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Abstract

The Standard Model proposes the quarks, leptons and bosons to account for all matter and nearly all

the fundamental forces. With the existence and expected behaviour of these particles experimentally

con�rmed, the Standard Model is highly successful and is the leading theory of elementary particle

physics. The hadrons are a family of composite particles comprised of the mesons and the baryons

which can be modelled as bound states of quarks. The constituent quark model describes mesons as

quark-antiquark pairs and baryons as three quarks; it's a simple but successful model, accounting

for almost all of the experimentally con�rmed hadrons. Quantum chromodynamics (QCD), the

theory of the strong force belonging to the Standard Model, develops on the constituent quark model

by introducing the strong force mediator particle known as the gluon. As a result, QCD predicts

additional hadrons which are termed exotics. The subject of the research presented in this thesis is to

search for exotic mesons produced in electron-proton scattering at CLAS12 at Jefferson Lab.

The ep! epK+ K � reaction was chosen as the reaction of interest. By using the CLAS12

Forward Tagger, reactions were chosen with electrons scattering at low angles so that a quasi-real

photon mediated the electron-proton interaction. During this interaction, various types of mesons are

produced which all contribute to the �nal state of the reaction of interest. Several analysis techniques

were applied to the experimental data to ensure that only the reaction of interest was studied. Moments

of angular distribution were obtained and are presented in this thesis. These distributions show the

contributions of different types of mesons to the �nal state, meaning that signatures of non-exotic and

exotic mesons can be observed.
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Chapter 1

Introduction

The search for exotic mesons is the subject of the research presented in this thesis. This subject is part

of the broader subject known as hadron spectroscopy which concerns the discovery, classi�cation and

study of the hadrons; it is a primary focus of the research conducted at Jefferson Lab. In this chapter,

important concepts such as the Standard Model, quantum chromodynamics and exotic mesons are

introduced.

1.1 Hadrons

At present, the leading theory in particle physics is the Standard Model. This theory proposes 17

fundamental particles that constitute all matter and nearly all forces; the 6 quarks, the 6 leptons, the

4 gauge bosons and the Higgs boson. All of the quarks and leptons have spin 1/2, hence they obey

Fermi statistics and can be grouped into a family of particles known as the fermions. Every fermion

has an antiparticle which is identical but has an opposite electric charge. The gauge bosons all have

spin 1 and the Higgs boson, the only known scalar boson, has spin 0 [1]. All of these fundamental

particles have been experimentally detected, the latest being the Higgs boson which was observed at

the LHC in 2012 [2].

The six types of quarks, also known as the �avours, are up, down, strange, charm, bottom and

top. Similarly, the leptons have six �avours: the electron, muon, tau (the three charged leptons) and

three different types of neutrinos. Information on quark and lepton �avours can be found in Tabl. 1.1.

All the �avours of the quarks and the charged leptons interact via the electromagnetic and the weak

forces; additionally, quarks interact via the strong force due to a property they possess known as

13



14 | Introduction

Table 1.1 Properties of the quarks and leptons in the Standard Model. Charge is given in units of the
elementary charge e, the negative electric charge carried by a single electron. Neutrinos are omitted;
they have zero charge and in the Standard Model they are massless [3].

Quarks Charge (e) Mass (MeV/c)

up 2/3 2.16
down -1/3 4.67
strange -1/3 93
charm 2/3 1270
bottom -1/3 4180
top 2/3 172760

Leptons

electron -1 0.511
muon -1 105.7
tau -1 1776.9

colour charge. Colour charge permits particles to interact via the strong force, analogous to the

electric charge for the electromagnetic force. The Standard Model postulates that three of the four

fundamental forces, the weak, strong and electromagnetic forces, are mediated by four fundamental

particles, the aforementioned gauge bosons. TheW andZ bosons mediate the weak force, the photon

(g) mediates the electromagnetic force and the gluon (g) mediates the strong force. Information on

these mediator particles can be found in Tabl. 1.2. Mediator particles are exchanged when fermions

interact; allowed interactions can be represented using Feynman diagrams.

Table 1.2 Properties of the gauge bosons in the Standard Model. Charge is given in units of the
elementary charge e, the negative electric charge carried by a single electron [3].

Gauge Bosons Charge (e) Mass (GeV/c)

W� � 1 80.4
Z 0 91.2
photon 0 0
gluon 0 0

Presently, it's understood that through the strong interaction, quarks form bound states known

as mesons and baryons or collectively as hadrons. A model known as the constituent quark model

can be used to describe the structure of the hadrons. The constituent quark model states that mesons

and baryons are the combinations of quarks,q, and antiquarks,̄q, that are allowed under certain

conditions. In this model, a meson is a quark-antiquark pair,qq̄, and a baryon is a group of three

quarks,qqq. Discoveries of mesons and baryons have long predated the postulation of the quark
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model. Once the proton was discovered by Ernest Rutherford in 1919, the following 50 years of

experimental efforts saw the discovery of numerous particles, culminating with the observation of

quarks at SLAC in 1969. Notable discoveries throughout this period include that of the pion, the

kaon and the lambda [4]. Information on experimentally detected mesons can be found in Tabl. 1.3.

Alongside these experimental efforts, theoretical endeavours proved equally signi�cant. In 1961,

Murray Gell-Man introduced the eightfold to way simplify the description of this growing collection

of baryons and mesons [5]. Groups of some of the lightest mesons and baryons can be shown using

diagrammatic representations of the eightfold way, these are known as octets and are shown in Fig. 1.1.

Developing on this work, three years later he put forward the concept of quarks; fundamental particles

that congregate to form the proton and neutron, each possessing a fraction of the electric charge and

mass [6].

Fig. 1.1 Octets for the pseudoscalar,J = 0, mesons (left) and lightestJ = 1=2 baryons (right)
represented using the eightfold way.Q is the charge which is constant along each dashed diagonal
line, Sis the strangeness which is constant along each dashed horizontal line,B is the baryon number,
andI3 is the third component of the isospin.

1.1.1 The Constituent Quark Model

As previously mentioned, the constituent quark model states that a meson is a quark-antiquark pair,

qq̄, and a baryon is a group of three quarks,qqq. These two types of quark combinations belong

to a group of allowed combinations which results after imposing a strict condition known as colour

con�nement. Quarks can exist in `red',r, `green',g, or `blue', b, colour states and antiquarks in

the r̄,ḡ or b̄ colour states. The hypothesis of colour con�nement is that hadrons can only exist in

states known as colour singlets which have an overall colour charge of zero. This is seen in the
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Table 1.3 Experimental mass spectrum of some of the lightest hadrons [3].

Meson Spin Parity Strangeness Charge (e) Mass (MeV)

p0 0 -1 0 0 134.98
p � 0 -1 0 � 1 139.57
K � 0 -1 � 1 � 1 493.67
K0 0 -1 +1 0 497.61
K̄0 0 -1 -1 0 497.61
h 0 -1 0 0 547.86
r � 1 -1 0 � 1 775.11
r 0 1 -1 0 0 775.26

Baryon

p 1/2 -1 0 1 938.27
n 1/2 -1 0 0 939.57
L 1/2 -1 -1 0 1115.683

aforementioned quark combinations; if each quark inqqqis in a different colour state then the total

colour charge is zero and if the quarks inqq̄ have opposite colour charge then the total colour charge is

zero. It follows that states such asqq, qq̄q̄, qqq̄ andqqqqare forbidden in the constituent quark model.

Also note that these states possess fractional electric charge which, despite extensive searches, has

never been observed for any composite particle. Interestingly, combinations such asqqq̄q̄ andqqqqq̄

are allowed and are known as exotic states, these will be elaborated on in the next section, Sec. 1.2.

The hypothesis of colour con�nement also implies that quarks must exist within these states since an

isolated quark has a non-zero colour charge [3],[1]. The existence of colour states has been observed

directly by comparing the experimental and theoretical values of the differential cross-section of

e+ e� ! m+ m� . The study completed by H.-J. Berend et al. in [7] showed that the Standard Model

correctly predicts the cross-section and hence corroborates the existence of colour states. Now that

quark combinations have been detailed and assigned to the mesons and baryons, the constituent quark

model will be used to obtain the properties of some of the lightest mesons. To do this, we restrict

ourselves to the lightest quarks, the up, down and strange quarks. Associated with a meson are several

important quantum numbers, the total angular momentumJ, the orbital angular momentumL and the

vector sum of the quark spinsS. The total angular momentumJ of the meson is identi�ed as the spin

of the meson given in Tabl. 1.3 and is given by,

J = L + S= jL � Sj; jL � S+ 1j; jL � S+ 2j; : : : ; jL + Sj: (1.1)
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In the centre-of-mass frame of the quark-antiquark pair, there is a single orbital angular momentumL.

In this pair, each constituent quark has spin 1/2. These spins may be anti-aligned, resulting inS= 0,

or aligned, resulting inS= 1. To describe the properties of the lightest mesons, the lowest-lying states

of a quark-antiquark system, i.e. those withL = 0, are considered. By Eq. (1.1),L = 0 andS= 0

givesJ = 0 which is the spin corresponding to the pseudoscalar mesons shown in Fig. 1.1. Therefore,

the pseudoscalar mesons can be described by a quark-antiquark system withL = 0 andS= 0. Two

additional properties of the mesons can be obtained using this model, these are the the parityP and

the charge conjugation parity, also known as C-parity,C. The parity is given by

P = ( � 1)L+ 1; (1.2)

and the C-parity is given by,

C = ( � 1)L; (1.3)

whereL is the orbital angular momentum in both equations. The parity of the negatively-charge pion

p � has been determined experimentally by W. Chinowsky and J. Steinberger who �rst observed the

reaction

p � + d ! 2n (1.4)

as detailed in [8]. By imposing the conservation of parity and the conservation of angular momentum

on the reaction given by Eq. (1.4), it can be ascertained thatPp � = � 1. Similar methods may be

used to obtain the parities of other mesons and baryons, these are given in Tabl. 1.3. As mentioned

previously, the pseudoscalar mesons can be described by a quark-antiquark system withL = 0 and

S= 0. The parity and C-parity of this system can be calculated using Eq. (1.2) and Eq. (1.3) to get

PJ= 0 = � 1 andCJ= 0 = 1, which agree with the experimental parities. Within the pseudoscalar octet,

a meson can be individually distinguished by determining its quark composition. To accomplish this,

the chargeQ and two new quantum numbers are required: the strangenessSand the third component

of the isospinI3. The up quark hasI3 = 1=2 and the down quark hasI3 = � 1=2; both haveS= 0.

The strange quark hasI3 = 1=2 andS= � 1. Values forQ of the quarks can be found in Tabl. 1.1.

Subsequently, quark combinations can be deduced that have quantum numbers equal to those for the

mesons given in Fig. 1.1. For example, the following quark combinations

p � = ūd p+ = ud̄ K0 = ds̄ K+ = us̄ (1.5)
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return the correct values forQ, SandI3. This process may be continued for the lightest 18 mesons

and lightest 18 baryons to obtain quantum numbers that match exactly to experimental results. Whilst

a resounding success in its description of many properties of the hadrons, the constituent quark model

doesn't propose a mechanism that describes how quarks form bound states. Additionally, the masses

of the quark combinations given in Eq. (1.5) are substantially lower than the experimentally con�rmed

masses of the hadrons they describe. Fortunately, a model known as quantum chromodynamics

provides a much more suitable description of the hadrons.

1.1.2 Quantum Chromodynamics

Quantum chromodynamics (QCD) is a gauge theory that describes the strong force of the Standard

Model. QCD can be formulated in Lagrangian �eld theory which means it has an associated La-

grangian. The equations that describe the dynamics of strongly interacting particles can be extracted

from the QCD Lagrangian. However, mathematical derivations such as these are outside of the scope

of this thesis so will be avoided and instead, a more phenomenological approach will be taken to

describe the theory of the strong force.

QCD introduces the gluon, the mediator of the strong force. There are eight gluons, each a

different mixture of the three colour states, which interact with particles that have colour, such as the

quarks. As the gluons themselves possess colour, this implies that gluons can interact with themselves

or with other gluons, a property known as self-interaction. This property allows for certain types of

quark-quark scattering interactions where the net effect of these interactions results in an antiscreening

effect. This effect varies by distance from the source and thus strong force interactions are weaker

at short distances than they are at long distances. This is an important property of the strong force

known as asymptotic freedom, �rst identi�ed by Gross and Wilczek, and Politzer [9],[10].

The previously mentioned property of colour con�nement is also an important property of QCD.

The union of con�nement and gluon self-interactions implies that two or more gluons can combine

to form colourless states, composed purely of gluons, known as glueballs. The hadrons can be

described by QCD when colour con�nement is imposed, similarly as in the constituent quark model.

Furthermore, gluons can contribute to the quantum numbers of quark-antiquark pairs, forming states

known as hybrid states [11]. Glueballs and hybrids will be elaborated on in Sec. 1.2.

The �nal feature of QCD that will be mentioned is the mass generation of the hadrons. A model

known as the bag model can be used to obtain an accurate mass spectrum of some of the lightest
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hadrons. In this model, quarks are con�ned to a 'bubble' or 'bag' which is under pressure from

a surrounding vacuum region which arises due to con�nement. This pressure is balanced by the

counterpressure of the kinetic energy of the quarks inside the bag. The model has the following

conditions: the u and d quarks are massless, the s quark has a �nite mass, the quarks are considered as

free particles moving at relativistic speeds, the interactions between the quark are considered, and the

zero-point energy of quantum �elds inside the bag are considered [12]. A diagram of the bag model

for a baryon is shown in Fig. 1.2a. A successful bag model developed at MIT, known as the MIT

bag model, was introduced by Chodos et al., in 1974 [13]. In 1983, the MIT bag model was used to

produce the correct masses of some of the lightest hadrons which are shown in Fig. 1.2b. Modern

computational methods can be used to obtain a wider and more accurate spectrum of hadron masses

predicted by QCD as will be discussed in section 1.2.

(a) A diagram of the bag model (b) The hadron spectrum from the MIT bag model

Fig. 1.2 A diagram of the bag model (a) showing the quarks travelling within the bag and the pressure
(blue arrows) caused by the presence of a region of surrounding vacuum (grey) resulting from the
con�nement principle. The hadron spectrum calculated using the MIT bag model (b) [14].
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1.2 Exotic Composite Particles

Fig. 1.3 Four diagrams of exotic mesons: tetraquarks – two quark-antiquark pairs bound by long-range
meson exchanges (top left) and diquark and anti-diquark bound by gluons (bottom left), a hybrid (top
right) and a glueball (bottom right).

QCD allows for exotic states that are far more complicated and numerous than the states predicted

by the constituent quark model. The properties of these many states can be determined through

advanced computational methods.

In the constituent quark model, a meson is a quark-antiquark pairqq̄. This system has the quantum

numbersJ, P andC which can be conveniently written asJPC. For example, by considering the

discussion in the previous section,p � hasJPC = 0� + which is an example of an allowedJPC state.

The equations forJ, P andC given in Sec. 1.1 permit a collection of allowedJPC quantum numbers,

some of which are

JPC = 0� + ; 0++ ; 1�� ; 1+ � ; 1++ ; 2�� ; 2� + ; 2++ ; : : : : (1.6)
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Similarly, a collection ofJPC quantum numbers that are forbidden by the equations forJ, P andC can

be obtained, some of which are,

JPC = 0�� ; 0+ � ; 1� + ; 2+ � ; : : : : (1.7)

An exotic meson is a meson that cannot be described solely by the simple quark-antiquark system

propounded by the constituent quark model. Additionally, an exotic meson may have an allowedJPC

or a forbiddenJPC. QCD predicts novel states such as tetraquarks, hybrids and glueballs which are all

classi�ed as exotic mesons.

A tetraquark is a diquark and anti-diquark bound by gluon exchanges,qqq̄q̄, or two quark-

antiquark pairs bound by long-range meson exchanges,qq̄qq̄, known as a molecular state. Hybrids are

quark-antiquark pairs joined to excited gluons and glueballs are two or more gluons bound together.

At present, two leading tetraquark candidates area0(980) and f0(980) however it is unknown whether

these mesons have aqqq̄q̄ con�guration or are instead the molecular stateKK̄. Diagrams of these

exotic mesons are shown in Fig. 1.3

Fig. 1.4 Theoretical meson spectrum, including those non-exotics (left and middle region) and exotics
(right region), obtained through LQCD calculations. The orange boxes indicate mesons that may
overlap withqq̄ states coupled to a gluon [15].

Before discussing hybrids and glueballs, lattice QCD (LQCD) will be introduced. In brief, LQCD

uses a discrete space-time with quarks situated at points and gluons represented by links joining the
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Fig. 1.5 Theoretical glueball mass spectrum, including those with non-exotic and exoticJPC, obtained
through LQCD calculations [16].

points. This structure allows for a discretised version of the QCD Lagrangian to be used to describe

the dynamics of the quarks and gluons. Subsequently, by making use of advanced computational

methods, the mass and quantum numbers of hadrons predicted by QCD can be determined.

LQCD calculations predict a1� + hybrid with a mass of 1.9� 0.1 GeV [17]. The two leading

candidates for this hybrid arep1(1400) andp1(1600), each with a broad mass range as expected for

hybrids. The masses of various non-exotic and exotic mesons were calculated by Jozef J. Dudek

et al in [15]. The authors extracted a meson spectrum, Fig. 1.4, using LQCD. LQCD can also be

used to calculate the mass of glueballs predicted by QCD which are shown in Fig. 1.5. The lightest

glueballs, the non-exotic scalarJPC = 0++ and tensor2++ , are predicted to have masses around

1600 and 2300 MeV respectively. The �rst exotic glueball0+ � is predicted to have a mass of about

4800 MeV. Additionally, LQCD calculations show that glueballs couple to isospin singlet mesons

(I=0), known as isoscalar mesons, with the same quantum numbers and which are similar in mass. For

example, the0++ glueball and the two0++ isoscalar mesons, which are all near 1500 MeV, couple

together and mix to produce the observed statesf0(1370), f0(1500), and f0(1710) [3].
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1.3 Exotic Meson Photoproduction

There have been various exotic meson searches put forward over the past few decades. It has been

suggested that hybrids may be produced in nucleon-antinucleon annihilation as this reaction is a

copious source of gluons and that scalar glueballs may be present in the states produced in the decay

of J=y [18],[19]. There are many experiments that have searched for exotic mesons as detailed in

Sec. 1.4.

The research presented in this thesis concerns the quasi-real photoproduction of exotic mesons

on a proton. The term quasi-real refers to a photon with a virtualityQ2 < 1(GeV=c)2, this kinematic

region is known as the quasi-real photoproduction region. A lowQ2 photon may be emitted by an

electron scattering at a low angle off a proton [20]. Due to the lowQ2, the scattered electron retains

its polarisation information which can be measured after it scatters. The reaction (channel) studied in

this research wasep! epK+ K � ; a possible Feynman diagram for this reaction is shown in Fig. 1.6.

Feynman diagrams are pictorial representations of the possible interactions that may occur between

the initial state particles (the leftmost particles in the diagram) to produce the �nal state particles (the

rightmost particles in the diagram). Particles that occur in the diagram but are not in the initial or

�nal state are known as resonances. In Fig. 1.6, the electroneand protonp are initial state particles,

Fig. 1.6 Feynman diagram of a possible interaction associated with the reaction of interest. The
quasi-real photon is represented byg� and the meson byX.
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the arbitrary meson represented byX is a resonance, and the scattered electrone0, scattered proton

p0, K+ andK � are �nal state particles. For a set of initial particles, there are usually many suitable

Feynman diagrams corresponding to the many allowed interactions that may take place. These may

be represented by replacing the arbitrary mesonX, which is used as a placeholder, with the meson

involved in the chosen interaction. For example, the mesonX may be replaced with the meson

f (1020) which hasf ! K+ K � as its most common decay [3]. Alternatively, this mesonX may be an

exotic, as shown by Szczepaniak and Swat in [21]. In this paper, the authors demonstrate that a greater

proportion of exotic mesons are produced in photoproduction experiments than in hadroproduction

experiments due to the photon being a spin 1 particle.

In scattering experiments, the reaction of interest will occur alongside many other possible

reactions, such asep ! Npp, whereN can be either a proton or neutron. Therefore, a large

assortment of mesons will be produced and detected. To disentangle this complicated assortment, the

identity of the speci�c mesons involved can be uncovered by determining two quantities, the moments

of angular distributions and the partial waves. The moments of angular distributions, henceforth

referred to as moments, can be obtained using the information on the polarisation of the quasi-real

photon and the angular distribution of the koans. The moments provide the contributions of the partial

waves that make up the assortment of mesons. The partial waves are directly linked to a mesons

quantum number and the ones studied in research presented in this thesis are the S, P and D waves. A

more detailed description of moments will be provided in Sec 4.3.

1.4 History of Exotic Meson Searches

The possibility of the existence of exotic mesons was �rst suggested by Gell-Man alongside the

introduction of the quark model. Since then there have been numerous theoretical and phenomenolog-

ical investigations into exotic mesons, and experimental searches for indications of the existence of

exotic mesons. Developing on the concepts of Gell-Mann, R. J. Jaffe used the bag model to suggest

a light exotic nonet similar to the nonet in Fig. 1.1 but comprised entirely of tetraquarks [22]. The

experimental efforts are just as impressive, and some examples are provided in this section.

Since the 1980s, a few exotic mesons have been observed across various experimental searches.

Evidence of thep1(1400) JPC = 1� + hybrid candidate mentioned in Sec. 1.2 was �rst observed

in 1988 by the GAMS programme at CERN. In the experiment, a 100 GeV momentump � beam
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was struck against a liquid hydrogen target to induce the reactionNp � ! hp � N, partial wave

analysis of the �nal state indicated the existence of a1� + state with mass 1406� 20 MeV and width

180� 30 MeV. Subsequently, similar experiments were conducted by The High Energy Accelerator

Research Organisation (KEK) in 1992, the VES Collaboration at the Institute for High Energy Physics

(IHEP) in 1996, and the E852 Collaboration at Brookhaven National Laboratory (BNL) in 1997.

Each experiment produced similar evidence suggesting the existence of the exotic1� + meson with a

mass near 1400 MeV. It was the Crystal Barrel Experiment at CERN that con�rmed the existence of

p1(1400) in 1997 by stopping antiprotons in liquid deuterium to induce the reactionp̄n ! p � p0h .

Partial wave analysis of the �nal state of this reaction indicated that theph possessed resonant

behaviour with the exotic quantum numbers 1� + , corresponding top1(1400) [23],[24],[25].

The other1� + hybrid mentioned in Sec. 1.2,p1(1600), was detected alongsidep1(1400) in the

1996 VES Collaboration experiment. A higher energy pion beam was used and the �nal state of

Np � ! h 0p � N was investigated resulting in the identi�cation of a state with1� + and a mass near

1600 MeV. Similar methods and results were reported by the E852 Collaboration and Crystal Barrel

Experiment. More recently, the COMPASS collaboration at CERN also detectedp1(1600) in 2004

and later in 2010. In this experiment, a 190 GeV pion beam impinged against a lead target to induce

p � Pb ! p � p � p+ , partial wave analysis conducted on the �nal state revealed a1� + meson with

mass 1660� 10 MeV corresponding top1(1600) [26].

Glueballs are also the subject of various experimental searches and in 2024 the Beijing-based

BESIII collaboration reported the �rst possible detection of the lightest glueball,X(2370) with JPC =

0� + . The collaboration conducted partial wave analysis on theJ=y decay channelJy ! gK0
s K0

s h 0to

observeX(2370) with mass 2395� 11 MeV which is similar to the mass of the0� + glueball predicted

by LQCD seen in Fig. 1.5 [27].





Chapter 2

Experimental Setup at Jefferson

Laboratory

The research presented in this thesis involved the analysis of data taken by the CLAS collaboration

for the MesonEx project using the CLAS12 spectrometer located in Hall B at Jefferson Laboratory. In

this chapter, the experimental setup and software framework at Jefferson Laboratory will be detailed.

2.1 Jefferson Laboratory

Fig. 2.1 An aerial photo of Jefferson Laboratory [28].

27
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The Thomas Jefferson National Accelerator Facility, Fig. 2.1, also known as Jefferson Laboratory

or JLab, is located in Newport News, Virginia and conducts experimental investigations into funda-

mental concepts of nuclear and particle physics. Since the 1990s, Jefferson Lab has delivered the

world's most intense and precise electron beam in the multi-GeV region. The beam is produced by

the CEBAF accelerator and is split among four Halls: Hall A, Hall B, Hall C and Hall D, which are

each responsible for investigating various concepts such as nuclear structure, hadron spectroscopy

and hyperon spectroscopy. The impressive catalogue of research conducted by physicists at Jefferson

Laboratory includes contributions to the proton charge radius puzzle, the study of pentaquarks in the

J=y � 007experiment and the measurement of valance quark PDFs in the MARATHON experiment

[29],[30].

2.2 CEBAF

Fig. 2.2 A diagram of the CEBAF accelerator and Halls A, B, C and D at Jefferson Laboratory. The
12 GeV upgrades, such as the new Hall and cryomodules, are shown. [31].
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The Continuous Electron Beam Accelerator Facility (CEBAF), Fig. 2.2, is responsible for pro-

ducing polarised electrons, accelerating them to 12 GeV and then guiding them into the four Halls.

Polarised electrons are produced by a multi-kV photogun, this component uses a high-energy laser to

free electrons from a GaAs/GaAsP semiconductor device via photo-emission. The emitted electrons

have a high average longitudinal polarisation of 85% or greater, this polarisation is maintained in

electron beams at currents below 1 mA – the photogun produces electron beams at around 100

µA [29],[30],[32],[33]. Despite its name, the CEBAF accelerator produces bunches of electrons as

opposed to a continuous beam, however, this succession of bunches is referred to as the beam. This

is accomplished within the photogun by the �ring of a pulsed (rather than continuous) laser at the

semiconductor. A high pulse frequency results in a high bunch spacing – the time between successive

electron bunches. For example, a 499 MHz frequency laser corresponds to a 2 ns bunch spacing, a

249.5 MHz frequency to a 4 ns spacing and a 124.75 MHz frequency to an 8 ns spacing [34].

Fig. 2.3 An image of CEBAF cavity pair, i.e. a single cryounit. Four of these pairs form a cryomodule,
each LINAC has 25 cryomodules. [29].

Once produced by the photogun, the beam is accelerated as it passes through the 123 MeV injector

and into the north linear accelerator (LINAC). The north and south LINACs, identical in design and

construction, are each comprised of 25 cryomodules. A single cryomodule is comprised of four

cryounits and a single cryounit is comprised of a pair of hermetically joined cavities, Fig. 2.3. The

cavity pair is �lled with helium gas cooled to around 2 K and accelerates electrons via radiofrequency

technology, hence the LINACs are known as superconducting radiofrequency (SRF) LINACs. Of the

LINACs 25 crymodules, 20 provide an energy gain of 30 MV to the beam and 5 provide an energy

gain of 100 MV to the beam, overall providing an energy of 1.2 GeV to the beam as it passes through

the LINAC. Once the beam leaves the north LINAC, it enters a recirculation arc that uses quadrupole
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