA detector.
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