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Abstract

Beam Dynamics in Spreaders for Future X-ray Free Electron Laser Facilities
Deepa Angal-Kalinin

This thesis describes various design options for beam spreaders to allow the inclusion of

multiple beam lines as an integral part of X-ray Free Electron Laser (FEL) facilities. The

accelerator configuration driving an X-ray FEL follows a linear geometry so as to maintain

the ultra-bright properties of the electron beam generated at the injector. Bending the

beam is typically restricted only to the bunch compressor chicane in order to avoid an

increase in transverse emittance due to the emission of coherent synchrotron radiation.

Unlike storage ring based light sources, X-ray FELs serve either one experiment at a time

or a number of experiments (quasi-simultaneously) by splitting the radiation from a single

FEL line; the radiation pulse repetition rate is set by the injector and the technology used

for acceleration. Multiple beam lines provide flexibility in experiments and provide access

for a greater number of users. However, in providing multiple beam lines, bending the

electron beam is unavoidable and its high quality (i.e. low emittance, low energy spread

and high peak current) must be ensured by very careful design of the beam spreader.

Two main aspects of the beam spreader design (namely, the options for switching and

the lattice design) have been studied and are presented here in detail. Two lattice design

concepts, one based on a Triple Bend Achromat magnetic lattice and the other based on

a Double Bend Achromat magnetic lattice, are discussed. The relative merits, advantages

and disadvantages of these design options are detailed, including mitigation of the effects

from coherent synchrotron radiation which include increases in both the beam emittance

and energy spread. Experimental studies related to the Triple Bend Achromat arc on the

ALICE facility are used to recommend beam diagnostics and instrumentation in different

spreader design concepts. The results presented in this thesis will be central to the design

of an optimised beam spreader for any future UK X-FEL facility.
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Chapter 1

Accelerators as Photon Sources

Over the past half century, tremendous progress has been made in the quality of radiation

beams produced by particle accelerators, and synchrotron radiation sources have become

a fundamental tool for research in several scientific disciplines. This chapter gives a brief

account of the development of particle accelerators as photon sources, describes the basic

principles of the latest accelerator based photon sources and summarises the requirements

on accelerators to drive these radiation sources. Based on this background, the motivation

for the work presented in this thesis is given in Section 1.5.

1.1 Historical Background to Synchrotron Light Sources

Even though accelerator based photon sources have been an indispensable tool for research

for several decades, the foundations of the theory of synchrotron radiation were first

developed by Liénard in 1898, more than a century ago. In his historic paper [1] he

worked out the basic theory of synchrotron radiation and the formula for the rate of

energy loss by an electron travelling in a circular path. This work was later extended by

Wiechert in 1900 [2], resulting in the so-called “Liénard-Wiechert" potentials that are used

to describe the time-varying electromagnetic fields emitted by a point-charge in arbitrary

motion. The theory of synchrotron radiation was later expanded by Schott in his essay on

Electromagnetic Radiation in 1912 [3], in which many properties of synchrotron radiation

were derived, such as the frequency and angular distribution and polarisation state. The

next important step in the history of radiation sources was made after more than three

decades. In 1944, Iwanenko and Pomeranchuk published an article [4], in which they

pointed out that electron accelerators are limited by radiation losses. In 1946, Blewett

suggested a search for the radiation losses at the 100 MeV General Electric Betatron,

but only indirect evidence was found in the observation of the shrinking orbit when the

electrons approached energy of around 90 MeV [5]. A direct observation was not possible

due to the opaque doughnut-shaped beam tube. In 1947, Pollock and his group completed

a 70 MeV synchrotron at the same laboratory, where a 100 MeV betatron was built. This

new machine was not entirely covered by an opaque shielding, so that there was the
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possibility to detect the radiation directly. As a result, Pollock and his group observed

the radiation visually in the same year [6, 7]. The theoretical foundations developed and

presented by Schwinger in his paper in 1949 [8] still provide a comprehensive reference

on the properties of synchrotron radiation. A paper written by Blewett in 1998 on the

50th anniversary of the first visual observation of synchrotron radiation summarises the

scientific history of synchrotron radiation [9].

Originally, synchrotrons were used exclusively in high-energy physics or nuclear physics.

However, synchrotron radiation is emitted whenever high-energy electrons are forced to

travel in a circular orbit. This radiation which was originally seen as nuisance as it limited

the maximum energy reach, was found to possess unique properties such as: a broad

spectrum from microwaves to hard X-rays, high intensity, well-defined angular distribution,

polarisation, pulsed time structure and high stability. These properties opened up the use

of synchrotron radiation in a wide range of non-destructive, high-resolution, rapid, in-situ,

real-time imaging and analysis techniques.

For users of synchrotron radiation, the important quantity is brightness of photons

(also called brilliance). The spectral brightness describes the intensity of a radiation

source taking into account its spectral purity and is given by:

B =
Φ

4π2ΣxΣθxΣyΣθy
, (1.1)

where Φ is the spectral photon flux defined as the number of photons per second and

within a specified spectral bandwidth, and Σx ,Σθx ,Σy and Σθy are measures of the

transverse (x horizontal and y vertical) beam sizes and angular divergences of the electron

and the photon beam. These are expressed as Σx =
√
σ2x,photon + σ2x,electron and Σθx =√

σ2θx,photon + σ2θx,electron, where σx and σθx are the transverse rms sizes and divergences

of the photon and electron beams in the horizontal plane x . Similar expressions can be

written in the vertical plane y .

Synchrotron radiation sources have evolved through four generations since their first

use. A comprehensive list of storage ring based light sources is given in [10]. Each

generation has exceeded the performance of previous sources by an order of magnitude or

more in an important parameter such as brightness, coherence (a fixed phase relationship

between the electric field values at different locations or at different times), or pulse

duration.

First-generation synchrotron light sources were basically beam lines built onto existing

synchrotrons designed for particle physics experiments (electron-positron colliders) e.g. a

5GeV synchrotron NINA at Daresbury Laboratory [11], the 6 GeV synchrotron at DESY,

Hamburg [12], VEPP-3 in Novosibirsk [13], CESR at Cornell [14] as well as machines like

Tantalus [15], which was designed as a test machine for advanced particle accelerator

concepts and was operated as a synchrotron radiation user facility. The high energy

electron-positron colliding-beam accelerators were operated to provide the highest possible
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collision rates while maintaining good beam quality, a condition that generally meant low

beam currents. These facilities date from the early 1970s and at first there were just a few

scientists using the radiation. Later on most high energy electron-positron colliders either

included the synchrotron radiation facilities from the design stage or added them after

beginning operation. Radiation from the bending (dipole) magnets of first generation rings

provided about 105 times more tunable, continuum radiation than conventional sources,

including rotating-anode X-ray tubes.

The brightness determines how much monochromatic radiation power can be focussed

onto a target. Focusing the beam to a smaller size necessarily increases the beam

divergence, and vice-versa; apertures can help reduce beam size and divergence but only at

the expense of reduced flux. The best way to achieve high brightness therefore is by proper

design of the source, i.e. the electron beam in the storage ring. The size and divergence

of the electron beam are determined by the storage ring design. It was soon realized

that optimized designs of rings could produce radiation with many special and desirable

properties. This led to the development of the second generation of synchrotron light

sources based on storage rings dedicated to synchrotron radiation applications, with the

radiation mainly produced from bending magnets. Synchrotron Radiation Source (SRS)

at Daresbury Laboratory [16] was widely recognised as the first of the second generation

synchrotron light sources. It was followed by a few more e.g. NSLS, ALADDIN, CAMD

in U.S.A., Photon Factory and UVSOR in Japan, BESSY-I, MAX-I in Europe. These

rings were also the test bed for new technologies for light sources, such as insertion

devices (additional magnetic elements other than bending magnets) known as wigglers

and undulators. These devices have a periodic magnetic structure designed to take

maximum advantage of the intrinsic brightness that could be provided by a storage ring.

Both undulators and wigglers have been retrofitted into older storage rings, and in some

cases, second generation rings were designed with the possibility of incorporating insertion

devices.

The third generation of sources followed the tremendous progress made in the develop-

ment of insertion devices since the 1980s [17]. These sources were designed specifically to

achieve very high brightness, with the emphasis on research with insertion devices, so the

lattices (arrangement of magnets in a storage ring) were optimized to incorporate several

long insertion devices and to achieve low emittance. The low energy rings (<2GeV)

e.g. ALS, ELETTRA, MAX-II, BESSY-II generated vacuum ultra-violet and soft X-ray

radiation whereas high energy rings (6-8GeV) such as ESRF, APS, SPring-8, PETRA-III

generated hard X-rays. The intermediate energy (2.5 -3.5 GeV) storage rings such as SLS,

DIAMOND, SOLEIL, ANKA provided cost effective facilities generating photon beams in

the hard X-ray region. The enormous spectral coverage and high brightness of these third

generation sources has allowed them to be the dominant tool for crystallography, X-ray

spectroscopy and many other areas of X-ray science for the last several decades. Third
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Figure 1.1: Peak spectral brightness (brilliance) of third and fourth generation accelerator-
based light sources at 0.1% band width (BW). (Figure adapted from [19, 20]).

generation light sources provide typically a few tens of beam lines on a single synchrotron

storage ring for the use of synchrotron radiation in research in a number of scientific

disciplines. There are more than 20 third generation light sources in operation worldwide

in addition to a few new ones under construction and proposed.

Nevertheless, the brightness of third generation sources does have limits, especially

if a narrow spectral bandwidth or a short pulse is selected. With advanced pulse slicing

techniques, these sources can provide sub-picosecond temporal resolution but only with a

tiny photon flux which severely limits their utility for investigating systems in which rapid

changes are taking place. On the other hand, conventional lasers can produce extremely

short pulses (<5 fs) at very high brightness [18]; but these capabilities are limited to a

restricted spectral range (0.5-5 eV). A breakthrough to a new area in photon science has

been accomplished by accelerator-driven Free Electron Lasers (FELs), so-called fourth

generation light sources. FELs are radiation sources based on the coherent emission of

synchrotron radiation from relativistic electrons within an undulator. The wavelength of

the radiation depends on the electron beam energy and the undulator properties, and
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can be tuned over the entire spectrum from microwave to X-ray. FELs operate in pulsed

mode and therefore one has to distinguish between peak brightness, the brightness during

the short duration of the photon pulse, and average brightness. For many scientific

experiments, peak brightness is the figure of merit. Figure 1.1 shows the significant

increase in the peak spectral brightness (brilliance) of photons from fourth generation

compared to third generation light sources. The spectral range is much larger than that

covered by conventional lasers and the pulses are typically a thousand times shorter and

millions of times brighter than can be provided by a storage ring based light source.

Compared to storage ring based third generation light sources which provide synchrotron

radiation in pulses between 10-50 psec duration, the fourth generation light sources based

on FELs provide extremely intense photon pulses with duration ranging from femtoseconds

to 100’s of attoseconds; this is the time scale at which bond-breaking and bond-formation

happen within molecules at which primary electronic processes take place within atoms.

FELs thus allow for the first time detailed studies of matter in extreme and in non-

equilibrium states. The difference with respect to storage ring light sources is their ability

to take movies instead of pictures. The science coming out from the few operational

fourth generation sources in last few years [21, 22, 23], confirms that these FELs are

likely to have a revolutionary impact on the science done using light. The rest of this

chapter describes how an FEL works and what demands it places on the electron beam

as a driver for FELs.

1.2 Undulators and Undulator Radiation

The main components of an FEL are an accelerator providing a bunched relativistic

electron beam and an undulator magnet. The spontaneous radiation from an undulator

described in this section is fundamental to the operation of an FEL.

1.2.1 Magnetic Field in an Undulator

An undulator is a periodic arrangement of short bending (dipole) magnets with alternating

polarity. There are two main types of undulators: planar and helical (or elliptical). In a

planar undulator, the magnetic field vector is everywhere parallel to a fixed direction and

its amplitude oscillates along the axis, the radiation produced is linearly polarised. In a

helical undulator, the magnetic field vector rotates around the axis of the undulator as

a function of axial distance. By changing the relative positions of the magnetic poles, it

is possible to control the rotation of the field, allowing the undulator to provide variable

polarisation. The magnetic fields in undulators can be generated using a wide range of

technologies: pulsed or DC electromagnets, permanent magnets (as shown in Fig. 1.2)

and superconducting magnets. The field amplitude can vary from a fraction of Tesla to

over 1T, and the period from around 1 cm to many centimetres.
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Figure 1.2: Schematic view of a planar undulator magnet with alternating polarity of the
magnetic field and of the cosine-like trajectory of electrons. The distance between two
equal poles is called the undulator period λu. (Figure taken from [24], the co-ordinate
along the beam line is s here instead of z).

In the notation used here, the beam travels along the s direction, and the magnetic

field (assuming a planar undulator) is in the y (vertical) direction. λu is the period of

the magnetic field. The x (horizontal) dependence of field can often be neglected, as

the width of the undulator pole is normally much larger than λu. In vacuum, a static

magnetic field in the absence of a time dependent electric field satisfies ∇× ~B = 0, and

hence can be written as the gradient of a scalar potential ~B = −∇φ. From Maxwell’s

equation ∇· ~B = 0, φ satisfies Laplace’s equation: ∇2φ = 0. For a planar undulator,

one can write: φ(y , s) = f (y) cos(kus), where ku = 2π/λu. Substituting into Laplace’s

equation then gives:
d2f

dy2
− k2u f = 0. (1.2)

The general solution of eqn.(1.2) can be written as:

f (y) = a sinh(kuy) + b cosh(kuy). (1.3)

The vertical field is given by:

By (y , s) = −
∂φ

∂y
= −ku

(
a cosh(kuy) + b sinh(kuy)

)
cos(kus). (1.4)

Electrons entering an undulator magnet along the undulator axis (x = 0, y = 0) are forced

to move on an oscillating path in the symmetry-plane y = 0. Thus, By is symmetric in

vertical plane y = 0, which gives b = 0. Writing −kua = B0 (where B0 is the peak field

on-axis):

By (0, s) = B0 cos(kus). (1.5)

For the case where the electron beam is small and confined to the y = 0 plane, the

magnetic field can be written as a sinusoidal function of s only:

~B = B0 cos(kus)ŷ . (1.6)
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1.2.2 Electron Trajectory in an Undulator

The acceleration by the Lorentz force due to the undulator magnetic field on the electrons

is given by

γme ~̇v = −e~v × ~B, (1.7)

where me and e are the electron rest mass and charge, respectively. ~v is the velocity

and γ is the relativistic factor, γ = (1 − β2)−1/2, and β = v/c is the scaled velocity

with respect to light velocity. In an undulator with pole width large compared to the

undulator period, it is possible to assume Bx = 0. Resolving for each component, coupled

differential equations are obtained as:

v̇x =
e

γme
vsBy ,

v̇s = −
e

γme
vxBy . (1.8)

Since vx � vs , one can approximate vs ∼ βc . Thus substituting for By from eqn.(1.5),

v̇x ≈
d

dt
vx =

e

γme
vsB0 cos(kus) (1.9)

Using vs = ds/dt,
d

ds
vx =

e

γme
B0 cos(kus). (1.10)

Integrating eqn.(1.10) with respect to s gives:

vx =
eB0
γmeku

sin(kus). (1.11)

Using ku = 2π/λu, a dimensionless “undulator parameter" (also called as the deflection

parameter) is introduced as:

K =
eB0λu
2πmec

= 0.9336B0[T]λu[cm]. (1.12)

The transverse (spatial) velocity component can then be written as

vx =
cK

γ
sin(kus). (1.13)

If vx is small (vx � c), vx/c is approximately equal to the angle of the electron’s trajectory

to the undulator axis. Hence, K/γ characterises the maximum deflection of the trajectory

of the electron (with respect to the undulator axis) as it passes along the undulator. Since

the total velocity of the electron must remain constant (= βc), it is possible to derive

the axial velocity component using:

v2s = (βc)2 − v2x (1.14)

From the definition of relativistic β =
√

1− 1
γ2
, this becomes:

v2s
c2

= 1−
1

γ2
−
K2

γ2

(
1− cos(2kus)

2

)
. (1.15)
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Figure 1.3: Spectrum of synchrotron radiation emitted in a bending magnet, wiggler and
an undulator (Figure taken from [25])

.

For γ � 1 and K
γ � 1:

vs
c
≈ 1−

1

2γ2

(
1 +

K2

2
−
K2

2
cos(2kus)

)
. (1.16)

The axial velocity is modulated at twice the transverse frequency of the undulator field.

The axial velocity is maximum at the edges of the electron orbit and is minimum when

electrons cross the axis. The average axial velocity inferred from eqn.(1.16) is:

v̄s
c
≈ 1−

1

2γ2

(
1 +

K2

2

)
≡ β̄. (1.17)

Re-writing eqn.(1.17) using eqn.(1.16), the axial velocity with modulation at spatial

frequency 2ku is obtained as:

vs = v̄s +
K2

4γ2
cos(2kus). (1.18)

These velocity components are used to explain some important characteristics of undulator

radiation in next section.

1.2.3 Characteristics of Spontaneous Undulator Radiation

An electron beam travelling in a curved path at nearly the speed of light emits photons

into a narrow cone with opening angle of the order of 1/γ [26]. As shown in Fig. 1.3, the

characteristics of the synchrotron radiation emitted from a wiggler and an undulator differ
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Figure 1.4: Condition for constructive interference in an undulator

significantly from those of the radiation emitted in a bending magnet. In all three, the

cone of emitted radiation is centered around the instantaneous tangent to the electron

trajectory. In an undulator, the direction of the tangent varies along a sinusoidal trajectory,

and the maximum angle with respect to the undulator axis as inferred from eqn.(1.13)

is equal to K/γ for relativistic electrons. If this directional variation is less than 1/γ,

the radiation field receives contributions from different sections of the trajectory which

overlap in space. These contributions then interfere with each other (as explained in the

next section) with the result that the radiation spectrum has a narrow spectral line at a

well-defined frequency (and the odd higher harmonics; even harmonics are suppressed by

destructive interference). This is the case when K ≤ 1, in other words when the electron

trajectory is inside the radiation cone. In a wiggler, on the other hand the trajectory

extends beyond the radiation cone, hence K > 1 for wigglers.

Undulator Radiation

The radiation properties from an undulator can be explained in terms of the interference

of radiation emitted by the same electron at different points in the undulator as shown in

Fig. 1.4. In the time it takes the electron to move through one undulator period length

λu, the radiation emitted from point A is advanced by a distance cλu/v̄s and hence is

ahead of the radiation emitted at the point B by a distance d where:

d =
cλu
v̄s
− λu cos θ (1.19)

where θ is the angle of emission with respect to the undulator axis. When this distance is

equal to an integer number, n, of radiation wavelengths, there is constructive interference

of the radiation from successive points. The condition for constructive interference can

be written:

n
λ

λu
=
c

v̄s
− cos θ. (1.20)
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Substituing from eqn.(1.17) and using (1− x)−1 = (1 + x), c/v̄s is written as:

c

v̄s
=

(
1 +

1

2γ2
+
K2

4γ2

)
, (1.21)

and using (1− cos θ) = 2 sin2 θ ' θ2/2 for small angles, eqn.(1.20) is written as:

λ =
λu

2nγ2

(
1 +

K2

2
+ γ2θ2

)
. (1.22)

Equation (1.22) is known as the undulator equation; it shows that the wavelength of

the radiation from an undulator depends not only on the undulator period λu and the

beam energy, but also on the undulator parameter K and the observation angle θ. The

definition of K given by eqn.(1.12) implies that by changing the magnetic field B0, the

wavelength of the emitted radiation can be changed. Note that increasing B0 increases

the wavelength of the undulator radiation. The dependence on θ2 results in a longer

wavelength as one moves away from the axis.

An important property of the undulator radiation is the width of the spectral lines.

An electron passing through an undulator with Nu periods produces a wave train with Nu
oscillations, with a time duration of T = Nuλ/c . The electric field of the light wave can

be written as:

El(t) = E0e
iωl t , if −

T

2
< t <

T

2
= 0, otherwise. (1.23)

As the electric field is present over a finite period T , the wave train will not be mono-

chromatic. The corresponding frequency spectrum can be found by taking the Fourier

transform of the electric field;

A(ω) = E0

∫ T
2

− T
2

exp−i(ωl−ω)t dt

= 2E0
sin
(

(ωl − ω)T2
)

ωl − ω
. (1.24)

The spectral density is given by:

I(ω) ∝ |A(ω)|2 ∝
(

sin ξ

ξ

)2
where, ξ =

(ωl − ω)T

2
= πNu

ωl − ω
ωl

. (1.25)

which has a maximum at ωl = ω and a characteristic width of approximately ωl/Nu.

The angular width of the first harmonic around θ = 0 can be estimated using eqns.

(1.22) and (1.25). The radiation frequency as a function of θ can be written as:

ωl(θ) = ωl(0)

(
1 + K2

2

1 + K2

2 + γ2θ2

)
. (1.26)
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When ωl(0) − ωl(θ) exceeds the bandwidth given by eqn.(1.25) the intensity drops to

zero. The rms value of the angular width is approximated as [27]:

σθ ≈
1

γ

√
1 +K2/2

2Nu
. (1.27)

For K ≈ 1, the rms angular width is ≈ 1/γ
√
Nu. Nu is typically much larger than 1

and the first harmonic of undulator radiation is highly collimated with the typical opening

angle of synchrotron radiation γ divided by
√
Nu (as shown in Fig.1.3).

1.3 Free Electron Lasers

A FEL has two fundamental components: an accelerator to produce an electron beam of

certain energy and intensity and an undulator magnet. The mechanism for production of

FEL radiation is based on a resonant interaction between the electromagnetic radiation

emitted by an electron beam and the electron beam itself as it travels through the

undulator magnet. The periodic magnetic field in the undulator forces the electrons

to travel on a sinusoidal trajectory (the axis is a straight line path along the undulator)

where electrons acquire a velocity component along the direction of the electric field

in the radiation. This results in a transfer of energy between the electrons and the

electromagnetic radiation. A continuing transfer of energy takes place when a condition

of synchronism is satisfied. This energy transfer together with the energy dependence

of the electron path through the undulator (as described in Section 1.2.2) results in a

density modulation of the electron beam at the resonant radiation wavelength, which in

turn results in coherent emission of radiation.

FEL theory is well established in the literature [28, 29, 30, 31]. For the purpose of this

thesis, the aim is to understand the constraints on electron beam properties required to

drive a FEL. This section summarises the basic principles of operation of FELs, describes

different regimes of FEL operation and the scaling of important FEL parameters with

electron beam parameters. The material used in the following sections is based on that

in references [24, 30, 31, 32, 33].

1.3.1 Types of FELs

Like in conventional lasers, in an FEL there is a phase correlation in the radiation emitted

from different electrons. This correlation is obtained by modulating the longitudinal

electron beam density on the scale of the radiation wavelength. The density modulation

is the result of a process of bunching which starts with the modulation of the electron

energy due to the interaction with the radiation field. The length of the path taken by

an electron through the sinusoidal field of an undulator depends on the energy of the

electron. As a result, a longitudinal density modulation can develop in the electron bunch.
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When electrons are bunched over a distance shorter than the radiation wavelength, a

situation referred to as “micro-bunching", they radiate in phase and the radiation field

intensity increases rapidly. A stronger modulation in the electron density increases the

emission level causing stronger bunching. This process continues until the electron density

modulation reaches a maximum (i.e. all electrons have same phase of emission and thus

the radiation is fully coherent). The length over which the radiation intensity grows by

a factor of e(≈ 2.178) is called the “gain length". FELs are usually classified in three

different regimes based on the gain length and length of the undulator:

• Low or small gain regime: In this regime, the undulator length is shorter than the

gain length. The spontaneous radiation from the undulator is normally captured

in the optical cavity, and the FEL gain occurs each time the trapped radiation

travels together with an electron bunch. With each electron bunch passage, the

light intensity grows by a few percent. The small gain per undulator passage,

however, does not prevent the FEL from reaching very high power if the number

of passes/electron bunch train length and the quality factor of the optical cavity is

high.

• Intermediate gain regime: In this regime, the undulator length is between 1-10 times

the gain length. The radiation experiences exponential growth but does not achieve

saturation in a single pass. A small amount of feedback using a low quality factor

cavity allows the FEL to saturate in a few cavity transit times. This system is known

as a Regenerative Amplifier FEL (RAFEL).

• High gain regime: In this regime, the undulator length is several gain lengths.

The FEL interaction is a collective, exponential instability and radiation intensity

saturates in a single pass through the undulator. No optical cavity is needed for a

FEL in this regime.

Depending upon how the micro-bunching is achieved in the FEL, FELs can be cate-

gorised as:

• Resonator (or oscillator): The incoherent radiation produced in an undulator is

trapped within an optical cavity. Each electron bunch passing through the undulator

increases the radiation intensity, which increases the rate at which micro-bunching

takes place.

• Amplifier: The intensity of the radiation increases rapidly. There are two ways to

achieve this:

1. In a seeded amplifier an external radiation pulse is co-propagated with an electron

bunch in an undulator. This initiates the micro-bunching, which grows as the
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electron bunch passes through the undulator, leading to exponential growth in the

radiation intensity.

2. In a Self-Amplified Spontaneous Emission (SASE) amplifier the micro-bunching

process is initiated by inherent fluctuations of the electron distribution at the und-

ulator entrance and the spontaneous radiation emitted in the undulator. The

micro-bunching develops rapidly along the undulator as the electrons within each

microbunch radiate coherently.

The choice of FEL as per resonator (oscillator), SASE or seeded amplifier depends

upon user requirements. A resonator will be suitable if the FEL wavelength is infrared or

visible, whereas for short wavelength regime (X-rays), the lack of suitable mirrors leaves an

amplifier as effectively the only choice. Though SASE provides good transverse coherence,

the longitudinal (temporal) coherence is poor due to the start of FEL amplification from

noise. Temporal coherence can be improved by seeding, but at shorter wavelengths it

becomes difficult to provide a seed pulse with intensity sufficiently above the noise level

in the electron density.

1.3.2 Low Gain FELs

Physics of FELs in Low Gain Regime

In order to understand the energy transfer from electron to radiation, let′s consider the

case of an FEL as an amplifier which is seeded by an external laser with wavelength λl .

The radiation wave co-propagating with the relativistic electron beam can be described

by a plane electromagnetic wave given by:

Ex(s, t) = E0 cos(kls − ωl t + ψ0), (1.28)

where kl = 2π/λl and ωl/kl = c .

The electric field of the radiation wave exerts a force ~F = −e ~E on the electron. From

Newton’s second law of motion, one can write:

~F = me
d(γ~v)

dt
, (1.29)

where me and e are the electron rest mass and charge respectively. The rate of energy

transfer from an electron to the radiation wave is given by:

Ẇ = ~v · ~F = −evx(t)Ex(s, t). (1.30)

Using eqns.(1.13) and (1.28) this can be written as:

Ẇ = −
ecKE0
γ

cos(kls − ωl t + ψ0) sin(kus),

= −
ecKE0

2γ
[sin((kl + ku)s − ωl t + ψ0)− sin((kl − ku)s − ωl t + ψ0)],(1.31)
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This can be simplified as

Ẇ = −
ecKE0

2γ
(sinψ − sinχ) . (1.32)

where:

ψ = (kl + ku)s − ωl t + ψ0,

χ = (kl − ku)s − ωl t + ψ0. (1.33)

Energy exchange depends on the phase sum, also known as the pondermotive phase, ψ.

The position s of the electron is a function of time t and thus the the term ψ(t) will

continuously transfer energy from electron to the radiation if ψ(t) is constant along the

undulator independent of time. The condition ψ = constant can be fulfilled at only

certain wavelength. Neglecting the longitudinal oscillation, it is possible to use s(t) = v̄st

and thus obtain:

ψ(t) = (kl + ku)v̄st − ωl t + ψ0 = constant,

giving: dψ/dt = (kl + ku)v̄s − klc = 0 (1.34)

Substituting for v̄s from eqn.(1.17), the radiation wavelength is obtained as:

λl =
λu

2γ2
(

1 +
K2

2

)
(1.35)

This condition for sustained energy transfer along the undulator gives the same radiation

wavelength as in eqn.(1.22) at θ = 0. This explains why spontaneous radiation from

undulator acts as seed radiation in SASE FEL. Using similar treatment for the second

term χ in eqn.(1.33):

χ(t) = (kl − ku)v̄st − ωl t + ψ0 = constant,

giving: dχ/dt = (kl − ku)v̄s − klc = 0 (1.36)

Using eqn.(1.17):

kl(1− β̄) = −ku v̄s/c (1.37)

which implies that kl < 0, indicating that the radiation travels in negative direction, which

is non-physical. If ψ is written as a function of s = v̄st, using eqn.(1.33), the relationship

between ψ(s) and χ(s) can be written as:

χ(s) = ψ(s)− 2kus. (1.38)

If eqn.(1.35) is satisfied, ψ(s) remains constant and the second term sin(2kus), makes

two oscillations per undulator period and thus cancels out over several undulator periods.

Taking this into consideration, eqn.(1.32) can be simplified to:

Ẇ = −
ecKE0

2γ
sinψ. (1.39)

14



Low Gain Regime and FEL Pendulum Equations

Considering the low gain regime where the intensity of the radiation is nearly constant,

the resonant electron energy Wr = γrmec
2 is defined such that:

λl =
λu

2γ2r

(
1 +

K2

2

)
, (1.40)

from which it follows that:

γr =

√
λu
2λl

(
1 +

K2

2

)
. (1.41)

Electrons with the energy Wr emit undulator radiation whose wavelength is identical to

the seed wavelength λl .

In general, the electron energy W will be slightly different from Wr , and the relative

energy deviation can be defined as:

η =
W −Wr

Wr
=
γ − γr
γr

. (1.42)

The Lorentz factor γ and the pondermotive phase ψ will both change due to interaction

with the radiation field. In a low-gain regime where the intensity of the radiation is

approximately constant during one passage of the undulator, it is possible to substitute

Ė0 = 0 inside the undulator. The time derivative of ψ is no longer zero for γ 6= γr ; taking

the derivative of eqn.(1.33),

dψ

dt
= (kl + ku) v̄s − ωl , (1.43)

and substituting for v̄s from eqn.(1.17) and ωl = klc

dψ

dt
≈ kuc −

klc

2γ2

(
1 +

K2

2

)
. (1.44)

By setting dψ/dt = 0 and γ = γr :

kuc =
klc

2γ2r

(
1 +

K2

2

)
. (1.45)

Substituting for kuc from eqn.(1.45) in eqn.(1.44):

dψ

dt
=
klc

2

(
1 +

K2

2

)(
1

γ2r
−

1

γ2

)
. (1.46)

Using eqn.(1.45) this is simplified as:

dψ

dt
= kuc

(
1−

γ2r
γ2

)
. (1.47)

For small energy difference (i.e. γ ≈ γr ), using eqn.(1.42) one can write (to first order

in ψ) :
dψ

dt
≈ 2kucη ≡ ω′ (ω′ � kuc). (1.48)
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Figure 1.5: Phase space trajectories for 20 electrons of different initial phases. Left:
γ = γr . The electrons with ψ0 < 0 withdraw energy from the radiation wave while those
with ψ0 > 0 supply energy to the radiation wave. The net transfer is zero. Right: γ = γr .
The net energy transfer is positive. Figure taken from [24].

Using definition of relative energy deviation from eq.(1.42) and eqn.(1.39), the time

derivative of energy can be simplified to:

dη

dt
= −

eE0K

2mecγ2r
sin(ψ) (1.49)

Combining eqns.(1.48) and (1.49) yields:

d2ψ

dt2
+ Ω2 sin(ψ) = 0,

where: Ω2 =
eE0Kku
meγ2r

(1.50)

Because of their similarity to the equations of motion for a pendulum, eqns.(1.48)

and (1.49) are known as the FEL pendulum equations. At small amplitude this gives

a harmonic oscillation. With increasing angular momentum the motion starts getting

non-harmonic. At very large angular momentum one gets unbounded motion. The

phase space trajectory of an electron in an FEL can be constructed by solving these two

equations. Consider trajectories of few electrons distributed over different initial phases

for two cases: Case 1, on resonance γ = γr ; and Case 2 when γ > γr . As shown in

Fig. 1.5(a) for Case 1, some electrons lose energy to the radiation and some gain energy

from the radiation. Because of the symmetry, there is no net energy transfer. For Case

2, as shown in Fig. 1.5 (b), the symmetry is broken and there is a net energy transfer

from the electrons to the radiation.

The FEL theory described by the coupled pendulum equations is a one-dimensional

theory. In this theory, dependence on the bunch charge density and the transverse effects

(arising due to beam emittance and energy spread) are neglected. It is assumed that the
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electron bunches are very long compared to the wavelength of the radiation and that the

end effects from the head or tail of the bunch can be ignored. The effects of betatron

oscillations of the electrons and diffraction of the radiation are also not considered. All

these three-dimensional effects generally tend to degrade the quality of the FEL interaction

by increasing the gain length and decreasing the saturation intensity in a given length of

undulator. The one-dimensional model is therefore the best case model for a given set of

parameters.

Low Gain Regime - Madey’s Theorem

The radiation wave gains energy from the electrons when η is positive and loses energy to

the electrons when η is negative. In order to estimate how much energy will be transferred,

a “FEL gain function" is defined as the relative growth of the radiation intensity during one

passage of the undulator. The gain function can be derived using the equations derived

in previous two sections. The energy (per unit volume) of the radiation field is given by:

Wl =
ε0
2
E20 , (1.51)

where ε0 is the permittivity of free space. The energy increase caused by one electron is

∆Wl = −mec2∆γ. (1.52)

Thus, the relative gain caused by one electron is

G1 =
∆Wl

Wl
= −

2mec
2

ε0E
2
0

∆γ. (1.53)

Using eqn.(1.48) and considering all electrons in a bunch (ne):

G = −
mecγrne

ε0E
2
0ku
〈∆ψ̇〉, (1.54)

where 〈∆̇ψ〉 is the change of the time derivative of the pondermotive phase ψ, averaged

over all electrons. This term is obtained by multiplying the pendulum equation (eqn.1.50)

by 2ψ̇ and integrating over time [24]:

ψ̇2 − 2Ω2 cosψ = const⇒ ψ̇(t)
2

= ψ̇0
2

+ 2Ω2 (cosψ(t)− cosψ0) . (1.55)

From eq.(1.48):

ψ̇0 = ψ̇(0) = 2ckuη ≡ ω′. (1.56)

which gives:

ψ̇(t) = ω′
√

1 + 2(Ω/ω′)2(cosψ(t)− cosψ0) (1.57)

and for weak radiation field this can be expanded up to second order as:

ψ̇(t) = ω′ + (Ω2/ω′)[cosψ(t)− cosψ0]−Ω4/(2ω
′3)[cosψ(t)− cosψ0]

2 (1.58)
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The eqn. (1.58) is solved iteratively. To zeroth order it gives ψ̇0 = ω′ giving ∆ψ̇0 = 0.

The phase ψ(t) in first order is obtained by integrating zeroth order:

ψ1(t) = ψ0 + ω′t. (1.59)

Inserting eqn.(1.59) in eqn.(1.58), to first order ψ̇ can be written as:

ψ̇1(t) = ω′ + (Ω2/ω′)[cos(ψ0 + ω′t)− cosψ0]. (1.60)

The flight time through the undulator is T , so the change of ψ̇1 when the electron passes

through the undulator is:

∆ψ̇1 = (Ω2/ω′)[cos(ψ0 + ω′T )− cosψ0]. (1.61)

When averaged over initial phases ψ0, this gives 〈∆ψ̇1〉 = 0, meaning the FEL gain is

zero in first order. This is due to the nearly symmetric initial phase space distribution.

Integrating eqn.(1.60), ψ in second order can be obtained as:

ψ2(t) = ψ0 + ω′t + (Ω/ω′)2[sin(ψ0 + ω′t)− sinψ0 − ω′t cosψ0]. (1.62)

Inserting eqn.(1.62) in eqn.(1.58) at t = T and averaging over all initial phases ψ0 yields:

〈∆ψ̇2〉 = −(Ω4/ω
′3)[1− cos(ω′T )−

ω′T

2
sin(ω′T )]. (1.63)

Substituting for time of flight through undulator as T = Nuλu/c and ξ = ω′T/2:

〈∆ψ̇2〉 = −(Ω4/ω
′3)[1− cos(2ξ)− ξ sin(2ξ)],

=
N3uλ

3
uΩ4

8c3
d

dξ

(
sin ξ

ξ

)2
. (1.64)

Using this equation in eqn.(1.54) and substituting for Ω2 from eqn.(1.50), the FEL gain

function is expressed as:

G(ω) = −
πe2K̂2N3uλ

2
une

4ε0mec2γr 3
g(ξ), (1.65)

where ne is the number of electrons per unit volume, Nu is the number of undulator periods

and K̂ is the modified undulator parameter, which takes into account the modulation of

the longitudinal velocity of the electrons (which affects the coupling between the electrons

and the radiation). The gain function g(ξ) and the dimensionless parameter ξ are defined

by:

g(ξ) =
d

dξ

(
sin2 ξ

ξ2

)
,

ξ = ξ(ω) = πNu

(
ωr − ω
ωr

)
. (1.66)
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Figure 1.6: The normalised lineshape curve of undulator radiation and the gain curve (in
arbitrary units) of low-gain FEL. (Figure taken from [24]).

The variable ξ is a measure of the frequency deviation from the resonant frequency,

ωr , which is the frequency of the “spontaneous" radiation produced in the undulator by

electrons with energy γ = γr . Equation(1.65), is Madey’s Theorem which states that

the FEL gain curve is proportional to the negative derivative of the line shape curve of

undulator radiation.

The dependence of the gain on the wavelength is described by function g(ξ) as given

in eqn.(1.66), the form of which is plotted in Fig. 1.6. g(ξ) is the derivative of sin
2(ξ)
ξ2

which describes spectral density of the undulator spontaneous radiation as described in

eqn.(1.25). For a given electron energy, the gain is a function (through the parameter

ξ) of the radiation wavelength. For some wavelengths, the gain is positive; for others, it

is negative. Electrons with positive η enhance the intensity of the radiation wave, while

those with negative η reduce it. In practice, the gain function determines the frequency

and bandwidth of radiation from a low-gain FEL.

1.3.3 High Gain FELs

In high gain FELs, the electron bunch itself is (micro-)bunched on the length scale of

the wavelength of the undulator radiation, making it possible for electrons to radiate

coherently. The formation of the micro-bunching is a consequence of the interaction

between the electrons and the radiation field. Electrons transferring energy to the radiation

wave will lose their energy and thus travel a longer sinusoidal path along the undulator,

thus falling behind those gaining energy from the radiation field. As this process of

micro-bunching continues, an initial weak micro-bunching leads to an increase in emitted

radiation, which results in more rapid energy transfer to the radiation wave resulting in a

growing modulation. As electrons within each micro-bunch radiate coherently, the increase

in radiation power is on the order of total number of electrons in all the microbunches

within the coherence length (which is a measure of temporal coherence, expressed as

the propagation distance over which the coherence significantly decays). This process is
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self-sustained and leads to exponentially growing emitted radiation and has three distinct

phases (shown in Fig. 1.7): namely an initial start-up period (lethargy), a period of

exponential gain and a saturation phase.

In the case of a seeded FEL the micro-bunching process is started by an external

radiation pulse in the appropriate wavelength regime. The seed pulse must have sufficient

power to initiate the micro-bunching process if the FEL is to operate. For SASE, random

fluctuations in the longitudinal distribution of electron bunches at the entrance of the

undulator are essential to start off the micro-bunching. On the scale of the radiation

wavelength the longitudinal distribution of electrons in the beam is not perfectly smooth,

but rather it contains a small degree of local micro-bunching which leads to small variations

in the initial longitudinal field intensity. This initial bunching is referred to as the shot-noise.

As the electrons travel along the undulator, the emitted radiation field begins to act back

on the electrons, initiating the energy exchange and therefore the micro-bunching process.

Recalling that the radiation travel with speed of light along the axis, whereas electrons are

travelling slower than speed of light on a sinusoidal orbit which is longer than the straight

path of radiation, as the field amplitude of the radiation increases, its phase shifts with

respect to the electrons, increasing the fraction of energy lost by the electrons to the

radiation field. This instability continues until a maximum amount of energy has been

extracted and the radiation field is saturated. The growth in radiation power approaches

a saturated regime after typically about twenty gain lengths in case of SASE, and is slightly

shorter in case of a seeded FEL. Saturation occurs since the emission of radiation leads

to a decrease in electron energy and an increase in energy spread, both impeding the FEL

process. In the exponential gain regime (after start-up and before saturation) FEL power

grows exponentially with distance along the undulator s:

P (s) = P0 exp(s/LG). (1.67)

The gain length LG is defined as the distance over which the FEL power grows by a

factor e(≈ 2.718). A 1-D model for a monoenergetic beam leads to an expression for the

gain length [32]:

LG =
λu

4π
√

3ρFEL
. (1.68)

The parameter ρFEL is called the Pierce or FEL parameter, which is roughly the ratio of

the radiation power at saturation to the beam power, and is given by [34, 35]:

ρFEL =
1

4γr

(
Ip
IA

λ2uK
2[JJ]2

π2εxβx

) 1
3

, (1.69)

where, Ip is the peak beam current and IA is the Alfvén current (17kA), [JJ] is the

undulator radiation coupling factor, which is equal to 1 for a helical undulator and equal

to [J0(ξ)−J1(ξ)] for a planar undulator where J0(ξ) and J1(ξ) are Bessel functions of the

first kind with the argument ξ = K2

4+K2
, εx and βx are the horizontal beam emittance and
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Figure 1.7: Initial start-up period (lethargy), a period of exponential growth and a
saturation of the FEL radiation power along the undulator (Figure taken from [32], the
x-axis label from the original figure is replaced with s/LG for consistency with the notation
used in this thesis).

lattice amplitude function characterising the beam envelope, (the subscript “x” on εx and

βx refers to the horizontal plane; however, in the case of FELs the vertical plane behaves

in a similar fashion. Whether one uses εx , βx or εy , βy depends upon the undulator

orientation (i.e. horizontal or vertical)).

Only electrons lying within an acceptable energy bandwidth, given by the FEL para-

meter, contribute to the FEL interaction. During the FEL amplification, energy is

transferred from the electron beam to the radiation field. The process of amplification

continues until most of the electrons are outside the bandwidth and then this process

ceases as the synchronism condition is no longer satisfied. The FEL saturation power is

given by:

Psaturation ≈ ρFELPbeam (1.70)

and is equal in both SASE and the seeded FEL. Thus maximising ρFEL not only reduces

the length of the undulator but also increases the power level of the FEL.

1.3.4 Requirements of Electron Beams for FELs

The realisation of a high gain FEL crucially depends on properties of the electron beam. As

seen in Section 1.3.3, the FEL design is usually optimised to maximise the FEL parameter

ρFEL, thus minimising the gain length LG , and maximising the output radiation power.

For chosen undulator parameters, high peak beam current and a smaller value of the

product εxβx is required to minimise the gain length. The dependence of the gain length
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on γr shows that in order to reach saturation within an undulator of reasonable length,

the requirements on the beam become more demanding at higher electron energy. For

X-ray FEL, high energy (and short undulator period) are required.

The expressions for gain length LG and the FEL parameter ρFEL given in Section

1.3.3 are based on a one-dimensional model, a mono-energetic beam of finite transverse

size, which is assumed to be ideally superimposed on the radiation beam along the entire

FEL section. When the realistic beam parameters such as electron beam energy spread,

transverse emittance and radiation diffraction effects are taken into consideration, the FEL

parameter is reduced leading to an increase in the gain length and thus the saturation

regime may never be reached in an undulator section or the FEL section of reasonable

length. A SASE FEL is usually designed to reach saturation: this makes the length of

undulator needed to achieve saturation of fundamental importance in the design of the

FEL. In this section, the effects that limit (in practice) the minimum achievable gain

length in a FEL are considered.

Beam energy spread prevents bunching of all electrons at the same pondermotive

phase. Electrons with different energies have different effective longitudinal velocities and

so the bunching is smeared out. For a beam with finite energy spread, only the electrons

within a narrow energy window contribute constructively to the FEL gain process. Only if

all electrons have the same energy Wr is the power gain length close to the 1D LG given

by eqn.(1.68). For an energy spread,

σE
E
≈
ρFEL

2
(1.71)

the gain length is larger by a factor of approximately 1.25 compared to mono-energetic

beam. This is conventionally considered as the upper limit for a tolerable increase in gain

length [36].

In addition to the requirements on peak current and energy spread, achieving and

maintaining an overlap of the transverse size of electron beam with the transverse size

of the radiation field in long undulator sections is of great importance for optimum

energy transfer. The important parameters ensuring this are the electron beam horizontal

emittance εx and vertical emittance εy and the diffraction limit of the radiation. The

diffraction limit is a characteristic of the radiation beam corresponding to the emittance

of a charged particle beam, and is usually defined by the product of the size and divergence

with an additional correlation term if appropriate (when away from beam waist). In order

to maintain a good overlap between the electron beam and the radiation, the electron

beam size and divergence are controlled using focusing magnets in the undulator sections.

This focusing leads to betatron oscillations constituting an additional transverse velocity

component in addition to the oscillation induced by the undulator field. For the FEL

process, this translates in to an effective reduction of the mean electron beam energy and

in addition, owing to the difference in betatron oscillation amplitudes, results in effective
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smearing of the longitudinal velocity, which is equivalent to an energy spread. Taking into

account both these effects and using same criterion as in eqn.(1.71), an upper limit for

the electron beam emittance is given by [30]:

εx,y <
〈βx,y 〉
2
√

2γ2r
ρFEL, (1.72)

where 〈βx,y 〉 is the longitudinal average of the Courant-Snyder beta function (explained

in Chapter 2).

A good criterion for an optimum overlap of the electron and radiation beams is to

equate the electron beam emittance with the equivalent radiation beam emittance. For

a diffraction limited radiation beam, assuming the radiation is focussed to a waist, the

product of the Gaussian waist size and the half angle divergence at the waist is a constant

given by the wavelength of radiation λl . The optimum overlap is achieved when both the

electron and radiation beam emittances are equal. This leads to a general criterion for

the maximum tolerable electron beam emittance as:

εx,y ≤
λl
4π
. (1.73)

For an X-ray FEL, this puts a very demanding requirement on the quality of the electron

beam, e.g. 10 keV photon beams (0.125 nm wavelength) will require beam transverse

emittance less than 10−11m.rad which in practice cannot be achieved.

Another important effect to consider is diffraction of the radiation beam. As already

mentioned, for optimum energy transfer between the electron beam and the radiation, the

electron beam size should be properly matched with the radiation beam size. However,

the FEL radiation undergoes optical diffraction, which can spoil the good overlap between

the electron beam and the radiation, resulting in a reduction of the energy transfer from

the electrons to the radiation. However, there is an effect called “gain guiding" [30] that

counteracts widening of the FEL beam due to diffraction, allowing the exponential growth

in FEL power to continue. To provide efficient gain guiding the FEL amplification has to

be large enough so that the radiation intensity overcompensates the losses by diffraction.

The characteristic measures for diffraction and FEL amplification are the Rayleigh length

ZR (defined as the distance over which the beam cross section grows by a factor of two

from its minimum value at a beam waist) and the gain length LG . For ZR � LG , the FEL

amplification is diffraction limited with a gain length significantly larger than the estimates

from the one-dimensional model. For ZR � LG , the one-dimensional model is valid. As

a rule of thumb, the Rayleigh length should be twice the gain length or larger.

The three main requirements on the electron beam driving the FEL (namely, a high

peak current, very low emittance and very small energy spread) can be satisfied by a

specially optimised FEL driver design based on a photoinjector and several linear accele-

rator modules with suitable bunch compression schemes. In order to provide suitably

tailored beams for different and multiple experiments, it is desirable to include so called
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“beam switchyard" or “beam spreader" as an essential part of the FEL driver. The

switchyard or spreader designs need to preserve the above mentioned three requirements

and thus need a careful design philosophy.

1.4 Summary

The fourth generation sources based on free electron laser use advances in many fields

including ultra-bright electron sources, RF technology, timing and synchronisation, diag-

nostics etc. Over last decade, few X-ray free electron lasers have come in operation

and few more will be in operation in next couple of years. These sources provide several

orders higher peak brightness of photons with a larger spectral range than that covered

by conventional lasers. The time duration of photon pulses is many orders shorter

compared to third generation sources allowing to use it to understand ultra-fast processes

in molecules for the first time.

This chapter summarises the basic principles of Free Electron Laser, their types based

on gain (low, intermediate and high) and on how micro-bunching is achieved (resonator

and amplifier). The three main requirements on the electron beams to drive a high gain

FEL are a high peak bunch current, very low emittance and very small energy spread

need a specially optimised accelerator design. It is desirable to provide flexibility of FEL

configurations and to incorporate multiple FEL beam lines to fully exploit a facility. This

is possible by including beam switchyard or beam spreader in the facility. The design of

the beam spreader needs to preserve the beam properties. The motivation of the work

undertaken in this thesis is discussed.

1.5 Motivation

The electron beam driver for a high-gain amplifier FEL is generally based on a linear

accelerator with layout along a straight line in order to maintain the high brightness of

the beam from the source. Excluding the beam spreader, the bending in the design of

such an FEL driver is essentially restricted to bunch compressors and in case of a seeded

FEL, a dogleg for incorporating seeding laser. FELs of this kind serve one experiment

at a time with the radiation pulse repetition rate set by the driver linac repetition (or

pulse) rate. It is possible to split the FEL photon radiation to multiple experiments, but

this has limitations due to optics/mechanics and space constraints. Another option is

to use spent beam to drive another FEL, but this is usually only possible for soft X-rays

with less demanding beam quality requirements. On the other hand, a third generation

light source facility based on a storage ring typically provide some 10’s of beam lines with

higher than MHz pulse repetition rates. It is therefore highly desirable that the FEL based

fourth generation sources provide many beam lines/user stations to make efficient use of

pulsed or continuous wave (CW) linacs as well as to allow for experimental set up and
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variation in beam properties like in the third generation light source based on storage

ring radiation available from the bending magnets and different insertion devices cater for

variety of experiments.

The only way to provide multiple beam lines on an FEL is to direct the beam to several

beam lines using a beam switchyard or beam spreader. This means either dividing the Linac

pulses into different beam lines or switching all the pulses to a particular experiment for

some period of time. However whilst doing this, bending the electron beam is unavoidable

and the quality of the electron beam (low emittance, low energy spread, high peak current)

achieved through a careful design of the accelerator can be completely spoiled if the design

of the spreader/switchyard is not chosen and optimised correctly. As described in Chapter

5, a small amount of gradual bending is desirable to maintain the beam properties and

this has implications for the length of the spreader which can occupy significant fraction

of the total length of the facility. This has a direct impact on the layout and cost of the

facility.

The motivation of choosing spreader design as the main topic for this thesis is to

develop an understanding of several concepts that could be used to switch the beam with

minimum dilution of the beam properties. The aim is to study designs covering different

beam energies and parameter regimes. This will guide to propose optimum switchyard

design to satisfy the layout constraints; which may be due to site restriction or the facility

being built in already existing infrastructure or to propose a suitable layout for a new

facility on green field site without any of these constraints. The studies described here

cover the beam dynamics issues relevant for an energy range of few GeV with varying

bunch parameters. This energy range covers the energy of design studies for UK’s New

Light Source [37] and a possible future facility in the UK. The research presented here

will also be of direct relevance for the delivery of high quality beams from Compact Linear

Accelerator for Research and Applications “CLARA" [38] for other applications such as

research into plasma wakefield acceleration and dielectric wakefield acceleration.

1.6 Thesis Outline and Author’s Contributions

The structure of the thesis is as follows. This Chapter gives a brief history of accelerators

as photon sources, outlines the basic theory of how an FEL works and describes the

requirements for an FEL driver to deliver a high quality beam for the FEL. Chapter 2

summarises basic beam optics principles and gives definitions of important beam properties

used in this thesis. Chapter 3 introduces the beam dynamics challenges in the design of

an accelerator as a FEL driver and describes the challenges for each subsystem of the

accelerator. Chapter 4 covers the theory of Coherent Synchrotron Radiation (CSR).

CSR is one of the most important collective effects detrimental to the electron beam

quality and is of particular importance in the spreader/switchyard designs. Techniques
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to mitigate CSR effects are discussed in this chapter. Chapter 5 addresses spreader

designs based on different concepts, covering a range of electron beam energies and beam

parameters with recommendations regarding important diagnostics and instrumentation

requirements. Chapter 6 describes experimental work on ALICE (Accelerators and Lasers

In Combined Experiments, an IR-FEL facility at Daresbury Laboratory). The experiments

aim to characterise the beam dynamics in an arc section of the ALICE beam line, with

particular emphasis on aspects relevant for the design of spreaders in future FEL facilities.

Chapter 7 summarises the work presented in this thesis and its relevance to future national

and international facilities, and indicates further work that will need to be done in this

area in future.

Major parts of Chapter 1, Chapter 2, Section 3.1 and Chapter 4 include cited works

essential to define the context of the work described in this thesis; full citations are

provided throughout. All designs, simulation results and figures presented without referen-

ces are the author’s own work. The initial beam spreader design for the UK’s New Light

Source (NLS) project was built-upon that designed for LBNL’s Next Generation Light

Source project. This is acknowledged and cited here as well as in the NLS conceptual

design report. Improvements in this design and other design options, presented and

described in Chapter 5, were completely undertaken by the author. The experimental

work on ALICE (Chapter 6) was carried out in conjunction with team members. Where

appropriate, full citations of the contributions by these co-workers are provided. The

selection of experimental and simulation work relevant to the spreader design included

here is almost wholly the author’s own work.
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Chapter 2

Beam Optics and Beam Parameter
Definitions

This chapter introduces the basic concepts used in electron beam transport in a beam

spreader and the description of beam parameters used in this thesis. The main references

used here are [27, 39, 40, 41].

2.1 Beam Optics

The physical principles by which a beam of electrons is transported and focussed along an

accelerator are referred to as the beam optics. Central to the beam optics design is the

accelerator lattice, which is the sequence of elements along an assumed ideal reference

(design) trajectory that the electrons pass through. The reference trajectory is the path

taken by electrons with central momentum equal to p0, passing through idealised elements

(i.e. no errors in positioning and fields). The electron beam is bent and focussed by means

of electromagnetic fields (~E and ~B). In the presence of these fields electrons with charge

e and velocity ~v experience the Lorentz force given by:

~F = e(~E + ~v × ~B). (2.1)

At relativistic velocities, a magnetic field ~B can produce the same force on an electron as

an electric field ~E/c . For example, a magnetic field strength of 1T is equivalent to an

electric field strength of 300MV/m. In practice however it is easier to produce a magnetic

field of 1T than an electric field of 300MV/m. Therefore, magnetic fields are generally

used to transport a beam of relativistic electrons.

2.1.1 The Co-ordinate System in a Beam Line

It is convenient to describe the motion of individual electrons in terms of co-ordinates

with respect to the reference trajectory. The instantaneous position of an electron can

be specified by the curvilinear orthogonal co-ordinates (x , y , s), where s is the distance

along the reference trajectory from some arbitrary reference point. The horizontal (x) and
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vertical (y) co-ordinates are the perpendicular distances to the tangent to the reference

trajectory at s. The co-ordinates x , y , and s form a local right-handed rectangular

co-ordinate system, as shown in Fig. 2.1.

Figure 2.1: Co-ordinate system used to describe electron trajectories in the vicinity of the
reference (design) trajectory in a beam transport system.

The transverse momenta are the canonical momenta, normalised by a reference mom-

entum, p0 which is the momentum of the reference electron which can be chosen arbitrarily:

px =
1

p0

(
γme

dx

dt
+ eAx

)
,

py =
1

p0

(
γme

dy

dt
+ eAy

)
, (2.2)

where me and e are the mass and charge of the electron, γ is the relativistic factor, Ax
and Ay are the transverse components of the vector potential. The transverse dynamics

of an electron are described by giving (x, px) and (y , py ) as function of s.

As explained later in this chapter, the motion of an electron can be described by Hill’s

equation (eqn.(2.8)). It is convenient to use the variables x and x ′ instead of x and px .

The two variables px , py given in eqn.(2.2) and x ′ = vx/vs , y
′ = vy/vs are approximately

equal only if the angle between the direction of motion of an electron and the reference

trajectory is small (i.e. |x ′| << 1, |y ′| << 1). The term “trace space" is used for the

co-ordinate space (x, x ′) and (y , y ′) as compared to “phase space" which is described by

(x, px) and (y , py ).

The longitudinal co-ordinate of an electron is defined by z = (s/β0) − ct, where
β0 is the normalised velocity of an electron with the reference energy of E0 = γ0mc

2,

and momentum p0 = β0γ0mc ; t is the time at which the electron of interest arrives at

location s. Thus z is approximately the distance along the reference trajectory that an

electron is ahead of the reference electron. The final variable to describe the motion of
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an electron is the energy. It is convenient to use the energy deviation from the reference

energy written as:

δ =
E0
p0c
−

1

β0
. (2.3)

The longitudinal dynamics are described by (z, δ).

2.1.2 Beam Rigidity and Expansion of Magnetic Field Seen by the Beam

Assuming that the reference trajectory lies in the horizontal plane, the magnetic field

(including only “normal" multipoles) within the plane of the reference trajectory is purely

vertical. An electron with mass me following the reference trajectory and being bent

through this vertical magnetic field experiences a balance between the Lorentz force

−evsBy and the centripetal force γmev2s /ρ, where ρ is the radius of curvature of the

reference trajectory. Using this balance of forces and p0 = γmevs this can be written as:

1

ρ(x, y , s)
=
e

p0
By (x, y , s). (2.4)

Since the transverse dimensions of the electron beam are small compared to the radius

of curvature of its trajectory, it is possible to expand the magnetic field observed by the

beam in the vicinity of the reference trajectory as:

By (x) = By0 +
dBy
dx

x +
1

2!

d2By
dx2

x2 + . . . (2.5)

Multiplying both sides by e/p0, this can be written as:

e

p0
By (x) =

e

p0
By0 +

e

p0

dBy
dx

x +
e

p0

1

2!

d2By
dx2

x2 + . . . (2.6)

Using eqn.(2.4) and defining k1 = e
p0

dBy
dx , k2 = e

p0

d2By
dx2

,. . . kn = e
p0

dnBy
dxn , this can be

simplified as:
e

p0
By (x) =

1

ρ
+ k1x +

1

2!
k2x

2 + . . . (2.7)

The terms on the right hand side give the dipole, quadrupole, sextupole and higher order

terms, respectively. The magnetic field around the beam can therefore be specified as

a sum of multipoles, each affecting the beam in different way, i.e. dipole to bend or

steer, quadrupole to focus transversely and sextupole to correct focusing of electrons with

deviation in energy and to correct higher order aberrations. If only dipole and quadrupole

terms (where the magnetic field is either constant or increases linearly) are used, the optics

are described as linear optics. In a beam line (as typically used in a beam spreader design

for an FEL), all quadrupole magnets are oriented in such a way that the motion transverse

to the direction of motion of electrons on the reference trajectory is in principle decoupled

in the horizontal and vertical directions. This orientation of the quadrupoles is consistent

with the assumption that ~B is purely vertical in the (horizontal) plane of the magnetic

trajectory. In practice however a small coupling will be present due to limitations on the
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accuracy of alignment of magnets, but the uncoupled transport principles can still be

used. Another important assumption is that an electron following the reference trajectory

through an idealised magnet experiences a field which begins and ends abruptly at the

entrance and exit faces of the magnet (known as the hard edge model). However, in

a real magnet, non-zero fields exist (fringe fields) beyond the entrance and exit faces

and some approximations are used to take care of these fields e.g. by using a measured

magnetic length instead of the physical length of the magnet.

Using the definition of beam rigidity as p0/e and substituting for momentum (p0 =

β0E0/c) in eqn.(2.4), where β0 is the relativistic factor (which is nearly equal to 1 for

ultra-relativistic electrons) and E0 is the energy of a reference electron, the beam rigidity

can simply be written as B0ρ [Tm]=3.33 E0 [GeV]. This defines the value of ρ in metres

given the vertical magnetic field By = B0 in Tesla or defines the required magnetic field

B0 to bend the beam with bending radius ρ. E0 is in the units of giga (= 109) electron

volts (1 eV=energy gained by an electron in passing through a potential of 1 V). The

chosen length of a dipole (ldipole) with field B0 provides a deflection (i.e. a bending

angle) of ldipole
ρ =

ldipoleB0
p0/e

. A dipole can be either a sector magnet, where an electron

enters and exits at 90◦ to the pole face or the entrance and exit faces can be at some

angle to the reference trajectory which provides some focusing in the vertical plane as

described in Section 2.2.1. Figure 2.2 shows the cross-section of geometry of dipole,

Figure 2.2: Left to right: Illustration of cross-section of dipole, quadrupole and sextupole
magnets. Red arrows show direction of the magnetic field.

quadrupole and sextupole magnets and Fig. 2.3 shows the photograph of these magnets.

The magnetic fields are achieved by arranging coils around the poles to provide required

fields. The number of turns in these coils, the gap or aperture between the poles will

determine the magnetic field experienced by the electrons. The direction of current in the

coils and the direction of electrons (into/out of paper) will decide which way electrons

are bent and focussed. The main focusing (or defocusing) forces along a beam line

are provided by quadrupole magnets which have four iron poles shaped in the form of a
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Figure 2.3: Photograph of dipole, quadrupole and sextupoles magnet, taken from [42].

hyperbola xy = a2/2, where a is the radius of circle inscribed between the four poles.

The field of the quadrupole magnet is zero on the design axis but it increases linearly

with transverse distance. Thus the field components are given by By = gx and Bx = gy

where g = dBx/dy = dBy/dx is the field gradient. Depending upon the direction of

motion of electrons, a quadrupole which is horizontally focusing is vertically defocusing

and vice versa. In electromagnets, as typically used in the beam transport, the magnetic

field depends upon the current passing through the coils of a magnet. The pole shapes

and the coils around them are arranged in such a way that the magnetic field increases

linearly over the aperture of a magnet from the centre. To keep the same focusing effect

from the magnet when beam energy increases, one needs to increase the gradient in the

same proportion. In designing the lattice, it is therefore convenient to use a normalised

gradient (known as strength) defined by k1 = g/B0ρ. Higher order multipoles such as

sextupoles, octupoles are used for correction of higher order aberrations. The normalised

strengths can be written as kn = (n!/B0ρ).(Bpt/a
n), where n = 0, 1, 2,. . . for dipole,

quadrupole, sextupole, . . . etc, Bpt is the field at the distance equal to ”a” from the centre

of the magnet (see Fig. 2.2). Use of these strengths instead of gradients make the lattice

design independent of the beam reference energy. The lattice designer has to ensure that

the integrated strength values (product of strength and length of a magnet) in the design

lattice are practically achievable considering the maximum value of the magnetic field in

a given aperture.

2.2 Equation of Motion of an Electron in an Accelerator

For a lattice without coupling and with bending in the horizontal plane, the motion of an

electron obeys Hill’s equation [41]:

d2x

ds2
+

(
1

ρ(s)2
− k(s)

)
x(s) =

δ

ρ(s)
,

d2y

ds2
+ k(s)y(s) = 0. (2.8)
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where k(s) is a function of s that characterises the focusing at each point along the beam

line in horizontal (x) and vertical (y) planes. ρ(s) is the bending radius of the dipole

magnet and δ is the energy deviation from the reference momentum. The homogeneous

part of Hill’s equations can be written as:

u′′ +K(s)u = 0, (2.9)

where u stands for x or y , assuming K to be constant with K(s) = ( 1
ρ(s)2

− k(s)) and

K(s) = k(s) respectively. For K > 0, the principle solutions of this differential equation

are:

C(s) = cos(
√
Ks)

S(s) =
1√
K

sin(
√
Ks) (2.10)

and for K < 0 are:

C(s) = cosh(
√
|K|s

S(s) =
1√
|K|

sinh(
√
|K|s) (2.11)

The general solution of eqn.(2.8) can be written as a linear combination of the two

principle solutions as:

u(s) = a1C(s) + a2S(s) + δη(s)

u′(s) = a1C
′(s) + a2S

′(s) + δη′(s) (2.12)

with a1 and a2 are the constants determined by the initial conditions. The function η(s) is

the dispersion function which describes the change in electron trajectory with momentum.

Eq.(2.12) can be written in a matrix form as: u(s)

u′(s)

δ

 =

 C(s) S(s) η(s)

C′(s) S′(s) η′(s)

0 0 1

 u(s0)

u′(s0)

δ

 . (2.13)

It is assumed here that the electron energy and energy deviation does not change along

the beam line. The trajectory of off-momentum electrons is described by the dispersion

function η(s) as:

η(s) = S(s)

∫ s

s0

1

ρ(t)
C(t)dt − C(s)

∫ s

s0

1

ρ(t)
S(t)dt (2.14)

2.2.1 Matrix Formalism

As seen in the previous section, the solutions of equation of motion of an electron can be

written using matrix formalism. These can be extended to particular elements in a beam

line using 6-D vector, which represents the position and angle of the electron motion in
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the transverse planes and the longitudinal position and energy of the electron. This 6-D

vector is represented as:

X =



x

x ′

y

y ′

z

δ

 . (2.15)

The transfer matrices describe the action of a magnetic element and a drift space on the

co-ordinates of the electron using linear and higher order terms. The first-order matrix is

referred to as R-Matrix, the second-order matrix as T -Matrix, the third-order matrix as

U-matrix and so on [43]. The final co-ordinates at location s1 are then described using

the co-ordinates at location s0 by adding these terms as:

Xi(s1) =
∑
j

Ri jXj(s0) +
∑
jk

Ti jkXj(s0)Xk(s0) +
∑
jkf

Ui jkfXj(s0)Xk(s0)Xf (s0) (2.16)

In a beam line with complex geometries such as arcs and FEL spreader designs, the second

order terms can distort the phase space which can affect the beam transport. However,

to start with, it is sufficient to use first-order terms to design a beam line. The effect of

higher orders are included while tracking the bunch through a beam spreader. We describe

the motion of electrons using linear matrices in the following.

The linear R-matrix at location s = s0 is transformed through a R-matrix to give 6-D

co-ordinates at location s = s1 given by:

x

x ′

y

y ′

z

δ


s=s1

= R(s1 : s0)



x

x ′

y

y ′

z

δ


s=s0

. (2.17)

Assuming a mid-plane symmetry (no coupling between the x and y planes), accele-

rating cavities are absent (which is the case for a beam spreader) and there is no radiation,

the 6× 6 R matrix can be simplified as:

x

x ′

y

y ′

z

δ


s=s1

=



R11 R12 0 0 0 R16
R21 R22 0 0 0 R26

0 0 R33 R34 0 0

0 0 R43 R44 0 0

R51 R52 R53 R54 1 R56
0 0 0 0 0 1





x

x ′

y

y ′

z

δ


s=s0

. (2.18)

By solving the equations of motion for electrons given by eqns. (2.8) in each element in

the beam line, one arrives at first order R-matrices as follows:
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• A drift space is a field-free region through which the beam passes. It is specified by

a single parameter, which is its length ld :

Rdrift =



1 ld 0 0 0 0

0 1 0 0 0 0

0 0 1 ld 0 0

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

 . (2.19)

• A quadrupole magnet provides focusing in one transverse plane and defocusing in

the other. When the length of a quadrupole is small compared to its focal length

(i.e. lq << 1/(|kx,y |lq), it can be represented by a thin lens positioned at its centre.

In the beam spreader design, this condition is not satisfied and matrices for thick

lenses need to be used.

The R-matrix for a horizontally focusing quadrupole with (kx < 0) and length equal

to lq is given by:

Rquad =



cos θ 1√
|kx |

sin θ 0 0 0 0

−
√
|kx | sin θ cos θ 0 0 0 0

0 0 cosh θ 1√
|kx |

sinh θ 0 0

0 0
√
|kx | sinh θ cosh θ 0 0

0 0 0 0 1 0

0 0 0 0 0 1


,

(2.20)

where θ =
√
|kx |lq.

• Vertically focusing quadrupole with (ky > 0) and length equal to lq:

Rquad =



cosh θ 1√
ky

sinh θ 0 0 0 0√
ky sinh θ cosh θ 0 0 0 0

0 0 cos θ 1√
ky

sin θ 0 0

0 0 −
√
ky sin θ cos θ 0 0

0 0 0 0 1 0

0 0 0 0 0 1


, (2.21)

where θ =
√
ky lq.

The matrices are derived assuming that the strength parameter kx,y to be a step

function with a constant nonzero value within the quadrupole and zero outside.

The strength of a real quadrupole magnet varies smoothly from zero outside to

maximum value in the middle of the quadrupole and the integrated value of strength

considering this effective length is used in a final lattice design.

• For describing the motion of electrons in a dipole magnet, the simplest case is when

the trajectory of electrons is perpendicular to the pole face at the entrance and exit
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Figure 2.4: Top: Sector dipole magnet. Beam enters and exits at right angle with the
pole face edge. Bottom: Rectangular dipole magnet and horizontally defocusing magnetic
wedge.

of the magnet as shown in Fig. 2.4. In this case the dipole is known as a sector

dipole. The transfer matrix for a sector dipole with length ldipole bending the beam

by θ = (ldipole/ρ) in horizontal plane is given by:

Rdipole =



cos θ ρ sin θ 0 0 0 ρ(1− cos θ)

−1ρ sin θ cos θ 0 0 0 sin θ

0 0 1 0 0 0

0 0 0 1 0 0

sin θ ρ(1− cos θ) 0 0 1 ρ(θ − sin θ)

0 0 0 0 0 1

 . (2.22)

In practice, dipoles magnets are often built with magnet edges not perpendicular to

the reference trajectory. A rectangular dipole magnet can be derived from a sector

magnet by superimposing at the entrance and exit a “magnetic wedge" of length ∆l

and angle equal to δ = θ/2, as shown in Fig. 2.4. At each wedge, the deflecting

angle is changed by α = ∆l/ρ = x tan δ/ρ. It acts as a thin defocusing lens with

focal length 1/f = tan δ/ρ in the horizontal plane and as a focusing length with the

same strength in the vertical plane. The horizontal matrix for a rectangular magnet
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is written as:

Rdipole =

 1 0 0
tan δ
ρ 1 0

0 0 1

 cos θ ρ sin θ ρ(1− cos θ)

−1ρ sin θ cos θ sin θ

0 0 1

 1 0 0
tan δ
ρ 1 0

0 0 1

 .
(2.23)

For θ << 1, δ = θ/2, in the bending plane:

Rx =

 1 ρ sin θ ρ(1− cos θ)

0 1 2 tan θ/2

0 0 1

 . (2.24)

In the non-bending plane:

Ry =

 cos θ ρ sin θ 0

−1/ρ sin θ cos θ 0

0 0 1

 . (2.25)

In a rectangular dipole magnet, the weak horizontal focusing of a sector magnet (1/ρ2) is

exactly compensated by the defocusing at the entrance and exit faces. A weak focusing

is provided in the vertical plane.

The lattice built up of pure dipoles and pure quadrupoles is called separated function

lattice. However, it is possible to combine many multipoles in the same magnet, e.g.

combining the dipole and quadrupole fields in a single magnet is called as combined

function magnet.

The R matrix is symplectic if the beam line does not include dissipative effects such

as radiation, scattering etc and thus preserves area in the phase space. Let us consider

a small section of a periodic beam line consisting of focusing (F) and defocusing (D)

quadrupoles placed at regular intervals separated by a drift space (O). The FODO cells

with quadrupole integrated strength equal to 0.5m−1 and drift length equal to 1m are

repeated in a beam line. The electron trajectory is plotted in the horizontal plane for a

simple case for a lattice with shown in Fig. 2.5. While travelling down this FODO lattice,

electrons perform transverse (betatron) oscillations about the reference trajectory. The

oscillation amplitude and wavelength of these oscillations will vary along the beam line and

is characterised by the quadrupole strengths and the drift lengths (there are constraints

on both these parameters for stable motion of electrons in this lattice). It is assumed

that there is no coupling between the transverse planes. If the co-ordinates of electrons

travelling down this beam line (x, x ′) are plotted at different s locations in the beam line

at corresponding points within each periodic cell, they will trace out ellipses in phase space

as shown in Fig. 2.6. The shape of the ellipse defines Courant-Snyder (also known as

Twiss) parameters. The area of the ellipse defines the action Jx of the electron.

From the equation of ellipse, it is possible to write:

2Jx = γxx
2 + 2αxxx

′ + βxx
′2. (2.26)
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Figure 2.5: Trajectory in horizontal plane of an electron travelling through a FODO beam
line consisting of focusing (filled red rectangles) and defocusing (unfilled red rectangles)
quadrupoles. The quadrupoles have integrated strengths of 1.4m−1 and drift spaces are
equal to 1m. The initial horizontal co-ordinate and it derivative are x=1mm and x ′=0.

Figure 2.6: The trace space ellipse of electron motion in a beam line.

where αx , βx and γx are the Courant-Snyder parameters, and satisfy the additional
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constraint βxγx − α2x = 1. The angle variable φx is defined as:

tanφx = −βx
x ′

x
− αx . (2.27)

The action-angle variables (φx , Jx) (Jx is the conjugate momentum) form a canonically

conjugate pair. The action variable Jx is used to describe the amplitude of the motion of

a single electron [39]. The relationship between these variables and (x, x ′) is:

x =
√

2βxJx cosφx ,

x ′ = −

√
2Jx
βx

(sinφx + αx cosφx). (2.28)

The emittance εx of a bunch is defined as the average amplitude of all electrons in the

bunch:

εx = 〈Jx 〉 . (2.29)

With this relationship between the emittance and the average action, the following relation-

ships for the second-order moments of the electron distribution within the bunch can be

obtained:

〈x2〉 = βxεx ,〈
x ′x
〉

= −αxεx ,〈
x ′2
〉

= γxεx . (2.30)

Combining eqns. (2.29, 2.30) and using the relation βxγx − α2x = 1, the emittance

can be expressed in terms of the beam distribution:

εx =

√
〈x2〉〈x ′2〉 − 〈xx ′〉2. (2.31)

The transverse emittance is a measure of the trace space area occupied by the

electrons in a beam projected onto one transverse plane. This is strictly valid when the

electron distribution is centred on the reference trajectory. If there are physical processes

involved that produce variable transverse offsets or focusing along a bunch of electrons,

the transverse emittance as well as the Courant-Snyder parameters will vary along the

bunch. This leads to the concept of slice emittance of electron beam. The overall

emittance integrated over the full length of a bunch (the projected emittance) is an

important quantity measurable by many diagnostics devices, whereas a special transverse

deflecting cavity is required to measure the emittance of individual slices along the bunch.

When electrons are accelerated, the emittance decreases inversely proportional to

the momentum. This can be explained by the fact that during the acceleration, only

the longitudinal component of the momentum vector is increased while the transverse

component stays the same. This results in reduction of the divergence. The term

normalised emittance εNx,Ny = γεx,y , (where γ is the relativistic factor) is used to describe

energy independent emittance, which does not change in a beam line without radiation

and other dissipative forces.
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2.2.2 Amplitude and Phase Formalism

The second method to solve Hill’s equation uses a global function which describes the

focusing characteristics of the lattice [39]. Due to the similarity of Hill’s equation for

simple harmonic motion, it is possible to use the solution of the form:

x =
√

2βxJx cosφx , (2.32)

where Jx is a constant, and βx and φx are functions of s. This equation represents the

motion of an electron along a beam line as an oscillation with varying amplitude and

wavelength. Substituting eqn.(2.32) in eqn.(2.8) and equating coefficients of cosφx and

sinφx on either side of equation leads to:

β′xφ
′
x + βxφ

′′
x = 0,

β′′x
2βx
−
β′2x
4β2x
− φ′2x = −k (2.33)

The first equation in eqn.(2.33) has solution φ′x = constant/βx . It is convenient to set this

constant equal to 1 (though different values of the constant equally lead to valid solutions,

the βx and φx will have different interpretation). Substituting this to the second equation

gives the differential equation for βx :

β′′x −
4 + β

′2
x

2βx
+ 2kβx = 0 (2.34)

From the design of the beam line, the value of k is known and thus for given initial values

of βx and β′x eqn.(2.34) can be integrated to obtain the value of βx at any position along

the beam line.

In the case of a periodic beam line, the focusing strength satisfies the periodicity

condition: k(s + C0) = k(s), where s is any point along the beam line, which has a

periodicity C0. The same periodicity condition can be imposed on the beta functions:

βx(s + C0) = βx(s), β′x(s + C0) = β′x(s). Similar expressions can be written in the

vertical plane.

2.2.3 Transformation of Courant-Snyder Parameters

The trace space ellipse at a point s in a beam line is characterised by the Courant-Snyder

parameters βx(s), αx(s), γx(s) and the beam emittance εx in the horizontal transverse

plane (and similarly in the vertical transverse plane denoted by y). It is important to

know the beam envelope and divergence at different locations along the beam line. This

needs transformation of Courant-Snyder parameters through the lattice. As the action

is invariant, it is possible to write it at any two points (say s0 which is a starting point

where the Courant-Snyder parameters are known and another point s1) at which these

parameters need to be calculated:

2Jx = γ2x1x
2
1 + 2αx1x1x

′
1 + βx1x

′2
1 = γ2x0x

2
0 + 2αx0x0x

′
0 + βx0x

′2
0 . (2.35)
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Using the principal trajectories described in Section 2.2, and taking the inverse of the

transformation matrix:

x0 = S′(s)x1 − S(s)x ′1,

x ′0 = −C′(s)x1 + C(s)x ′1. (2.36)

Substituting eqn.(2.36) in to eqn.(2.35) and comparing the coefficients, the Courant–

Snyder parameters are calculated as: βx1
αx1
γx1

 =

 C(s)2 −2S(s)C(s) S(s)2

−C(s)C′(s) S(s)C′(s) + S′(s)C(s) −S(s)S′(s)

C′(s)2 −2S′(s)C′(s) S′(s)2

 βx0
αx0
γx0

 .
(2.37)

The transformation of the Courant-Snyder parameters given by eqn.(2.37) not only

simplifies the lattice design for periodic lattices (where initial values are known) but is also

useful in designing beam transport line where precise initial values of the Courant-Snyder

parameters are not known. One can cover a range of starting values of the Courant-Snyder

parameters to design the lattice and decide the specifications of lattice elements.

The principal trajectories can be expressed in terms of initial and final Courant–Snyder

parameters as:(
x1
x ′1

)
=

 √
β1
β0

(cos ∆φ+ α0 sin ∆φ)
√
β0β1 sin ∆φ

− (α1−α0)√
β0β1

cos ∆φ− (1+α0α1)√
β0β1

sin ∆φ
√

β0
β1

(cos ∆φ− α1 sin ∆φ)

( x0
x ′0

)
,

(2.38)

where ∆φ is the phase advance from s0 to s1. Similar matrices can be written in the

vertical plane. In a periodic beam line, the same lattice cell is repeated number of times

and the Courant–Snyder parameters are the same at the entrance and the exit of each

cell. In this case, eqn.(2.38) simplifies to:(
x1
x ′1

)
=

(
cos ∆φ+ α sin ∆φ β sin ∆φ

−γ sin ∆φ cos ∆φ− α sin ∆φ

)(
x0
x ′0

)
, (2.39)

where ∆φ is the total phase advance in the beam line and β1 = β0 = β, α1 = α0 = α

and γ = (1 +α2)/β. From eqn.(2.39), the total phase advance and the Courant–Snyder

parameters over a cell are determined as:

∆φ = cos−1
(
R11 + R22

2

)
,

β =
R12

sin(∆φ)
,

α =
R11 − R22
2 sin(∆φ)

. (2.40)

2.2.4 Lattice Design Cells

The beam spreader designs described in Chapter 5 consist three basic lattice design cells;

FODO, a double bend achromat and an isochronous triple bend achromat. Using previous
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Figure 2.7: Schematic of FODO cell.

Figure 2.8: Left: Periodic βx function (red) and βy function (black) in FODO shown in
2.7. Right: Phase advance in x (red) and y (black) planes.

sections in this chapter, these concepts are briefly described here.

FODO

A FODO lattice consists of two quadrupoles (F and D), each focusing in one plane

separated by drift spaces (O). The beam line can be repeated from any point along s. An

example of one FODO cell is shown in Fig. 2.7. The F and D in this cell is 0.25m long

and have strength equal to 3.56m−2. The drift spaces L are equal to 1m. For the lattice

to be periodic, the Courant–Snyder functions β and α in both transverse planes need to

be equal at the entrance and exit of this cell as shown in Fig. 2.8. The phase advance in

the horizontal and the vertical plane is identical. In this case starting βx = βy = 2.419m

and αx = 1.111, αy = −1.111.

Double Bend Achromat

If a beam line uses dipole magnets to bend the beam, the dispersion is generated and

the off-momentum electrons follow different trajectories. For a number of reasons, it is
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Figure 2.9: Example of achromatic cell with a single focusing quadrupole in the centre.

Figure 2.10: Left: βx function (black) and βy function (red) in double bend achromat
shown in Fig. 2.9. Right: Dispersion (black) and its derivative (red).

preferable to make a beam line “non-dispersive" or “achromatic" after essential bending

is acquired. The simplest achromatic cell can be designed using two identical dipoles

with a focusing quadrupole (in the plane of bending) placed in the centre as shown in

Fig. 2.9. In this example, dipoles are 1.0m long with bending angle of 0.3 rad. The drift

length L is 1m. Quadrupole is 0.25m long and has a strength equal to 5.175m−2. It

is assumed that there is no dispersion at the entrance of the achromat. Fig. 2.10 shows

the Courant–Snyder parameters, the dispersion function and its derivative. In this design,

no focusing is provided in the vertical plane as can be seen from the βy plot. Adding

two more quadrupoles symmetrically placed with (L1 = 1m and L2 = 0.5m) as shown

in Fig. 2.11 with strengths of QD equal to -5.52m−2 and of QF to 6.98m−2 focusing in

both planes is possible as shown in Fig. 2.12.

Depending on the beam line design and layout requirements, the design of achromat

can be arranged in different ways. For example, the double bend achromat designs used

in Chapter 5 insert two dipoles at phase advance of π in a FODO lattice to provide an

achromatic design.
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Figure 2.11: Example of achromatic cell with a symmetric quadrupole triplet to provide
focusing in both transverse planes.

Figure 2.12: Left: βx function (black) and βy function (red) in double bend achromat
shown in Fig.2.11. Right: Dispersion (black) and its derivative (red).

Achromatic and Isochronous Lattice

A lattice is isochronous if there is no momentum dependence on the total path length.

This is achieved by arranging a lattice with dipoles and quadrupoles to manipulate the

dispersion function in such a way that the lattice is achromatic as described in previous

section and the integral of dispersion function over the lattice is zero. The path length

dependence on momentum to first order is given by R-matrix term R56. An example of

a triple bend lattice (described in Chapter 5) is shown in Fig. 2.13. Fig. 2.14 shows that

the lattice is achromatic and isochronous.

Depending on the beam line design and requirements, the design of triple bend achr-

omat can be arranged in different ways. For example, the ALICE TBA arc described in

Chapter 6 and TBA arc designs in beam spreader Chapter 5.
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Figure 2.13: Example of triple bend achromat

Figure 2.14: Left: Dispersion (black) and its derivative (red) in triple bend achromat
shown in 2.13. Right: Path length dependence on momentum shown by a linear matrix
term R56.

2.3 Electron Beam Distribution

An electron beam in a beam transport line is described by a six dimensional distribution

function (co-ordinates and angles to the reference trajectory) as a function of distance

s along the reference trajectory. A commonly used distribution function to represent an

electron beam is Gaussian. For example, in horizontal transverse plane, the distribution

can be expressed as:

f (x, x ′) =
1

2πσxσx ′
exp

(
−
x2

2σ2x
−
x ′2

2σ2x ′

)
. (2.41)

The standard deviation in x , σx when the mean value of the distribution is zero 〈x〉 = 0,

is given as:

σx = 〈x2〉
1
2 =

(
1

Ne

Ne∑
i=1

x2i

) 1
2

. (2.42)

The summation is over all electrons in a beam and xi is the horizontal co-ordinate of the

i th electron. If the co-ordinate and corresponding angles with respect to the reference

trajectory of each electron in a beam are plotted at a given location, it gives the trace

space plot in that plane.
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A flat-top distribution (in longitudinal as well as transverse planes) is often used in

the design of the FEL driver. This alleviates the increase in beam emittance due to space

charge at lower energies.

2.4 Errors on Magnetic Elements

In a real accelerator, the assumption of linear transport is not strictly valid as effects

such as alignment errors on magnetic elements, deviation in magnetic fields or higher

order multipoles arising during magnet design and fabrication as well as requirements to

introduce multipole magnets (for example, sextupoles to correct the chromatic effects)

are unavoidable. In the design stage of lattice, one often assumes the magnetic elements

to be located so that the centre of each element is aligned exactly on the reference

trajectory and there is no rotation around the (x , y , s) axes. The field provided by the

magnets is an integrated field over the length of the magnetic element which is assumed

to be hard edged.

The errors in longitudinal displacement of beam transport elements can usually be dealt

with by changing the drift space lengths and by making appropriate changes to magnets

providing focusing in most of the cases, except when the symmetry of the periodic lattice

could be broken, (for example the centre quadrupole in Fig.2.9).

A dipole magnet providing a bending in the horizontal plane assumes a purely vertical

field. Misalignments in the x, y co-ordinates and rotations around the x, y axes cause

a change in position and direction of the electron trajectory; to first order these errors

do not affect the distribution of electrons about the reference trajectory [44] and so do

not affect the beam motion significantly. A rotation around the s axis, however, gives

rise to a transverse (horizontal) component in the magnetic field. A rotation about the

x axis also gives a horizontal component of the field. This deflects electrons vertically,

so that electrons following the reference trajectory on entering the magnet have some

vertical displacement and angle, with respect to the reference trajectory on leaving the

magnet. A rotation of a dipole around the s axis leads to vertical distortion of the electron

trajectories, and also to vertical dispersion.

An ideal quadrupole magnet has a magnetic field that is zero along the axis, assumed

to be aligned with the reference trajectory. If the quadrupole of length lq and strength k1
is offset horizontally (vertically) by ∆x(∆y), there is a non-zero field seen by an electron

following the reference trajectory. This field gives a kick to electron bunch equal to

k1lq∆x (or k1lq∆y), where k1lq is the integrated strength of the quadrupole. A rotation

of a quadrupole around the s axis gives rise to coupling between the transverse planes (by

introducing a skew quadrupole component in the field).

In the case of a sextupole magnet, however, there are different effects from horizontal

offsets and vertical offsets. If a sextupole of length ls and strength k2 is offset horizontally
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(vertically) by ∆x(∆y), an electron bunch will receive a kick equal to:

∆x ′ = −
1

2
k2ls(∆x2 − ∆y2),

∆y ′ = k2ls∆x∆y . (2.43)

A horizontal offset in the sextupole thus generates a quadrupole component, and a vertical

offset generates coupling (the same effect as a skew quadrupole). The effects of horizontal

offset of the sextupoles in ALICE arc are discussed in Chapter 6.

These undesired effects arising from misalignments and field errors cannot be comple-

tely avoided in a real accelerator and once the lattice is designed, it is important to study

the sensitivity of the beam properties to these errors to define the level of alignment (and

correction) required to maintain the necessary beam quality. In addition to the alignment

errors, tolerances on the field uniformity and higher order components (arising from the

very nature of magnet design as well as fabrication tolerances) also need to be specified.

The systematic errors arising from design and the random errors arising from fabrication

need to be considered in deciding the mitigation strategies to achieve close to the design

performance.

2.5 Initial Beam Parameters for Beam Line Design

The lattice cells FODO, DBA and TBA as described in Section 2.2.4 are used as basic

lattice design cells in beam spreader design described in Chapter 5. At the design stage,

it is possible to de-couple the design of beam spreader from the upstream accelerator.

A matching section consisting of at least four quadrupoles is sufficient to match the

Courant–Snyder parameters from the accelerator exit to the beam spreader entry (assum-

ing that the dispersion and its derivative are zero, which is in general the case). These

may be the matched/periodic lattice functions as suited to the beam spreader design.

For tracking the bunch through the spreader, it is easier to start with the 6-D

bunch distribution at the entry of the beam spreader (at a later stage, when design of

beam spreader is optimised, beam tracking using start-to-end bunch from the upstream

accelerator can be used). To generate a bunch distribution at the entry of the spreader,

the Courant–Snyder parameters are chosen as appropriate to the lattice cells used. Other

beam parameters required for tracking are: bunch charge, energy, beam emittance (norma-

lised or geometric), bunch length, energy spread, chirp in the longitudinal plane (correlated

energy spread within bunch) and choice of bunch distribution (Gaussian, flat-top, uniform,

parabolic etc.) in the transverse and longitudinal planes. Number of macroparticles can

then be used to generate the required bunch distribution for tracking the bunch through

the beam line.
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2.6 Definition of Beam Time Structure

In the design of a beam spreader, the time structure of the beam driving the FEL has

important consequences. This is due to the fact that the same beam is shared between a

number of beam lines and the technology choices to switch electron bunches to separate

beam lines will depend upon the time separation between consecutive single bunches or

burst of macropulses. For example, operating the machine in single shot mode at 100Hz

will lead to bunch separation of 10msec, whereas a machine operating at 1MHz will

have bunch separation of 1µsec. This will have implications for the technology used

for switching the bunches to different beam lines and hence for the choice of the beam

spreader design, as discussed in Chapter 5.

The time structure of the electron beam is an important by-product of the accelerating

technology used for the design (or vice-versa - to obtain a specific time structure one may

need to choose the appropriate technology). When electrons are accelerated by means

of radio frequency (RF) fields (which is the case for an FEL driver), a bunched beam is

generated. A pulsed beam consists of a finite number of bunches and it is often required

that a FEL driver delivers a beam pulse which is made up of a train of individual bunches.

For bunched beams the time period during which the charge is measured can either be

shorter than the duration of a bunch or a beam pulse, or it may be longer compared

to both. Depending on the time scale, it is appropriate to define the peak current (or

bunch current), the pulse current or the average current [27]. The peak current is defined

as Ip = q/
√

2πστ , where στ = σz/β0c , σz is rms bunch length and β0 is the scaled

velocity factor, q is the bunch charge and τ is the bunch duration. Fig. 2.15 shows the

definitions of peak current, pulse current and average current, the pulse current is defined

as Ipulse = q/T , where T is the bunch period. The average current is defined as 〈I〉 =
Nbq/Tr , where Nb is the number of bunches in a single pulse duration and 1/Tr is the

pulse repetition rate.
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Figure 2.15: Beam time structure definitions

2.7 Summary

This chapter summarises the key principles of beam optics which are well established in

designing a beam line. Basic lattice design modules FODO, DBA and TBA described in

this chapter form the backbone of first steps in beam spreader lattice designs described

in Chapter 5. The key electron beam parameters required for tracking an electron bunch

through the beam line and the definition of bunch time structure are described.
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Chapter 3

FEL Configurations and Beam
Dynamics Challenges

The requirements to deliver high peak bunch current with minimum emittance degradation

and low-energy spread for optimum energy transfer from electron bunch to radiation beam

are critical to drive a high-gain FEL as described in Chapter 1. The specific beam dynamics

and technical requirements are determined by the choice of desirable parameters as

dictated by the science case of the FEL under consideration. The fundamental questions

that must be answered before deciding the technology and layout configuration choices

include: the required single or multiple photon wavelengths, brightness, pulse length and

repetition rate of photon pulses, single or multiple FEL beam lines etc. These user

requirements translate into accelerator beam specifications which then need to be matched

with the choice of available technologies and R&D requirements. This chapter covers the

possible layout configurations and the basic challenges that need to be addressed to meet

the design goals of an FEL facility. To simplify the description of the facility design, a

generic layout of a typical high gain FEL facility capable of delivering photon energies of

order of a few keV is described, allowing a discussion of the purpose and the challenges

for specific components as well as important beam dynamics effects.

3.1 Potentially Limiting Beam Dynamics Effects

When the intense electron bunch is generated, manipulated and transported down an

accelerator, it is subject to various collective and single particle effects. Although the

severity with which these can affect the required properties of the electron beam to

drive an FEL depends upon the accelerator configuration and beam parameters, there are

certain underlying physical processes which will affect the optimisation of the accelerator

design and the FEL performance. These processes are described briefly in this section.

49



3.1.1 Space Charge

Space charge is a collective effect arising due to Coulomb interactions between electrons

in a bunch. The self field within a bunch is one of the main limiting factors in achieving

the required high peak current to drive an FEL. Space charge manifests itself in both the

transverse and longitudinal planes.

For a simplified case of a cylindrical electron bunch with N electrons with charge e, a

radius of rb and a length of Lb, the radial force Fr is given by [30]:

Fr (r) =
1

γ2
Ne2

2πε0Lb

r

r2b
, with r ≤ rb, (3.1)

where γ is the relativistic factor and ε0 is the permittivity of the free space. This force

has a defocusing effect and thus can lead to radial blow up of the bunch. As the force

is inversely proportional to γ2, the force diminishes rapidly as the beam energy increases.

The effect of the space charge on the quality of beam is thus critical at low energy

(typically few MeV from a RF gun until it is accelerated to few hundreds of MeV in an

accelerating section placed immediately after the gun). The defocusing force in eqn.(3.1)

is linear with the distance of an electron from the axis of the bunch and thus the space

charge induced transverse beam size blow up can be compensated by a solenoid lens with

suitable field between the RF gun and the accelerating section [45] .

When a realistic Gaussian electron bunch is considered instead of a cylindrical bunch

as assumed above, the expression for Fr changes significantly and the space charge force

is given by [30]:

Fr (r) =
1

γ2
Ne2

2πε0Lbr

(
1− exp

(
−
r2

2σ2

))
, (3.2)

where σ is the rms transverse beam size. In this case, the radial force inside a bunch is

highly non-linear and thus difficult to compensate by an external magnetic field. Therefore,

the beam must be accelerated as rapidly as possible to minimise the effects of the space

charge.

The Coulomb repulsion in the bunch in the direction of motion is referred as “longitu-

dinal space charge" (LSC). Although the effects of LSC are stronger at lower energy, it

continues to have an impact on beam dynamics through much higher energies. There

is no LSC force if the bunch current profile is uniform. However, in a bunched beam,

the LSC force tends to push electrons away from each other, accelerating the front

electrons and decelerating the back electrons to give rise to an energy modulation. The

main effect of the LSC is to introduce an energy chirp along a bunch as the head of

the bunch is pushed forward and the tail decelerated. It can also cause micro-bunching

as explained later in this chapter as any density modulation in the bunch can induce an

energy modulation through longitudinal space charge, and the energy modulation can (in

certain circumstances) enhance the density modulation.
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3.1.2 Wake Fields

The electromagnetic fields generated by a moving bunch exert forces on the electrons

in a bunch (or the following bunches - depending upon the bunch separation) due to

the impedance of the surrounding vacuum vessel. Interaction of short electron bunches

with the vacuum chamber determined by the shape of the chamber (geometric wakes)

and chamber material (resistive wakes) cause energy modulation along the bunch. The

longitudinal wake fields affect the total energy and energy spread of the bunch whereas

the transverse wakes kick the bunch transversely causing emittance growth. The strength

of the wake fields strongly depends on the beam pipe geometry and choice of material.

Even though generally the wake fields can affect the beam quality adversely, in case of

Free Electron Laser, the wake fields in the accelerating structures are useful in reducing

the correlated energy chirp in the bunch. If the accelerator design does not provide enough

wake fields to remove the energy chirp, additional structure known as “dechirper" needs to

be included in design [46, 47]. The dechirper provides additional wake fields to meet the

requirements on energy chrip in the FEL. The important effects in FEL design are wake

fields from Higher Order Modes (HOMs) from the accelerating as well as higher harmonic

structures, the narrow gap vessels in the undulator sections and narrow collimator gaps.

3.1.3 Coherent Synchrotron Radiation

When a very short electron bunch travels through a dipole magnet, it emits coherently at

wavelengths that are comparable to (or larger than) the bunch length and can propagate

in the vacuum chamber. As electrons traverse the dipole on an arc of a circle, radiation

from one part of the arc can catch up with electrons on another part of the arc. The effect

of this coherent synchrotron radiation (CSR) on the smooth electron density function can

be explained [48, 49] with reference to Fig. 3.1. An electron bunch with total charge q

travelling in a dipole with bending radius R and bending angle θ can be divided into two

parts, a “tail" and, a “head", each with charge q/2, separated by distance Lb, where Lb
is the characteristic length of the bunch. The CSR emitted from the tail of the bunch

can affect the electrons at the head of the bunch only if the CSR is emitted by the tail

electrons less than a slippage length behind head. The slippage length sl is the difference

in length between the chord AB (that the radiation takes) and the path length along the

arc from A to B (that the electron bunch takes):

sl = arc(AB)− chord(AB) = Rθ − 2R sin

(
θ

2

)
≈

1

24
θ3R (3.3)

which gives:

θ = 2

(
3sl
R

)1/3
,

d = chord(AB) sin (θ/2) ≈ 2R sin2(θ/2) = 2(3sl)
2/3R1/3, (3.4)
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Figure 3.1: Inside a bending magnet the radiation which is emitted from electrons in the
tail of a bunch can catch up with electrons in the head of a bunch which are less than a
slippage length sl = arc(AB)− chord(AB) ahead of the tail. The head and the tail of a
bunch can only interact if the magnet is long enough.

where d is the perpendicular distance between point C to point B. The magnitude of the

transverse electric field acting on the electrons in the head of the bunch can be estimated

as:

E⊥ ∼=
1

4πε0

2qλz
d

, (3.5)

where λz is the longitudinal electron density, λz = N/Lb. This field is radiated at A, its

direction at B is perpendicular to the line(AC) and the electrons in the head will experience

an accelerating force due to this field given by:

F‖ ∼= eE⊥θ =
2eqλzθ

4πε0d
=

2eqλz

4πε0
3
√

3slR2
. (3.6)

When a bunch is short (Lb ≤ sl) and the length of the bending magnet is long (γθ >> 1),

the “Steady State" approximation can be applied, where the transient effects when bunch

enters and leaves the magnet are not important. In this case, substituting a uniform

density distribution λz = N/Lb, where N is the number of electrons per bunch (with N/2

electrons in the head and N/2 in the tail) and sl = Lb, the rate of energy loss per unit

length of the magnet can be written as:

dE

dz
= −

∫ ∞
−∞

λz(s)F‖(s)ds = −
1

4πε0

N2e2

3

√
3R2L4b

. (3.7)

The “long magnet" condition ensures that radiation from the electrons in the tail overtakes

electrons in the head before leaving the magnet. This energy loss, together with the fact

that the radiation is coherent and at a wavelength comparable to the bunch length,

results in a modulation of the energy along the bunch. This is similar to a wakefield

but unlike wakefields, CSR affects the electrons ahead of the emitting electrons rather

than behind. The change in energy of the electrons thus depends upon their longitudinal

52



position in the bunch and (combined with dispersion) results in the transverse displacement

of longitudinal slices of the electron bunch. This leads to an increase in the projected

transverse emittance in the bending plane.

3.1.4 Incoherent Synchrotron Radiation

Incoherent synchrotron radiation (ISR) is emitted when the trajectories of electrons are

bent in a dipole. When a photon is emitted it changes the energy of the electron resulting

in a change of its transverse co-ordinate moving on a new dispersive trajectory. This

phenomenon known as quantum excitation causes betatron oscillation around a new

dispersive orbit. This causes transverse emittance growth and an increase in the energy

spread. This is a well known phenomenon in storage rings, however, in a storage ring

the restoration of beam energy by the RF cavities leads to damping of the emittance.

In a transfer line, only excitation of the emittance occurs. Estimates for the emittance

degradation are based on storage ring excitation formulae [50], but can be modified to

reflect a more rigorous treatment of the excitation effects in a transport system [51].

For example, the growth in rms momentum spread and emittance generated by quantum

excitation during 180◦ of bending (as required in some accelerator configurations described

later in this chapter) at energy γm0c2 are given as follows [52]:

σ2E = 1.18× 10−33[GeV 2m2]
γ7

ρ2
,

δε = 7.19π × [m2rad ]
γ5

ρ2
〈Hx 〉,

where:

< Hx > =
1

L

∫
ds

βx

(
η2 +

(
βxη

′ −
1

2
β′xη

)2)
, (3.8)

is the average of the quantum excitation function Hx in the dipoles given by γxη2 +

2αxηη
′ + βxη

′2; βx , αx and γx are the Courant-Snyder parameters, η and η′ are the

dispersion and derivative of the dispersion function, L is the orbit length, and ρ the orbit

radius in the bends. The parameters of the arc and the optics in the dipoles need to

be chosen to minimise the function Hx in order to keep the emittance degradation to a

minimum.

3.2 Facility Configuration Options

The science case of the facility under consideration is important in defining the desired

range of photon characteristics. But since the cost to build and run a facility depends upon

the parameter regime and the technology choices, the decision on facility configuration is

likely to be influenced by it. For example, the fundamental requirement of the wavelength

reach defines the choice of energy (for a practical range of undulator parameters) which
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heavily influences the cost. The additional requirements such as repetition rate of electron

bunches, spacing between the bunches/macropulses, photon pulse length, temporal coher-

ence, variable polarisation, multiple, simultaneous users etc. are important to decide the

choice of accelerator technology. Some of these requirements have implications for both

the construction and the operating costs of the facility and thus several iterations of

various configuration choices are often needed before the final selection is made.

The accelerator system driving a FEL is typically based on an RF linear accelerator

(linac) with electrons produced from a photocathode gun. A given bunch of electrons

remains in the accelerator only briefly, for times that are short compared to most emittance

growth or damping times from radiation effects (with the exception of CSR effects). If

a laser-driven photocathode gun is used as the electron source, it is relatively easy to

change the time structure and the beam current delivered to users by controlling the

duration and power of the lasers that stimulate electron production at the injector. The

transverse emittance of the electron beam tends to be set by the laser spot size on

the cathode and by beam dynamics in the low-energy electron source region, and this

emittance may be well preserved during the acceleration to higher energy. The pulse

duration, and more generally the longitudinal phase space distribution, is manipulated by

using beam-RF and electron beam optics techniques. There are several possibilities for

the configuration of an FEL driver, capable (in principle) of meeting the requirements on

the photons from the FEL. Fig. 3.2 shows some of the basic possibilities: single pass linac,

re-circulating linac with linac in one/two arms and energy recovery linac. Extensions of

these concepts (e.g. to have more than one re-circulation loop) is possible in some cases.

The beam switchyard/spreader is not shown in these configurations and if multiple FEL

beam lines are required, this additional requirement needs to be considered separately in

each configuration.

3.2.1 Single Pass Linac

The single pass linac configuration is based on a linear geometry with the exception of

the use of dipoles for compressing the bunch longitudinally and spectrometer beam lines

for characterising the beam energy and energy spread. This configuration is less complex

in terms of beam dynamics compared with the other configurations shown in Fig. 3.2,

which depend heavily on bending the beam with dipoles. The dipoles add complexity due to

coherent and incoherent synchrotron radiation (CSR and ISR) as well as chromatic terms.

The single pass configuration also has flexibility for future upgrade especially if there are

no constraints to extend the length of the facility. In this configuration, it is easy to choose

different energies either by operating the linacs and magnetic components at a set energy

(lower than the allowable maximum accelerating gradients in linacs) or by extracting beams

at several locations along the accelerator. The rate at which electrons will be delivered to

FEL beam lines will ultimately be decided by the repetition rate of bunches/macropulses
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Figure 3.2: Accelerator configurations for FEL facility: 1.Single pass linac 2.
Re-circulating linac with linac in one arm 3. Re-circulating linac with linacs in two arms
4. Energy recovery linac. INJ - Injector, LINAC - Accelerating structures, FEL - Free
electron laser, DMP - Dump for electron beam.

from the photoinjector. The possibility of tuning the facility for a particular experiment

is relatively easy compared to other configurations described in the next two sections.

However, the length of the facility is relatively large in this configuration and there is a

need for a large number of accelerating cavities and substantial RF infrastructure which

is a major cost driver of FEL facilities. If electron bunches are extracted at multiple

energies, one may need multiple beam dumps and this could have implications for the

layout and cost of the facility particularly for higher beam powers (i.e. in the range of few

kW to sub-MW). A single pass linac configuration will be considered later in this chapter

to describe different subsystems and associated beam dynamics issues.

3.2.2 Re-circulating Linac

In order to reduce the significant costs for large number of accelerating cavities and their

RF infrastructure (especially if the facility is based on a superconducting RF technology

to deliver high repetition rate photon pulses), it is important to consider whether a

re-circulating linac configuration could meet the FEL specifications. Re-circulating linacs
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are accelerators in which electron bunches pass through the linac cavities multiple times.

This arrangement allows one accelerator to feature some advantages of both the ring

and the linac based configurations. The re-circulating linac configuration is considered

to potentially save both construction as well as operating costs of the facility (as fewer

accelerating structures and associated RF sources means that the power and cryogenics

requirements significantly reduce). In principle, one is able to extract beams of different

energies from one location, enabling FELs resonant at different wavelengths to operate

efficiently (provided the FEL designs allow this flexibility). The length of the facility is

reduced as the beam passes through a shorter linac multiple times instead of making

just one pass and as a consequence, the radiation shielding is required for a shorter

(but somewhat wider) machine. A final advantage is that a natural upgrade path (to

higher beam energies, allowing shorter FEL wavelengths) is established without the need

to add accelerating modules; instead, additional recirculation paths can be constructed.

The re-circulation configuration however needs additional design issues to be considered

compared to a single pass machine, such as: combining and separating beams of different

energies, bending the beam using arcs by 180◦ (at least) two times, adjusting path lengths

so that electron bunches enter the linac on the correct phase on subsequent passes,

etc. These issues lead to more complex beam transport systems and optics. The bunch

compression and linearisation scheme are restricted as the compression cannot be done

in sections with multiple beam energies. Incoherent and coherent synchrotron radiation

(ISR and CSR) within the arcs leads to emittance degradation. All these issues make it

more difficult to produce required high quality electron bunches for FEL operation. Due

to extra beam transport, jitter tolerances also become more stringent.

3.2.3 Energy Recovery Linacs

Energy recovery as a concept dates back half a century [53]. As with many innovative

accelerator ideas the practical realisation of the concept took more than two decades

to materialise. The first demonstration experiments were conducted initially at the SCA

FEL machine at Stanford [54, 55]. With the advances in superconducting RF technology

and the successful demonstration at Jefferson Lab of DEMO-FEL [56], various groups

throughout the world were inspired to explore the potential of energy recovery for various

applications. This included pushing the boundaries of existing technology to deliver

highly advanced light sources encompassing both FELs and spontaneous sources. Energy

Recovery Linac (ERL) accelerators have significant advantages over storage rings as in

ERLs the electron beam characteristics are determined by the injector; the technological

developments allow to produce shorter bunches with a flexible bunch pattern. ERL

accelerators also have advantages over single pass linac based machines as they offer

improvements in efficiency, and potentially large increases in average currents and light

source power as well as reduced dump activation. The energy recovery principle allows
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the construction of electron linear accelerators that can accelerate average beam currents

similar to those provided by storage rings, but with the superior beam quality typical of

linacs [57].

The idea of energy recovery in a re-circulating RF linac is based on the fact that

RF fields, by proper choice of the time of arrival of the electron bunches in the linac,

may be used to both accelerate and decelerate the same beam. As in a re-circulating

configuration, a beam is injected into the linac and synchronised with the RF to accelerate

on the first pass through the linac. If the re-circulation path is chosen to be precisely an

integer plus half of RF wavelengths, then on the second pass through the linac, the beam

is decelerated by the same RF cavities that accelerated it on the first pass. For cavities

within the re-circulation loop, energy is transferred, via the RF field, from the decelerating

beam to the accelerating beam. A key point is that after an initial acceleration step for

the first bunches in a machine pulse, the RF power system does not need to provide the

energy to accelerate the later bunches. Furthermore, in an ERL, the final energy at the

beam dump is the same as the injection energy which simplifies the beam dump design.

In re-circulating linacs and ERLs, in addition to the complexity of designing additional

beam transport there are other important beam physics issues which need to be considered.

Beam instability resulting from ion trapping is one example. The ionisation of the residual

gases in the vacuum chamber is caused by collision of electrons with the residual gas as

well as by synchrotron radiation. Depending upon the bunch separation and parameters of

the electron bunches, positively charged ions can get trapped in the chamber, in a similar

way to that in which ions can become trapped by the beam in the storage rings. At every

passage of an electron bunch, the ions can be focussed due to the potential of the electron

bunches and as a result accumulation of ions may take place. The accumulated ions in

turn can affect the properties of electron lattice and beam parameters. The remedies

adopted usually are either to leave a gap between long trains of electron bunches to allow

for ions to escape or/and to use ion clearing electrodes.

Another important issue to consider when the accelerating configuration is based on a

multiple pass re-circulating linac is an instability known as beam breakup (BBU) which can

limit the beam current [58]. In an accelerating cavity, a number of higher-order modes

(HOMs) are excited by a bunched electron beam. If a HOM has a dipole field, it will

kick an electron bunch in a transverse direction. When the kicked electron bunch returns

to the same accelerating cavity after re-circulation with position and phase that further

excites the HOM, its amplitude can grow exponentially and the beam is eventually lost

due to the finite transverse aperture of the beam pipe. Estimates of threshold currents

required to initiate the instability can be made using an analytical formula [59] and provide

guidelines for the appropriate choice of RF parameters to maintain a safe margin.
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3.2.4 Comparison of Issues in Different Configurations

The choice of accelerator configuration is based on the required FEL parameters and can

vary significantly depending upon the FEL wavelength regime (IR, UV, soft X-ray, hard

X-ray etc.). For example, a requirement on high average current to deliver high flux and

brightness will need an ERL configuration. The possibility to incorporate a multi-pass

option in an ERL configuration may be required to reach higher energy. The single pass

and single shot (one bunch in an RF pulse operating at order 100 Hz) will typically have

low average current but the higher energy reach will be easier to achieve by adding more

accelerating structures.

Depending upon the choice of configuration, several considerations need to be addre-

ssed. For example, an injector merger is not required on a single pass machine unless there

is a plan for two different injectors to be used on the facility to deliver beam parameters

in two different regimes, (for example, different pulse repetition rates as was foreseen in

New Light Source [37]). Whereas in the ERL or re-circulation linac, a merger is necessary

to bring the beam from the injector into the main loop. As explained later, a higher

harmonic cavity is necessary to linearise the phase-space in the case of a single pass linear

machine, whereas there is a possibility of linearising in the arcs in case of a re-circulating

linac and ERL. It is also possible to compress bunches in arcs instead of using dedicated

bunch compressor chicanes, although such a scheme is much more restricted due to

implications of CSR in the arc and better control of linearisation in a dedicated system.

Due to typically long lengths (several meters) of the linac, there is usually a requirement to

include focusing quadrupoles between the accelerating modules. In case of a re-circulating

linac, these quadrupoles have to provide appropriate beam optics correct for two different

beam energies and can add more complexity if the number of passes is more than two.

There is a requirement to match the optics correctly to the arc in both re-circulating linac

and ERL. This has implications for both the cost and footprint of the facility, even though

the number of accelerating modules is reduced due to re-circulation. When entering the

linac second time, it is required that the correct RF phase is seen by the beam, which

needs additional means to adjust the path length between passes.

All three configurations have limitations due to CSR, ISR, space charge, wakefields

and microbunching but there is additional beam transport to be factored in the design

optimisation for the re-circulation and the ERL. There can be multiple locations of beam

dumps for single pass and re-circulation linac at the end of every beam line, which could

be combined into one if required. In case of an ERL, the used beam will have to combined

and brought back into the main linac for energy recovery. This will involve additional beam

transport and full energy recovery may be difficult due to beam disruption after the FEL

(typically, there is a large increase in energy spread).

The design issues to consider in the beam spreader design are independent of the linac

configuration. The factors which need consideration include maintaining achromaticity
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(dispersion and its derivative is equal to zero) and isochronicity (there is no path length

dependence on energy, a condition R56=0), perturbations to the beam phase space due

to higher order terms, CSR, ISR, microbunching. The separation between multiple beam

lines to accommodate the magnets and diagnostics also needs consideration. The issues

to consider in the choice of design configuration are summarised in Table 3.1. It should

be noted that at higher electron beam energies (typically above a few GeV and higher

bunch charge), the complexity of passing the beams through spreaders, combiners and

arcs and the dilution of emittance due to synchrotron radiation adds more restrictions on

re-circulation and ERL options but these options are worth considering at a design stage

to see whether they are viable for the required beam parameter regime. For example, a

re-circulating linac option was studied in detail for the UK New Light Source and was

shown to deliver similar performance to a single pass design [60]. The cost comparison

in this case demonstrated that the construction cost would be lower by ∼ 30% [61] and

operating costs would also be significantly reduced.

3.3 Subsystems of Single Pass Linac

For the purpose of the work related to the spreader design in this thesis (for FELs covering

photon wavelengths in the hard X-ray regime) a generic single pass linac layout is used as

a basis to describe the various subsystems. The layout is shown in Fig. 3.3. The design

incorporates an injector (consisting of an electron source and acceleration to energies of

typically a few hundred MeV), several accelerating modules to reach higher energies, a few

stages of bunch compressors, a higher harmonic cavity for linearisation of the longitudinal

phase space, a laser heater to control the amount of energy spread (which can help

to suppress some beam instabilities), collimation in the injector as well as in a dedicated

section at full energy, several diagnostics sections, a spreader/switchyard to direct electron

bunches to different FEL lines, FEL undulators, photon transport to experimental stations

and beam dumps for electrons. Each system is briefly discussed below.

3.3.1 Injector

The type of injector used for most fourth generation light sources is the RF photoinjector 1

(also known as an RF gun) based on RF technology and laser driven photocathode. The

RF gun [63] provides a low emittance beam at high charge, typically less than a nC. In

this gun, electrons are produced in a strong accelerating field from a photocathode driven

by a suitable laser system. A critical issue for the generation of ultralow emittance beams

is the minimisation of the beam degradation due to space charge forces. This is achieved

by increasing the accelerating field strength and optimising the laser pulse length, profile

and transverse size on the photocathode [64]. The initial normalised thermal emittance

1although a thermionic gun is used at SACLA [62]
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Table 3.1: Design issues to consider in single pass and re-circulation/energy recovery
linacs.

Machine Area Single Pass Linac Re-circulation Linac/ERL
Injector merger Not required unless two

injectors are considered.
Merger required. Need to consider
ratio of injection and final energies.
Additional beam transport - injection
line including injection merger is
required.

Phase space
lineariser

Higher harmonic cavity
required.

Possible to use sextupoles in the arcs
in some cases, though the scheme
may be restricted.

Bunch
compressor

Dedicated chicanes for
magnetic compression.

Possible to compress in arcs. Bunch
compressor chicanes cannot be
located in the region where multiple
beams traverse together.

Linac Additional focusing may be
required.

Requirement of focusing to deal with
different energy beams.

Additional
beam transport

Not required Additional/complex beam transport
required for matching into/from the
arcs, path length corrector.

Beam dump More than one for beam
energy diagnostics and if
there are multiple FEL lines

More than one if multiple FEL lines in
re-circulation option. Multiple beam
dump option in ERL configuration
may be difficult with energy recovery.

Beam
dynamics
issues

Space charge, CSR, ISR,
wakefields, microbunching

Space charge, CSR, ISR, wakefields,
microbunching, ion trapping, BBU
thresholds.

Beam
switchyard/
spreader

Achromaticity,
isochronicity, higher order
beam transport terms,
CSR, ISR, microbunching,
layout, timing, beam
line separation, future
upgrades, possibility
to extract at different
energies.

Achromaticity, isochronicity, higher
order transport, CSR, ISR,
microbunching, layout, timing,
separation and beam lines, future
upgrades. Possibility to extract at
different energies slightly restricted.
Need to combine spent beam from
multiple beam lines for energy
recovery in ERL.

60



Figure 3.3: Schematic layout of generic FEL facility based on a single pass linac
configuration.

(the emittance of the electrons as they are extracted from the cathode surface) for

photoemission from a metal photocathode is given [65] as:

γεth = σlaser
√

(~ω − φef f )/3m0c2, (3.9)

where σlaser is the transverse rms laser beam size on the cathode, ~ω is the laser photon

energy, φef f is the effective work function of the metal and m0c2 is the rest mass energy

of electrons. The initial thermal emittance can be minimised by proper choice of the

photocathode material and the transverse size of the laser beam on the cathode. The

longitudinal profile of the electron pulse is equal to the profile of the laser pulse. However,

due to space-charge effects (the Coulomb interaction between the electrons), a high

density electron bunch soon increases in both length and transverse dimensions, leading

to an increase in emittance and a decrease in peak current (see section 3.1.1). It is

therefore essential to accelerate the short electron bunches as fast as possible.

A typical RF gun consists of half an RF cell followed by one or more full cells. Most

commonly used RF guns operate at S-band (3 GHz) or L-band (1.3 GHz) frequencies

(see Appendix B for exact RF frequencies). The photocathode (metal or semiconductor)

is placed at the center of the back plane of the gun cavity and a drive laser with

suitable power synchronised with the RF field is used to extract the required charge from

the photocathode. Photocathodes and laser systems are chosen to meet the specific

requirements of the FEL. Single shot FELs with low repetition rate (single shot in the

range of 100’s Hz) use copper photocathodes which have low quantum efficiency and thus

require a high power laser in the ultra violet (e.g. LCLS [66] FERMI [67], CLARA [38]).

These photocathodes have long lifetimes and require relatively low maintenance. For a

high repetition or burst mode FELs (kHz to MHz), where the number of bunches in a

single machine pulse is three orders of magnitude higher than in single shot FELs, high

quantum efficiency cathodes and lasers in the visible range are used (e.g. FLASH [68],

X-FEL [69]).

As an example, Fig. 3.4 shows the electron gun on the Versatile Electron Linear
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Figure 3.4: Schematic of 2.5 cell S-band VELA RF photoinjector operating at Daresbury
Laboratory.

Accelerator (VELA) photoinjector accelerator operating at Daresbury Laboratory [70].

The electron gun for VELA is a 2.5 cell S-band normal conducting RF gun with coaxial

coupler originally designed for the ALPHA-X project [71]. A main solenoid surrounds the

gun cavity with a bucking coil close to the cathode to cancel the magnetic field on the

cathode plane. The design gradient is 100MV/m, which equates to a maximum beam

momentum at the exit of the gun of 6.5 MeV/c. The gun is driven by a frequency-tripled

Ti:Sapphire laser system with a pulse energy of 1mJ at 266 nm. For electron beam

dynamics simulations, a laser spot diameter of 1 mm and a measured Gaussian longitudinal

laser profile of 76 fs rms have been used. This short pulse length allows the gun to

operate in the so-called “blow-out" regime, where the bunch length expands due to

space-charge [72]. A 250 pC bunch expands to 1.3 ps rms bunch length during acceleration

in the gun and then further expands after the gun as there are no further accelerating

sections.

In addition to the beam dynamics issues involved in delivering the required bunch

parameters for FEL operation, there are additional challenging technical issues to be

addressed if the gun is operated at high repetition rate (higher than few 10’s of Hz).

In this case, the gun cavity temperature needs to be maintained within a fraction of a

degree to maintain the resonant frequency and a high quality factor in the presence of high

RF power. This requires an effective temperature stabilisation system. Other important

factors which need to be considered [73] are the choice of photocathode material, surface

quality (smoothness and purity) of the photocathode, temporal and transverse profile and

power of the drive laser pulse, peak and average RF power, synchronisation of laser and
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Figure 3.5: Principle of bunch compression. High energy electrons shown in blue and low
energy electrons are shown in red.

RF pulses, and the vacuum in the gun.

3.3.2 Bunch Compressor

In order to achieve the high peak bunch currents required for an FEL, the bunch length

produced from the injector is reduced by some factor using a “bunch compressor". The

principle of bunch compression is based on the processes shown in Fig. 3.5. Firstly, a

time-energy correlation or “chirp" is imprinted onto the bunch by passing it through a

linac which is operated off crest so that the front (head) of the bunch sees a different

gradient than the back (tail) of the bunch. Secondly, this chirped bunch is passed through

a non-isochronous beam transport section making use of different path lengths for different

energy electrons. The high energy electrons in the tail of the bunch travel on a shorter

path and low energy electrons at the head of the bunch travel on a longer path. As

a result, the bunch length at the exit of the chicane is shorter compared to the bunch

length at the entrance. The net effect of this process is a rotation in longitudinal phase

space which increases the energy spread by the same factor by which the bunch length is

reduced, so the longitudinal emittance is conserved.

To describe these processes in more detail, the transformations of the longitudinal

phase space variables in each step need to be considered. The first step is to pass

an electron bunch in an RF cavity at an off-crest phase. This does not change the

longitudinal position of an electron with respect to the bunch center, but it changes the

energy deviation by an amount depending upon its position in the bunch. The energy of a

given electron in a bunch changes from initial Ei to final Ef . At the same time, the initial

and final energies of the reference electron change from E0 and E1 due to acceleration

63



as follows:

Ei = E0(1 + δ0),

Ef = E1(1 + δ1) = Ei + eVrf cos(krfz0 + φrf),

E1 = E0 + eVrf cos(φrf), (3.10)

where kr f = 2πfrf/c is the wave number. From these equations, an expression for the

energy deviation δ1 can be writen as:

δ1 =
E0(1 + δ0) + eVr f cos(kr f z0 + φr f )

E0 + eVr f cos(φr f )
− 1. (3.11)

To first order in eVr f /E0 � 1, the position and energy deviation after the linac are:

z1 = z0,

δ1 =

(
1−

eVr f
E0

cos(φr f )

)
δ0 +

eVr f
E0

[cos(φr f − kr f z0)− cos(φr f )]. (3.12)

In a linear approximation for the RF, the above equations can be expressed in terms of a

matrix: (
z1
δ1

)
≈

(
1 0

R65 R66

)(
z0
δ0

)
, (3.13)

where:

R65 = −
eVrfkrf
E0

sin(φrf),

R66 = 1−
eVrf
E0

cos(φrf). (3.14)

The non-linear chirp arising due to the RF waveform seen by the bunch can be written as:

δ(z) = δ0 + h1z + h2z
2 + h3z

3 . . . (3.15)

where h1 denotes the first order chirp which is equal to (R65) as shown above, h2 the

second order chirp and h3 the third order chirp.

The second stage is to pass this chirped bunch through a non-isochronous section of

beam line (such as a four dipole chicane) thus creating a path length difference for the

head and tail of the bunch. The path length deviation is described by the matrix terms R56
and higher order matrix terms T566 etc. These terms depend upon the dispersion and the

parameters of the chicane dipoles (length, bending angle and radius) and the distance D1
between the first and second (and between the third and fourth) dipoles. The distance D2
between second and third dipoles does not affect R56 and is chosen on the requirements

of other considerations such as diagnostics, energy collimation etc. After passing through

this dispersive section, the longitudinal co-ordinate (relative to the bunch centre) and the

energy deviation of an electron can be written as:

z2 = z1 + R56δ1 + T566δ
2
1 + U5666δ

3
1 + . . . ,

δ2 = δ1. (3.16)
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In a linear approximation, this can be written in the matrix form as:(
z2
δ2

)
=

(
1 R56
0 1

)(
z1
δ1

)
. (3.17)

The total transformation is product of two matrices given by eqns. (3.13) and (3.17):(
z2
δ2

)
=

(
1 + R65R56 R56R66

R65 R66

)(
z0
δ0

)
. (3.18)

Assuming an upright ellipse in the longitudinal phase space (i.e. no final energy chirp,

so that 〈z2δ2〉=0), the rms bunch length at the end of the chicane is given by:

σz,f =
√

(1 + R56R65)2σ
2
z,i + R256R

2
66σ

2
δ,i . (3.19)

Thus the final bunch length depends upon the RF chirp, initial energy spread and matrix

terms R56 and R66.

In order to deliver the high peak bunch current required to drive an FEL and to avoid

potential degradation of the beam due to CSR, the bunch compression is usually done in

multiple stages along the beam transport at different energies of the beam. The linacs

between these stages accelerate the electron beam to higher energy and thus prepare

it for the next stages of compression. In such a way, the compression factor (ratio of

bunch lengths after the compression to the bunch length before the compression) from

each individual bunch compressor can be reduced so mitigating effects from nonlinearities

and CSR, and resulting in an overall lowering of emittance growth. In addition, the

phase and strengths between different stages can be tuned for optimal performance. The

number, locations and strengths of the bunch compressors are optimised to achieve the

required longitudinal bunch parameters at the entrance of the FEL. The transverse optics

of the bunch compressor are optimised using quadrupoles placed before the chicane so

as to minimise the horizontal beta function and H-function at the fourth dipole of each

bunch compressor. This mitigates the effects of coherent synchrotron radiation emission

in particular the increases in energy spread and transverse emittance, as explained in

Chapter 4.

3.3.3 Lineariser

In a facility where bunch compression is carried out in several stages, generally the first

stage of the bunch compressor is located after the injector where the bunch length is

typically long. When this long bunch passes off-crest in the linac before compression, it

experiences the curvature of the RF waveform. As a result the longitudinal phase space of

the compressed bunch is non-linear as shown in Fig. 3.6. This can generate local current

density spikes which consequently cause detrimental effects due to CSR. The chirp given

in eqn.(3.15) contains linear and higher-order terms. The RF curvature can be cancelled
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Figure 3.6: Effect of RF curvature on longitudinal phase space after bunch compressor.

by using a higher harmonic cavity close to 180◦ in phase. In presence of this cavity, the

total voltage seen by the beam before entering the bunch compressor is given by:

V (z0) = Vs cos(ksz0 + φs) + Vx cos(kxz0 + φx), (3.20)

where s, x denote linac and harmonic cavity respectively. ks,x = 2π/λs,x are the RF wave

numbers, with relationship equal to kx = hks. z0 is the longitudinal position of the electron

with respect to the reference electron. The second derivative of eqn.(3.20) at z0 = 0, is:

V ′′(z0 = 0) = −k2s Vs cos(φs)− k2x Vh cos(φh). (3.21)

In order to cancel the second order chirp from the RF, the expression for V” in eqn.(3.21)

needs to be equated to zero and φh = 180◦. This gives the required voltage on the

harmonic cavity:

Vh = Vs cos(φs)/h
2. (3.22)

Operating the harmonic cavity at 180◦, causes a slight reduction in the electron energy,

which can be compensated by upstream linacs. The principle of linearisation using a higher

harmonic cavity is shown in Fig. 3.7.

The above approach is simplistic without considering the non-linear terms arising from

the bunch compression chicane. A detailed consideration of the non-linear effects are

considered in [74] which gives the required higher harmonic voltage to compensate the

compression transformation up to second order, thereby maintaining the initial temporal

bunch profile and avoiding unnecessary amplification of undesired collective effects.

It is also possible to compensate the phase space curvature using sextupoles in a

bunch compressor, but this creates problems with higher order dispersion and complicates

other aspects of the beam dynamics. In dipole-based chicanes, higher order dispersion is

cancelled without the need for sextupole, by ensuring appropriate symmetry in the design.
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Figure 3.7: Principle of higher harmonic RF correction to remove effect of RF curvature
on longitudinal phase space.

In the later stages of bunch compression, as the bunch length is already relatively short

compared with the main RF wavelength, the nonlinear curvature from the sinusoidal RF

wave has a much smaller impact and hence no harmonic RF linearisation is generally

required.

3.3.4 Example of Bunch Compression, Linearisation, CSR and Wakefields

In order to illustrate bunch compression, the effect of a lineariser and how wakefields and

CSR may affect the transverse and longitudinal parameters of the bunch, the results of the

simulations for a beam line shown in Fig. 3.8 are described. The beam line consists of a

4m long S-band linac, 1m long fourth harmonic lineariser and a bunch compressor chicane

giving R56= -6.26 cm. A Gaussian bunch of 100MeV beam energy, 1 nC bunch charge

with normalised beam emittances of 1mm.mrad in both transverse planes and uncorrelated

energy spread of 0.001, rms bunch length of 650µm (2.16 psec) is tracked through this

beam line using code elegant [75]. The simulations are done with and without CSR and

wakefields in the linac. The linac is operated off-crest by -17◦ to provide a correlated

energy spread. Fig. 3.9 shows the longitudinal phase space and the corresponding peak

current at the entrance of the linac, at the exit of the linac and at the exit of the bunch

compressor chicane. In this case, CSR and wakefields are not included and there is no

lineariser (i.e. no higher harmonic RF). The effects of non-linearities can be seen in the

longitudinal phase space at the exit of the chicane.

A fourth harmonic of the S-band RF (X-band) is used in this example to linearise the

longitudinal phase space. The optimised voltage and phases are 4.0MV/m and +165◦

with respect to the crest. Fig. 3.10 shows the longitudinal phase space, slice current, slice

energy spread and slice transverse emittance in the horizontal plane (the vertical emittance

is not of significance in this case as the bunch compressor bends the beam in the horizontal
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Figure 3.8: Bunch compressor beam line used for tracking through (Left to right) off-crest
linac, a lineariser and a magnetic chicane.

Figure 3.9: Left to right: Longitudinal phase space (top row) and slice current (bottom
row) at linac entry, linac exit, bunch compressor exit. Wakefields and CSR not included;
no lineariser.

plane). Four different cases are shown: lineariser off, lineariser optimised to cancel the

curvature, including linac wakefields and optimisation of lineariser in the presence of the

wakefields. Fig. 3.11 shows the same quantities but now with CSR turned on, resulting

in a marginal reduction in slice current and increase in horizontal slice emittance. This

illustrates that optimisation of the system should include all the possible wakefields and

collective effects, otherwise the final beam parameters could be far from the required

values.

3.3.5 Laser Heater

A collective instability known as microbunching is known to occur in linacs driving an FEL.

A high-brightness electron beam with a small amount of longitudinal density modulation

can create self-fields that lead to beam energy modulation. When this energy modulated

bunch passes through a dispersive region such as bunch compressor, which introduces a

path length dependence on energy, the induced energy modulation is then converted to

additional density modulation that can be much larger than the initial density modulation.

This amplification process characterised by the increase in density modulation can be
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Figure 3.10: Left to right: Longitudinal phase space, slice current, slice horizontal
emittance. Top to bottom: Lineariser off, wakefields off. Lineariser on, wakefields off.
Lineariser on, wakefields on. Lineariser optimised with wakefields on. CSR off in all cases.

accompanied by a growth of emittance if significant energy modulation is induced in a

dispersive region. This instability can be harmful to short-wavelength FEL performance

by degrading the beam quality.

The microbunching instability is presumed to start at the photoinjector exit growing

from a density and/or energy modulation caused by shot noise and/or unwanted modu-

lations in the photoinjector laser temporal profile. As the electron beam travels along the

linac to reach the bunch compressor, the density modulation leads to an energy modulation

via longitudinal space charge. The resultant energy modulations are then transformed into

higher density modulations by the bunch compressor. This increased density modulation

leads to further energy modulations in the rest of the linac. Coherent synchrotron

radiation in the bunch compressor can also contribute to enhance the energy and density

modulations and can even increase the beam emittance directly. The microbunching

instability can severely deteriorate the quality of the electron beam affecting the FEL.

When more than one bunch compressor is present, the overall gain in energy and density
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Figure 3.11: Left to right : Longitudinal phase space, slice current, slice horizontal
emittance. Top to bottom: Lineariser off, wakefields off. Lineariser on, wakefields off.
Lineariser on, wakefields on. Lineariser optimised with wakefields on. CSR on in all cases.
Note the change in scale for slice emittance.

modulation is the product of individual compressor gains, including longitudinal space

charge, CSR and linac wakefield effects [76].

A laser heater [76] provides an effective way to control the uncorrelated energy

spread with the ability to increase it beyond the very low energy spread coming from

the photoinjector. This provides a way to suppress the microbunching instability. A laser

heater system as shown in Fig. 3.12 makes use of resonant laser-electron interaction in a

short undulator magnet to induce energy modulation at the optical frequency [76]. The

resulting interaction within the undulator produces a modulation of the mean electron

beam energy on the scale of the optical wavelength. The transverse dynamics in the last

half of the chicane time-smears the energy modulation leaving only an effective energy

spread increase. The energy spread causes non-reversible mixing in the longitudinal phase

space (Landau damping), which suppresses the gain of the micro-bunching instability.

It is most effective if the laser heater is located before the first bunch compressor.
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Figure 3.12: Schematic of laser heater and its location in the beam line for a X-ray FEL.

Measurements at the LCLS demonstrate the ability of a laser heater to suppress the

microbunching instability, mitigating its impact on the X-ray FEL performance [77].

3.3.6 Linac

The linear accelerator consists of a series of resonant structures which provide an electric

field along the direction of motion of the electrons to accelerate them. Electromagnetic

plane waves in free space have electric fields that are transverse to the direction of the

wave. In order to accelerate electrons co-propagating with the electromagnetic wave,

a resonant cavity is used which has transverse magnetic modes; such modes have axial

electric fields that can be used for acceleration. The cavity structure is also arranged in

such a way that it slows down the phase velocity of the electromagnetic wave to below

the speed of light. This allows the acceleration of electrons travelling at a speed less than

the speed of light.

The capital and operating cost of an FEL facility is largely determined by the chosen

technology and options for RF acceleration and power. The two major technical approach-

es for RF acceleration are normal conducting accelerators and superconducting accelera-

tors. Each of these have different capabilities and technical issues. Reliable power sources

to power the linac exist at many frequencies, including the L, S, C and X bands [78]. It

is possible to reach accelerating field, upto 25MV/m at S-band, up to 35MV/m at

C-band and 100MV/m at X-band [79]. The repetition rate of facility based on normal

conducting RF are however limited to less than 1 kHz. They also have greater potential

for wakefield effects due to smaller beam apertures. The superconducting technology

offers accelerating gradients upto 35MV/m [80] and can be optimised to operate at

higher repetition rates (upto 1MHz CW) albeit at lower gradients, for example, maximum

design gradient in X-FEL is 23.6MV/m operating in long pulse mode (650µsec at 10Hz

repetition rate). Achieving higher accelerating gradients in the linac allows for reducing

the length, and is thus attractive for a FEL facility, even though raising the accelerating

field requires an increase of the installed RF power (in proportion to the square root of

the gradient). The choice for technology of the injector and the linac depend on the

requirements for the FEL pulses (repetition rate and separation between macropulses).
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The high-gain FEL facilities in operation or planned use normal conducting 3GHz

S-band (LCLS-I [66], FERMI@ELETTRA [48]), 5.7 GHz C-band (SACLA [62], SwissFEL

[81]) and superconducting 1.3 GHz L-band (FLASH [22], European X-FEL [82]) RF

systems. There are a number of studies in progress to investigate whether X-band

(12GHz) will provide suitable beam for FEL facilities [78, 83, 84]. The challenges in

X-band are the strong wakefields, lack of availability of higher harmonic cavities for the

lineariser and expensive RF power sources. Other important factors to consider are the

non-linearity in phase space, the tolerances on phase jitter and impact of misalignment

at different RF frequencies. A detailed comparison of S, C and X-band X-FEL design

[78] demonstrates that even though it is possible to increase the accelerating gradient

from S to X band, the higher frequency structures will be less tolerant to jitter, and

mis-alignments. As there are four times difference in RF frequency and RF wavelength

between S-band RF and X-band RF, a same timing jitter measured in absolute time in

S-band RF would have a much larger impact on X-band RF based FEL.

3.3.7 Collimation

A collimation system is required in an FEL driver to limit the beam halo. The beam halo is

mainly generated due to dark current from the injector (caused by field emission in the gun

cavity in the presence of high electromagnetic fields) but can also result from scattering

with residual gas particles and off-energy beam tails caused by CSR. If these halo electrons

are not collimated before they enter the FEL sections (consisting typically of permanent

magnet undulators), they can de-magnetise the undulator magnets over a period of time,

cause Bremsstrahlung co-axial with the photon beam lines and activate the beam line

components. Dark current also adds complexity in characterising the electron beam and

can pose significant challenges for low charge operation modes of the facility. Collimating

the halo electrons as near as possible to the various sources (before the halo can be

accelerated with the beam) is normally preferable as this reduces the overall radiation

level in the facility. The amount of damage to undulators and the level of radiation in

the facility depends on the average beam power and energy. It is estimated [85] that halo

from beams with kW beam power may cause serious damage to undulators within hours

or even minutes, if not collimated. In addition to removing the beam halo continuously,

the collimation system must also provide protection against mis-steered beam or element

failure scenarios in high power/high energy facilities.

It is important to collimate beam halo in both transverse and longitudinal planes. A

dedicated lattice design needs to be included in the FEL driver for transverse collimation

with correct phase advances between different collimators to ensure that the entire phase

space is covered [86, 87]. Collimation in the longitudinal plane can be achieved by

having collimators in a region with non-zero dispersion. The necessary collimator gaps

are determined by tracking a beam halo down the lattice ensuring that no beam halo
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particles reach the undulators at the start of the FEL sections. The undulator gaps

and optics then define the apertures required in the collimators. Since the FEL design

often strives to achieve small (5 - 7mm) undulator gaps, smaller gaps are required in

the collimators compared to the available transverse aperture in the rest of the machine

(typically in the range of 20 - 40mm diameter). Thus, the wakefields of the collimators

need to be included in the tracking simulations to make sure that the bunch properties

do not deteriorate significantly. However, reliable theoretical estimates and simulations of

collimator wake fields are difficult to establish for short bunches. If collimator wakefield

effects become a severe concern it is possible to redesign the system to mitigate these

effects. For example, energy (longitudinal) collimation could be relocated to the spreader

where there are higher levels of dispersion and the betatron (transverse) collimation section

could be lengthened to give larger beta functions at the collimators. It is possible to reduce

the wakefields by designing collimators with smooth transitions, but this has implications

for space and facility length.

3.3.8 Beam Spreader/Switchyard

The beam spreader allows the electron beam to be sent through different FEL lines

which may have different configurations (as well as beam parameters). The design of the

spreader should be transparent to the beam, i.e. should not deteriorate the quality of the

beam designed to meet the FEL requirements. However, because the very concept of

spreading or switching is based on bending the beam to direct the beam to different beam

lines, spreaders can degrade the beam quality due to CSR, ISR and chromatic effects. In

order to maintain the required properties, the design of the spreader generally needs to

be achromatic and preferably isochronous and should include strategies to minimise the

emittance growth caused by CSR.

In single shot, low repetition rate facilities, one can share the beam using beam lines

based on DC dipoles (that need to be turned on/off depending on the path selected for the

electron beam) and a combination of focusing and defocusing quadrupoles with a proper

phase advance or a design based on isochronous arcs. For facilities with high repetition

rates, it is possible to divide the beams by using a fast pulsed dipole magnet (known as a

kicker) deflecting the beam in a specially designed beam line, or by using an RF deflector

where a subharmonic of the main RF cavities can provide the same effect of deflecting the

beam. The spreader design should include a flexibility to add more beam lines at a later

stage if required. The choice of the spreader design is critical in the facility construction

and can have significant implications for the cost and for the overall facility footprint.

As an example, the beam spreader design for NLS, shown in Fig. 3.13, consists of

a long FODO “take-off" section with a series of extraction points for various FEL lines.

Bunches which are not diverted to a particular FEL line continue to pass on-axis through

the FODO beam line. Each extraction section consists of two Triple Bend Achromat
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Figure 3.13: Schematic of NLS spreader showing one beam line. Quadrupoles are shown
in red and dipoles are shown in black.

(TBA) arcs, where the kicker and the septum replace the first dipole of the first TBA

arc. This spreader design will be discussed in detail in Chapter 5. The design allows a

different configuration of FEL in each branch and can be easily upgraded to include more

FEL lines.

3.3.9 FELs

As discussed in Chapter 1, a FEL design requires a perfect overlap of the electron beam

with the radiation. The challenges for maintaining the quality of the electron beam in

the FEL sections are described in this section. The specific challenges involved in the

FEL designs which depend upon the schemes chosen for the FEL layouts (SASE, seeding

schemes) are not discussed.

A SASE high gain amplifier FEL consists of several undulator sections to reach the

saturation. These sections can be hundreds of meters long and thus require some periodic

focusing for the electron beam to maintain optimum overlap with the radiation beam.

This is typically done by having a FODO configuration in between the undulator modules.

The second important requirement comes from the tolerances of FEL designs to beam

trajectory through the undulators. This needs ensuring that the electron beam deviation

from the reference trajectory is as small as possible (typically few microns). Both these

requirements need high resolution beam diagnostics in these sections such as cavity beam

position monitors.

In a seeded FEL, there is a need to bring in a seed into the FEL section and this may

need a suitable arrangement in the layout. Depending upon the scheme of modulation, the

FEL section incorporates modulators (undulators tuned at a certain wavelength), chicanes

and radiators (undulators tuned at another wavelength). The requirements of optimum
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electron beam overlap and the trajectory correction are important similar to the SASE

schemes.

For compact hard X-ray FELs, permanent magnet in-vacuum undulators with variable

gap are currently the technology of choice because they give the best combined perform-

ance in terms of short period, field strength, gap width, field quality and flexibility. The

gaps in these undulators are smaller (typically 6− 8mm) to reach higher wavelengths for

a given electron beam energy and thus pose several challenges in terms of incorporating

the focusing quadrupoles, diagnostics and vacuum devices whilst keeping the optimised

short distances between the undulator modules. The small aperture requirements need

a careful consideration for machine protection. It is essential to keep the beam losses in

the FEL sections to avoid loss of magnetisation in the permanent magnets as described

in the collimation section.

At the end of undulator sections, it is necessary to transport the electron beam to

the beam dump. The FEL radiation is transported to the experimental stations. The

experience at LCLS [88] shows that it is useful to characterise the electron beam after

the FEL as it provides a key information on electron beam properties to optimise the

lasing process.

3.3.10 Diagnostics

FEL operation depends upon an electron beam with low emittance, low energy spread

and high peak current. Dedicated diagnostics sections are essential to make sure that the

photoinjector and other sections of the facility are optimised to achieve and deliver close

to design beam parameters, during the initial commissioning as well as normal running of

the facility. In order to fully characterise the 6D phase space for both projected and slice

parameters, the facility should include numerous dedicated diagnostics devices as listed

in Table 3.2, at key locations throughout the facility. Dedicated diagnostics sections are

needed for measuring slice and projected 6D beam parameters. Use of diagnostics devices

throughout the facility ensures that the design trajectory is followed, and that the beam

is transported without losses and with the required properties to the FEL entrance.

3.3.11 Beam Dump

At the end of the FEL driver it is necessary to provide a beam dump for safe disposal of the

electron beam. The design of the beam dump is determined by the average beam power

at the dumps and thus depends on the beam energy, bunch charge and the time structure.

The beam power could vary between several watts to hundreds of kilowatts. The power

density can be a more difficult issue than the total power. The thermal considerations are

important for high power beam dumps as extracting the heat from the power deposited

by the beam is a major constraint in the beam dump design. The choice of material and

the stress due to steady state heating and the transients need to be carefully evaluated
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Table 3.2: Measured properties of electron bunches and the associated diagnostics
devices.

Property Diagnostics devices

Bunch charge Wall current monitor, Faraday cup, integrated
current transformer.

Dark current Wall current monitor, Faraday cup.
Bunch position Beam position monitor, optical screen

monitor, synchrotron radiation monitor.
Projected transverse emittance Optical screen monitor, pepperpot, wire

scanner, slits.
Courant-Snyder(Twiss)
parameters

Optical screen monitor, wire scanners.

Bunch length Electro-optical sampling, transverse deflecting
cavity.

Bunch slice properties Transverse deflecting cavity + optical screen
monitor.

Electron energy Spectrometer dipole + beam position
monitor/optical screen monitor.

Bunch energy spread Spectrometer dipole + optical screen monitor.
Bunch arrival time Beam arrival monitor.
Bunch transmission efficiency Wall current monitor, Faraday cup, integrated

current transformer, Beam Position Monitor.

in designing the high power beam dump. In order to maintain the radiation level in the

facility within acceptable limits (set by the relevant regulations), the design of the beam

dump needs to ensure that the beam is completely contained within the beam dump and

that adequate shielding is provided.

3.4 Summary

The main beam dynamics challenges to provide ultra-bright electron beam to drive an

X-ray FEL are space charge, coherent and incoherent synchrotron radiation, wake fields

and micro-bunching. These challenges are briefly discussed in this chapter considering

different accelerator configurations such as single pass linac, re-circulating linac and energy

recovery linac. The differences in these different configurations have been discussed briefly.

The choice of accelerator configuration is dictated by the photon requirements from the

users. A generic layout of a single pass facility is used to describe the functions of different

subsystems. The design and technological challenges are mentioned where appropriate

(e.g. facility operating at high repetition rate). To a large extent, the beam spreader

design options are independent of accelerator configuration as the beam spreader starts

at the exit of the accelerator.
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Chapter 4

Coherent Synchrotron Radiation

4.1 Introduction

Electromagnetic radiation is always emitted when electrons are accelerated. When electr-

ons are accelerated parallel to their direction of motion, as in the linac, the radiation power

is negligible. But when electrons experience transverse acceleration while passing through

bending magnets, the radiation power is high. As discussed in Chapter 1, three generations

of synchrotron radiation sources exploit this radiation. In a single pass machine for X-ray

FEL, there are three sections where radiation is important to consider; namely bunch

compression chicane, a spreader or switchyard and the FEL sections.

For an electron bunch in a circular motion, three regimes of synchrotron radiation are

distinguished (neglecting transition regimes) [89, 90] as shown in Fig. 4.1. The abscissa of

the figure is normalised to σ0 = R/γ3, where R is the bending radius and γ is relativistic

Lorentz factor. As long as all electrons radiate individually, only incoherent synchrotron

radiation (ISR) is emitted and the total radiated power scales linearly with the number of

electrons:

P0 =
1

6πε0

Ne2cγ4

R2
, (4.1)

where N is number of electrons, e is electron charge and c is speed of light.

As an example, an electron bunch with charge 200 pC and 500MeV beam energy

passing through a dipole with a bending radius of 5m the incoherent power is ≈ 2W. At

beam energy of 2 GeV, the incoherent power loss is 540W. Thus, the ISR is negligible at

lower energies but at higher energies (like in beam spreader), ISR cannot be neglected.

As briefly discussed in Section 3.1.3, when a short electron bunch travels through a

dipole magnet, it emits coherently at wavelengths that are comparable to (or larger than)

the bunch length and can propagate in the vacuum chamber. As electrons traverse the

dipole on an arc of a circle, radiation from one part of the arc can catch up with electrons

on another part of the arc. If the longitudinal range of electron bunch is much smaller

than σ0, they radiate coherently. In this regime of fully coherent synchrotron radiation
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(CSR), all electrons radiate as one point charge with a power of:

Pcoh =
1

6πε0

N2e2cγ4

R2
, (4.2)

which is N times the power of the incoherent radiation. For the bending magnet located

at 500MeV with bending radius of 5m, the coherent radiated power for a bunch charge

of 200 pC is 2.6 GW and at 2GeV it is 675GW. The bunch length has to be of the order

of ≈ 600 nm which is far from typical bunch lengths (few to tens of microns at 200 pC)

as described in Chapter 5.

In between these two extreme regimes, is the regime of where the radiation power

is proportional to N2 and depends upon the rms bunch length σl but not on the energy

γ [89]. The power in this regime is given by:

PCSR =
1

ε0

N2e2cx

R2/3σ
4/3
l

, with x =
Γ(5/6)

4π3/2
1
3
√

6
≈ 0.0279. (4.3)

Using the same example, for a bunch charge of 200 pC and bunch length equal to

25µm passing through a dipole of radius 5m, the radiated coherent power is ≈ 17 kW

independent of energy.

Comparing above three equations, it can be seen that the three radiation regimes

transition to fully coherent at σl ≈ 2
3σ0 and at σl ≈ N3/4σ0 transition to fully incoherent.

For the beam spreader designs presented in Chapter 5, the beam energies considered

are 2.2 GeV and 6.6 GeV and the values of bending radii lie between 6-15m (except for

kicker and septum magnets, where the bending radii are very large). For the bunch charge

of 200 pC considered, the transition to incoherent regime at 2.2 GeV happens at ≈σl of
500µm (R=6m) and 1.25mm (R=15m). At 6.6 GeV this is much lower at ≈σl of 18µm
(R=6m) and 46µm (R=15m). Therefore, a bunch length of 25µm used in beam spreader

designs, is very close to the partially coherent regime close to the ISR transition. This

explains the need to optimise the beam spreader designs to minimise the ISR as explained

in Chapter 5.

This partially coherent part of the radiation at a wavelength comparable to the bunch

length, results in a modulation of the energy along the bunch. This is similar to a wakefield,

but the main difference is that the CSR affects the electrons ahead of the radiating

electron rather than behind (as in the classical wakefield effects). Due to the dependence

of the CSR power on the bending radius and the bunch length, it is important to reduce the

bending angles (short magnet lengths and large bending radius) to minimise its detrimental

effects on beam as explained later in this chapter.

The power loss due to CSR described above does not reduce the total energy uniformly

across the bunch (which could be corrected) but this energy loss is distributed along the

bunch. The main relevant results from the well known paper by Saldin et al [91] which

presents the CSR theory for a bunch of any length moving in an arc of a finite angle and
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Figure 4.1: Regimes of fully coherent, energy independent coherent and incoherent
radiation. Figure taken from [90].

analyses the radiative interaction of the electrons in the bunch for a line charge distribution

are summarised. When the wavelength of the coherent radiation is of the order of the

bunch length ′L′b, a scale length of the process known as slippage length (defined as

sl = Rθ
2γ2

+ Rθ3

24 , where θ is the bending angle, R is the bending radius and γ is relativistic

Lorentz factor) is useful to describe the interaction of electrons and photons during the

emission. The CSR emission depends on the details of the charge distribution and on the

geometry of the electron path and it causes a variation of the electron energy along the

bunch. As this happens in a dispersive region and that different slices of the bunch are

subject to a different energy variation, they start betatron oscillating around new, different

dispersive orbits during the emission, thus increasing the projected beam emittance in the

plane of bending. This is analogous to emittance growth from incoherent synchrotron

radiation as described in Section 3.1.4.

Following [91], the energy change per distance travelled inside a bending magnet of

finite length can be evaluated by means of the CSR wake potential. In the “steady state"

(radiation does not depend upon azimuthal position and transient effects at the dipole

entry and exit are neglected) approximation (R/γ3 � Lb ≤ sl), the wake potential can

be written as:

W SS
CSR(z) = −

1

4πε0

2e
3
√

3R2

∫ z

−∞

1

(z − z ′)1/3
dλz(z ′)

dz ′
dz ′. (4.4)

The energy loss of electron per unit distance through a dipole due to the radiation emission

79



of the entire bunch (dE/dz)CSR is given by eNW SS
CSR(z). For short bunch length (Lb ≤ sl

and long magnet γθ >> 1), using eqn.(4.4) and Gaussian line charge distribution of

electrons given by:

λ(s) =
N√
2πσl

exp
(
−
s2

σ2l

)
. (4.5)

The energy loss per unit length of the reference electron due to CSR emission is given by:(
dE

dz

)
CSR

= −
1

4πε0

2Ne2

√
2π 3

√
3R2σ4l

F

(
s

σl

)
, (4.6)

where the function F is given by:

F (ξ) =

∫ ξ

−∞

dξ
′

(ξ − ξ′)1/3
d

dξ
′ exp−(ξ

′
)2/2. (4.7)

Using the energy loss per electron, the total CSR power can be calculated as:

Pcsr = −
∫ ∞
−∞

dsλ(s)

(
dE

dz

)
CSR

. (4.8)

While leading electrons gain energy, the trailing electrons lose energy. Averaged over the

entire bunch, the electrons loose energy. The total CSR power is given by [91]:

Pcsr ≈
1

4πε0

31/6N2e2

2π 3

√
R2σ4l

(
Γ

(
2

3

))2
≈

0.352 c

4πε0

N2e2

3

√
R2σ4l

. (4.9)

The mean fractional energy offset (δ = (p − p0)/p0) due to CSR and the standard

deviation of the energy offset are obtained [92] from results given by Saldin et al:

< δ >= −0.3505 re
N

3

√
R2σ4l

Rθ

γ
,

(δ)s.d. = 0.2459 re
N

3

√
R2σ4l

Rθ

γ
, (4.10)

where re is the radius of electron.

This change in energy spread increases the projected emittance which can be explained

using a simple model. This assumes that the phase space of the longitudinal beam slices

are unperturbed, but as a result of CSR their centroids (xc(s), x ′c(s)) have shifted. The

second moments of the full bunch can then be expressed as superpositions of the second

moments of the centroids and those of the unperturbed distribution, which are described

by the Courant–Snyder parameters αx and βx , and the initial emittance as εx0 as:

< x2 >=< x2c > +εx0βx ,

< xx ′ >=< xcx
′
c > −εx0αx ,

< x ′2 >=< xc
′2 > +εx0γx . (4.11)
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Assuming a CSR induced bunch length correlated energy spread σδ,CSR is generated

in a short single dipole (e.g. last dipole of bunch compression chicane) with bending angle

θ, the increase in angular spread is ∆x ′rms = θ(δ)s.d.. The increase in projected emittance

caused due to this additional angular spread is:

∆εx
εx0
≈

1

2

βx
εx0

(θ(δ)s.d.)
2. (4.12)

This formula gives an estimate of increase in projected emittance when beam passes

through the dipole. The validity of this formula with elegant simulations is shown in an

example used in Section 4.3.3.

The dependence of the increase in emittance on the Courant–Snyder parameter βx has

important implication to the lattice design of beam spreader. A lattice design minimising

this parameter where bunch length is shortest (e.g. last dipole of bunch compression

chicane) can help to reduce the impact of CSR on emittance growth. However, when

different parts of electron bunch get different CSR kicks the mismatch of bunch slices

can still increase the projected emittance. The optics system can be designed to minimise

this increase in emittance as discussed later in this chapter which form a basis of design

for the beam spreader designs discussed in Chapter 5.

4.2 Shielding due to the Vacuum Chamber

The electromagnetic fields generated by an electron bunch interact with the conducting

walls of the vacuum chamber. If the wavelengths of these electromagnetic fields are larger

than the size of the vacuum chamber, they cannot propagate inside the chamber. This

suppresses (shields) the low frequency part of the spectrum and decreases the radiation

power compared to that in a free space. There are number of publications on theory of

shielding of CSR. An exact expression for the CSR power radiated by a bunch in steady

state, written as a summation over all harmonics of the radiated power is emitted by a

Gaussian line charge on a circular orbit centred between two infinite parallel conducting

plates is presented in [93]. The expression for the shielded CSR power for beam and

machine parameters is presented in [94]. The analysis is further modified in [95] to include

strong shielding regime in which the threshold harmonic (which satisfies the boundary

conditions at the plates) exceeds the characteristic frequency of the bunch. The ratio of

coherent power to free-space steady state CSR is given by [95]:

Pcoh
Pf reespace

≈ 4.2

(
nth
nc

)5/6
exp

(
−

2nth
nc

)
, nth > nc , (4.13)

where nth =
√

2/3(πR/∆)3/2 is the threshold harmonic number for propagating radiation,

∆ is the vacuum chamber total gap, nc = R/σl is the characteristic harmonic number for

a Gaussian longitudinal density distribution with the rms value of σl and bending radius R.

The spectral component of the radiation with harmonic numbers beyond nc is incoherent.
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Figure 4.2: Suppression of CSR by vacuum chamber shielding for different bunch lengths.
Top: Left: Bending radius =15m, Right=6m, Bottom: Comparison of two bending radii
for two vacuum chamber gaps (10mm and 60mm) as a function of bunch length.

Fig. 4.2 shows the effect of shielding for different bunch lengths for two values of bending

radii 6m and 15m, respectively (corresponding to the beam spreader designs presented

in Chapter 5). From these figures it can be seen that for shorter bunch lengths (of the

order of 10-20µm as in the case of beam spreader designs) and typical vacuum gap of the

order of 30mm there is small level of shielding. In order to provide significant shielding,

the required vacuum gaps will be very small. Reduction in vacuum chamber gap will have

other consequences such as very tight tolerances on beam trajectory, effects of wakefields

etc.

4.3 Tracking Including CSR

In many optics and tracking codes normally used for lattice design such as MAD [96],

TRANSPORT [97] etc, the bunch self interaction due to synchrotron radiation (and

also due to space charge fields which is not necessary to consider due to energy regime

of beam spreader considered in this thesis) are neglected. Several special codes have

been developed (such as TraFic4 [98], CSRTrack [99]) and/or existing codes have been

expanded (such as elegant [75]) to include this effect. An overview of the existing codes

and benchmarking of several codes can be found in [100, 101].
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The simplest and fastest method to calculate the CSR fields is the so called 1-D

or the projected method. It neglects transverse beam dimensions and calculates the

longitudinal self-field of a one dimensional beam that is obtained by a projection of the

real three-dimensional beam to a reference trajectory. For the field calculation at a certain

instant, it is assumed that the longitudinal distribution is rigid and has not changed at

retarded times (the earlier time when radiation is emitted which reaches head of the

bunch).

The CSR model in elegant is based on the analytical formulae derived in [91] for the

energy change of an arbitrary line-charge distribution as a function of the position in the

bunch and in a dipole magnet. Effects of changes in the longitudinal distribution within

a dipole are included but it does not include the effect of the transverse distribution

of the beam on the CSR and the variation of the CSR across the beam. The model

includes the effect of the transverse beam distribution on the amount of emittance growth

due to change in energy. The 1-D model can be applied when Derbenev criterion [49]
σx
σz
<< ( Rσz )1/3 is satisfied (where σx is the horizontal beam size and σz is the longitudinal

beam size). For the beam parameter regime considered for the beam spreader designs

discussed in Chapter 5, this criterion is satisfied and so the simulations using elegant are

adequate. The validity of elegant simulations has also been experimentally verified at few

FEL facilities [102, 103] where the criterion for using 1-D code is applicable. The code

elegant includes CSR in drift spaces by propagating the final CSR wake in each dipole

through the drift spaces after the dipoles. It is important to define the drift spaces after

the dipoles as “CSRDRIFT" to consider this.

When the Derbenev criterion is not satisfied, the full three-dimensional integration

of the retarded Lienard-Wiechert potentials is required. This is computationally highly

intensive. An approach followed in codes TraFic4 [98] and CSRTrack [99] is to use

Gaussian sub-bunches to represent the 3-D distribution of the whole bunch and use a

convolution method to reduce the field calculation of 3-D sources to 1-D integrations

[104].

4.3.1 Implementation of 1-D CSR model in elegant

Following [91], the rate of change of energy in the bunch can be split in two terms given

by:
dE

cdt
= T1(s, R, θ) + T2(s, R, θ), (4.14)

where R is the bend radius, θ is the angle into the bend, s is the position within the

bunch, c is speed of light and t is time. T1 is responsible for most of the CSR effect and

transitions into the steady state result as described with eqns.(4.4, 4.6) and is given by:

T1 =
−2e2

3
√

3R2

∫ s

s−sl

dλ

dz

(
1

s − z

)1/3
dz, (4.15)
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where λ(z) is the linear charge density, sl is the slippage length. The term T1 physically

implies that an electron will be affected by the radiation from the charge following behind

it by a distance up to the slippage length. As the bunch travels through the dipole magnet,

the slippage length increases and thus each electron in the bunch is affected by radiation

from a larger number of electrons behind it. The second term T2 represents a transient

at the entrance of the dipole which dies out if the dipole is sufficiently long and is given

by:

T2 = −
2e2

3
√

3R2

λ(s − sl)− λ(s − 4sl)

s
1/3
l

. (4.16)

For a long dipole, sl will become large enough so that T2 becomes zero. The code elegant

implements these results by splitting each dipole into a specified number of slices, for each

slice, it propagates the entire bunch using a second or fourth-order canonical integrator,

computes the CSR wake and applies the CSR kicks. Computation of CSR wakes is

performed as follows: (1) arrival times of electrons at the end of the dipole piece are

binned. (2) the density histogram is smoothed using Fast Fourier Transform convolution

with appropriate filter (3) the same filter is used to take the derivative of the smoothed

density distribution. (4) The T1 and T2 functions are computed for each bin. (5) energy

of each electron is changed by ∆(s)(dE/cdt) for the bin it occupies, where ∆(s) is the

central path length of the dipole piece (=c∆t where ∆t is the time taken for an electron

to pass through the slice of dipole). In order to decide the number of bins and number of

macroparticles to be used in simulations, convergence tests were performed as described

in next section.

4.3.2 Convergence Tests for CSR in elegant

In the beam spreader designs presented in Chapter 5, one of the important parameter to

optimise is the transverse emittance in the plane of bending. To ensure that the number of

macroparticles, bins and kicks assumed for beam tracking simulations of CSR in elegant

are appropriately chosen, the convergence tests were carried out for three different cases.

1. A single dipole magnet of length 0.5m and bending angle of 3◦. Beam energy

2.2 GeV, bunch charge 1 nC and normalised projected transverse emittance 0.3mm.

mrad at two different bunch lengths 25µm and 50µm. It should be emphasised that

these small emittance numbers at high charge are not possible to achieve practically.

These parameters are considered only to see the convergence in simulations.

2. A single dipole magnet of length 0.2m and bending angle of 11.5◦. Beam energy

150MeV, bunch charge 1 nC, normalised projected transverse emittance 1.0mm.

mrad and rms bunch length of 100µm. This corresponds to the dipole and beam

parameters used in four dipole chicane used for example of CSR tracking in Section

4.3.3.
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Figure 4.3: Convergence tests for CSR induced emittance growth for a single 3◦ dipole
with length 0.5m. Beam energy 2.2 GeV, bunch charge 1 nC, normalised horizontal
emittance of 0.3mm.mrad. Bunch length 25µm.

3. A single dipole magnet of length 0.8m and bending angle of 6◦. Beam energy

2.2 GeV, bunch charge 200 pC, normalised projected transverse emittance 0.3mm.

mrad and rms bunch length of 25µm. The dipole and beam parameters are taken

from beam spreader design from Chapter 5.

In all above three cases, the simulations are repeated for 10000, 50000, 100000,

150000 and 200000 macroparticles, for number of kicks equal to 10, 50, 100, 150, 200

and number of bins equal to 50, 100, 150, 200, 500. The results for (1) are shown in

Fig. 4.3, Fig. 4.4, for (2) in Fig. 4.5 and for (3) in Fig. 4.6, respectively.

It is possible to conclude from these results that for cases 1 and 2, the horizontal

emittance value converged (to third to fourth decimal point in units of mm.mrad) for

100000 macroparticles, 500 bins and 100 kicks (the results are exactly same as 500 bins

and 200 kicks and overlap in the figures). However, for case 3, where small emittance

value of 0.3mm.mrad, bunch length of 25µm and a dipole angle of 6◦ is used the spread

in emittance values for more than 100000 macroparticles, 500 bins changes the emittance

to second decimal in units of mm.mrad. Based on these studies, 100000 macroparticles,

500 bins and 100 kicks are used in beam spreader chapter in general but when looking at

small changes in emittance (to second decimal), the simulations are repeated with higher

number of kicks.
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Figure 4.4: Convergence tests for CSR induced emittance growth for a single 3◦ dipole
with length 0.5m. Beam energy 2.2 GeV, bunch charge 1 nC, normalised horizontal
emittance of 0.3mm.mrad. Bunch length 50µm.

Figure 4.5: Convergence tests for CSR induced emittance growth for a single 11.5◦ dipole
with length 0.2m. Beam energy 150MeV, bunch charge 1 nC, Normalised horizontal
emittance of 1.0mm.mrad, bunch length 100µm. The single dipole and beam parameters
used here are for four dipole chicane simulations included in Section 4.3.1.
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Figure 4.6: Convergence tests for CSR induced emittance growth for a single 6◦ dipole
with length 0.8m. Beam energy 2.2 GeV, bunch charge 200 pC, normalised horizontal
emittance of 0.3mm.mrad, bunch length 25µm.

Figure 4.7: Left: Courant–Snyder parameters and dispersion, Right: Bunch length along
the beam line (Section 3.3.4) used in for CSR tracking shown in Section 4.3.3.

4.3.3 Example of Simulation of Coherent Synchrotron Radiation

To show the difference in results of simulations using only steady state wake as well as

steady state along with the transient effects, the results of CSR simulations shown for a

beam line described in Section 3.3.4 are presented in details. The beam line consists of

a 4m long linac, 1m long fourth harmonic lineariser and a bunch compressor chicane. A

Gaussian bunch of 100MeV beam energy, 1 nC bunch charge with normalised emittance of

1mm.mrad in both transverse planes and uncorrelated energy spread of 0.001, rms bunch

length of 650µm (2.16 psec) is used. Fig. 4.7 shows the Courant–Snyder parameters,

dispersion and bunch length along the beam line.
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Figure 4.8: Left: Change in γ in the last piece of a dipole due to steady state CSR wake
field. Right: Linear density of electrons in successive pieces of a dipole. Number of kicks
are equal to 100 (but only every 10th one is plotted), so the change in γ with 100 kicks
is 100 times larger. Top to bottom: DIP-01, DIP-02, DIP-03, DIP04.

The energy change (∆γ) due to terms T1 and T2 and the linear charge density are

plotted inside each dipole for two cases. The results using steady–state CSR wakes are

shown in Fig. 4.8 and the results including transients are shown in Fig. 4.9. The effect

of finite dispersion in successive pieces of dipole on change in energy and linear density is
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Figure 4.9: Left: Change in γ in the last piece of a dipole due to steady state and
transient CSR wake fields. Right: Linear density of electrons in successive pieces of a
dipole. Number of kicks are equal to 100, so the change in γ with 100 kicks is 100 times
larger. Top to bottom: DIP-01, DIP-02, DIP-03, DIP04.

seen in dipoles 2 and 3. The mean energy offsets are -3.78×10−3 and -3.18×10−3 for

steady–state and steady–state including transients CSR wakes, respectively. This energy

spread increases the projected emittance which can be estimated using eqn.(4.12). The

energy offset and the normalised projected horizontal emittance are shown in Fig. 4.10.

89



Figure 4.10: Left: Mean fractional momentum offset due to CSR. Right: Projected
normalised horizontal emittance. Top: Steady–state CSR. Bottom: Steady–State
including transient effects.

As mentioned earlier and demonstrated in Chapter 5, shorter dipole magnets are used to

keep the CSR to minimum in beam spreader designs and thus the transient effects of CSR

need to be considered. For this reason, effect of transients are included in tracking for

beam spreader designs.
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4.4 Coherent Synchrotron Radiation Mitigation Techniques

4.4.1 Introduction

The CSR field affects the electron transverse motion due to changing of the electron

energy in the dispersive beam line (as in the case of beam spreader). When energy is

changed, the electron starts a betatron oscillation around a new reference trajectory. As

a result different slices of bunch have different spatial and angular offset, which results in

misalignment of different bunch slices increasing the projected emittance. This transverse

offset varies with longitudinal position within the bunch and in principle the emittance

growth can be completely suppressed if this transverse offset can be removed by optics

design as explained in [105].

An electron which loses energy δ(s) at location s within the system with bending

magnets is transported to its end through the chromatic transfer functions, R16 and R26,

which map an off-energy electron from the point of energy loss in to transverse phase

space at the end of the bending magnet system. Since the energy loss can be different

for different electrons, the resulting energy spread can potentially dilute the transverse

emittance in the bending plane depending upon the coherence of the process. A random

process results in an intrinsic emittance dilution (as in the case of incoherent synchrotron

radiation) which is not correctable, on the other hand a coherent energy spread generates

a transverse offset which varies with longitudinal position. Thus, it is possible to reverse

this process.

For the horizontal phase space described by ~x = [~x.~x ′]T , the rms emittance ε is

defined by ε2=|〈~x.~xT 〉|. The energy spread coupled with the chromatic transfer functions

can change the on-energy phase space as:

~xs = ~x0 + ∆~x(s) +

(
R16(s)

R26(s)

)
δ(s). (4.17)

Starting with initial emittance of ε0 and for simplicity, defining the coordinates such that

〈x〉 = 〈∆x〉 = 0 = 〈δ〉 the final emittance at the exit of the bending system is given by:

ε2 = ε20 + ε0

[
βx 〈∆x

′2〉+ 2αx 〈∆x∆x ′〉+ γx 〈∆x2〉
]

+ 〈∆x2〉〈∆x ′2〉 − 〈∆x∆x ′〉2, (4.18)

where βx , αx and γx are the nominal Courant–Snyder parameters in the bending system.

The last two terms of eqn.(4.18) give increase in emittance even for beam with initial

zero emittance.

When the energy loss is uncorrelated (incoherent), the variance of ∆x(∆x ′) due to

incremental energy spread generated at each location is added in quadrature and summed

over the bending system.

〈∆x2〉incoh =

∫
path

R16(s)2
dσ2δ
ds

ds,

〈∆x ′2〉incoh =

∫
path

R26(s)2
dσ2δ
ds

ds. (4.19)
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When the energy loss is a function of longitudinal position along the bunch, the

transverse coordinate shifts at each location and can be added linearly and is given by:

〈∆x2〉coh =

(∫
path

R16(s)
dσδ
ds

ds

)2
,

〈∆x ′2〉coh =

(∫
path

R26(s)
dσδ
ds

ds

)2
. (4.20)

Due to coherence, the correlation 〈∆x2∆x ′2〉= 〈∆x2〉〈∆x ′2〉 and the last two terms in

eqn.(4.18) cancel out.

The incoherent terms in eqn.(4.19) are always positive and thus cannot be nullified.

Whereas the sign of the coherent parts in eqns.(4.20) can change along the beam path

and can be nullified at the end of the beam path with a choice of proper lattice design. If

the bunch length is constant, then the CSR induced dσδ
ds is constant and can be factored

out from the integrations in eqn.(4.20). Therefore if the beam line lattice is designed

to satisfy
∫
path R16(s)ds = 0 and

∫
path R26(s)ds = 0, then there is no net emittance

increase. This principle is used to cancel the CSR kicks using certain optics conditions in

the spreader design as explained in next section.

4.4.2 Optics Balance

A way to cancel the CSR perturbations to the transverse emittance by imposing certain

symmetric optics conditions on the electron transport system was suggested in [106] for

the special case of identical CSR kicks along the beam line. It is in principle possible

to impose certain symmetric optics conditions in beam spreader designs. As the beam

manipulations are completed before entering the beam spreader, the energy spread is small

and the bunch length is approximately constant and, consequently (in the ideal case), CSR

emission can be formulated by assuming identical beam parameters at all source points

(i.e. dipole magnets). As presented in details in Chapter 5, the beam spreader typically

includes several identical dipole magnets and quadrupole magnets for focusing and control

over dispersion and its derivative. The idea is that successive CSR kicks separated by π

betatron phase advance (in the bending plane) add with opposite sign, and thus cancel the

slice transverse mismatch with no or negligible emittance growth. The slice of the bunch

starts oscillating around a new dispersive trajectory defined by the dispersion function

at the kick location and the CSR-induced energy shift. If the lattice functions and the

parameters of this bunch slice remain identical by the time it reaches the second dipole

placed at π betatron phase advance, it receives CSR kick in the opposite direction and thus

cancels out the action induced by the first one. Thus after passing through two dipoles,

the bunch slice returns to previous off-momentum trajectory and as a consequence there

is no (or minimum) emittance growth [107, 108].

The beam spreader layout could be arranged in two different ways [109] satisfying the

phase and optics constraints as shown in Fig. 4.11. The one in the upper diagram gives
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Figure 4.11: Possible spreader design options [Top] An arc providing an angular separation
and [Bottom] a dogleg configuration providing parallel separation. Phase advance between
consecutive dipoles is maintained at π for cancellation of CSR kicks.

an angular separation between beam lines. In this case, the CSR kicks are canceled if the

central dipole is twice as large as the one on either side, and the phase advances between

first and the centre of the second dipole and from the centre of the second dipole to

the third dipole is arranged equal to π. All dipoles bend the beam in same direction and

thus this configuration (TBA) gives an angular separation between the beam lines. The

one in the lower diagram of Fig. 4.11 uses two DBA cells bending the beam in opposite

directions and thus bringing it parallel to the line at the start of the beam spreader. Both

these configurations are used in Chapter 5 as basic building blocks of proposed lattice

designs.

The ideal design conditions mentioned above are however not achievable in a real

machine (due to optical mis-match, alignment and magnet field errors etc) and could

only partially compensate the emittance growth. In a real machine with finite bunch

dimensions, there are several factors that can affect the cancellation; the very condition

of fixed phase advance and lattice functions at dipole locations depend upon electron

energy offset, so any chromatic aberrations will affect the degree of cancellation of CSR

kicks, the cancellation of kicks also assumes a single kick at each dipole, which is not

the case for long dipole magnets followed by long drifts (which may be limited due to

cross-coupling between energy shifts along the spreader beam line), non-zero values of

the R-matrix terms (R51, R52) combined with a finite emittance beam can change the

path length between the two kick points resulting in to change in longitudinal position of

93



an electron, which can lead to different CSR driven energy shifts.

4.4.3 Example of Optics Balance

To illustrate the cancellation of CSR kicks by choosing a suitable lattice design, based

on design and experimental studies carried out at FERMI@ELETTRA [107] a beam line

using FODO cells (more details of choice of the FODO are described in Chapter 5) where

identical dipoles are incorporated to have a betatron phase advance of π between each

consecutive pair of dipoles is considered. The lattice shown in Fig. 4.11 (bottom) consists

of two DBA cells with all four identical dipoles (DIP01, DIP02, DIP03, DIP04). The values

of dispersion function and its derivative |ηx | and |dηxds | are exactly the same at all dipoles.

Each DBA ensures ∆µ = π between the dipoles and symmetric βx and αx values. Two

DBAs are separated by four quadrupoles again tuned to provide a phase advance of π

between them. The Courant–Snyder parameters βx , αx , dispersion function ηx and its

derivative η′x and the phase advance ∆µx in the bending plane (horizontal in this case) are

shown in Fig. 4.12. This optics arrangement with completely identical optics conditions

at all four dipoles with correct phase advance between consecutive dipoles provides a basis

for compensation of emittance change due to CSR generated in the dipoles.

To explain this, let′s start with an electron having an initial co-ordinates as (x0 = 0

and x ′0 = 0) and assume that the CSR in DIP01 causes a change in energy for this electron

by δE. The gradient of the dispersion is η′x , ∆x ′ = η′xδE. At the entrance of DIP02 after

passing the lattice with phase advance of π from DIP01, the angle of the trajectory of

electron is -η′xδE. Assuming that there is no mixing of longitudinal co-ordinates within

the bunch while transporting from DIP01 to DIP02, the energy change experienced by

the same electron in DIP02 due to the CSR is the same as in DIP01. The sign of η′x in

DIP02 is opposite to that in DIP01, thus the total change in angle of the trajectory of the

electron at the exit of DIP02 is −2η′xδE. After passing through one more section with

phase advance of π the trajectory angle at the entry of DIP03 is +2η′xδE. Considering

the sign of η′x in DIP03, the angle at the exit of DIP03 is 2η′xδE − η′xδE = η′xδE. After

phase advance of π, at the entry of DIP04, it is equal to −η′δE. Again considering the

sign of η′x in DIP04, the trajectory angle at the exit of DIP04 is −η′xδE + η′xδE, which is

equal to zero. This shows that assuming no mixing of longitudinal positions of electrons

inside the bunch, the spreader design with identical lattice and bunch parameters at every

dipole as described here should not increase the projected beam emittance due to energy

changes due to CSR. This principle is used for the beam spreader designs in Chapter 5.

This model has been extended further for asymmetric optics in [107, 108] and has

been experimentally verified on beam spreader design at FERMI by intentionally breaking

the optics balance in the second DBA [107, 108].
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Figure 4.12: Left: Courant–Snyder parameters βx (black), αx (red), Middle: Dispersion
function (black) and its derivative (red). Right: Betatron phase advance in the horizontal
plane along the beam line shown in bottom figure from Fig. 4.11.

4.4.4 Matrix Approach

A first order matrix approach proposed [110, 111] for a TBA arc used in an Energy

Recovery Linac minimises the CSR-induced emittance growth by matching the beam

envelope to the net CSR kick at the exit of a single achromatic cell. When the electron

energy is much larger than the CSR induced energy spread, a linearised approximation can

be adopted to describe the electron dynamics. The CSR induced energy spread results in

the displacement of bunch slices in (x, x ′) phase space at the end of the TBA arc. In the

linear regime (weak CSR), it can be assumed that all bunch slices align on a single line as

shown in Fig. 4.13. The projection of emittance depends on the orientation of the CSR

kick and the phase space ellipse which can be minimised if TBA is designed to match the

orientation to the CSR kick. An achromatic cell design to achieve this is described by

Hajima in [110, 111] as follows.

A first-order equation of motion in the horizontal plane given in Section 2.2 can be

modified to include additional terms from CSR as:

x ′′ +
x

ρ2
=

1

ρ
(δ0 + δCSR + k(s − s0)) , (4.21)

where δ0 as initial fractional momentum deviation. The last two terms on the right hand

side are due to CSR terms, the first one δCSR is the normalised momentum deviation

caused by CSR in upstream path (0 < s < s0). The entrance of the dipole starts at

s = s0. The CSR effect in a dipole is given by the normalised CSR potential given by

k = W/E0, where W is CSR wake potential and E0 is the reference energy. It is assumed

that each electron experience a constant CSR wake through the entire bending path. This

assumption is valid if all the dipoles have the same bending radius, the longitudinal prfoile

of the bunch does not change and the transient CSR effects are not large. With these

assumptions eqn.(4.21) can be solved analytically. A 5 × 5 transfer-matrix representing

a solution to eqn.(4.21) is used to describe the motion in terms of a vector ~x(s0) =

(x, x ′, δ0, δCSR, k)T and to evaluate the “CSR dispersion” (correlation between x and k).

The matrix for a sector dipole is given by [110]:
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Figure 4.13: Two-dimensional phase space ellipse in horizontal plane, and displacement
of beam slices due to the CSR kick. (α, β, γ) are Courant–Snyder parameters. Figure
taken from [110].

.

Rbend =


cos θ ρ sin θ ρ(1− cos θ) ρ(1− cos θ) ρ2(1− cos θ)

−1ρ sin θ cos θ sin θ sin θ ρ(1− cos θ)

0 0 1 0 0

0 0 0 1 ρθ

0 0 0 0 1

 . (4.22)

Writing similar transfer-matrices for a drift and a quadrupole, the motion of an electron

can be tracked through the achromatic beam line. As mentioned in Chapter 2, the off-axis

motion of an electron caused by the initial momentum error is expressed in terms of the

momentum dispersion function η:(
η(s1) η

′(s1) 1 0 0
)T

= Rs0→s1
(
η(s0) η

′(s0) 1 0 0
)T
. (4.23)

In a similar manner, the CSR wake dispersion function (ξ, ξ′) can be defined as :(
ξ(s1) ξ

′(s1) 0 Lb(s1) 1
)T

= Rs0→s1
(
ξ(s0) ξ

′(s0) 0 Lb(s0) 1
)T
. (4.24)

where Lb(s1) is the total bending path length for 0 < s < s1. The displacement of

electron is given by (kξ, kξ′) in the (x, x ′) phase space. In an achromatic lattice, η

and η′ are zero at the exit, but the dispersion and its derivative due to CSR (ξ, ξ′) are

non-zero. This residual dispersion results in the growth of the projected emittance. Since

the deviation of the trajectory of a electron due to CSR is expressed as (kξ, kξ′) in the

first-order approximation, each slice of bunch aligns on the line given by ξx ′ − ξ′x = 0 in

the (x, x ′) phase space as shown in Fig. 4.13.

The method suggested here can be used to optimise an achromatic cell to minimise the

CSR effect by adjusting the quadrupoles so that ξ and β have the same envelope after the

cell. The CSR wake dispersion function is calculated using the transfer-matrices, giving
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the value of φξ as shown in Fig. 4.13 and the Courant–Snyder parameters are optimised

to match the angle φ equal to φξ. The method described here assumes the conditions: all

dipoles have the same bending radius, the electron bunch does not change its longitudinal

profile, and the transient CSR effect at the entrance and exit of the magnet is not large.

The transfer matix method has been further extended for double-bend achromat in

[112] together with optimisation of the phase advance to cancel the CSR kicks. The

extension includes transfer-matrix analysis to achromats with dipoles of different radii

and angles, based on a assumption that δCSR ∝ ρ2/3, it includes the transfer-matrix

for the quadrupole section between dipoles in terms of betatron phase advance and

Courant–Snyder parameters and a point-kick model of the CSR effect in dipoles. These

studies illustrate the equivalence between the optical balance used in Section 4.4.1 and

the transfer-matrix analysis. The application of the transfer-matrix method described in

this section is applied to TBA arc design in Chapter 5.

4.5 Summary

CSR in the beam spreader design has the potential to damage the quality of bunch in both

the longitudinal and the transverse planes. In order to simulate the effect of CSR, several

simulation codes have been extended or developed. The beam parameters and dipole

configurations used in the beam spreader design satisfy the Derbenev criteria and thus 1D

CSR model is considered for the studies undertaken in this thesis. Following convergence

studies for different beam parameter and dipole settings for the studies presented in this

thesis it seems appropriate to use number of macroparticles equal to 100,000, number of

CSR kicks in each dipole equal to 100 and number of bins equal to 500 for simulations.

The comparison of change in energy offset due to CSR and the transverse projected

emittance increase for steady state CSR and steady state with transients show that for

short dipole lengths (as used in beam spreader), it is important to include transients in

order not overestimate the emittance growth.

Due to the fundamental difference in effect of incoherent and coherent radiation on

electron bunch properties, it is possible to arrange the beam line design to effectively

cancel out the CSR emittance growth in the plane of bend. This needs a careful optics

design maintaining similar bunch parameters at subsequent dipole locations in addition to

betatron phase advance of π between a consecutive pair of dipoles. To what extent this

cancellation works is explored further in Chapter 5.
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Chapter 5

Beam Spreader Designs

5.1 Introduction

As described in Chapters 1 and 3, the electron beam driver for an X-ray FEL is based on a

linear accelerator with layout along a straight line in order to maintain the high brightness

of the beam from the photoinjector. The bending of the beam is restricted essentially

to bunch compressors and in the case of a seeded FEL, a dogleg for incorporating the

seeding laser. Unlike the third generation light sources, which deliver photon beams to

a few tens of beam lines, X-ray FEL facilities are restricted to a few experiment beam

lines. FELs of this kind serve one experiment at a time with the radiation pulse repetition

rate set by the driver linac repetition (or pulse) rate. It is possible to split the FEL

photon radiation to multiple experiments, but this has limitations from optics/mechanics

and space constraints [113]. Another option is to use the spent beam to drive another

FEL, but this is usually only possible for soft X-rays with less demanding beam quality

requirements. X-ray FEL facilities are expensive and considering the high demand from

users, more beam lines and user stations are both desirable and beneficial. As well as

providing more capacity for users, switching electron bunches to different beam lines also

allows for flexibility of the experimental set up and variation in photon properties.

The only way to provide multiple electron beam lines on an X-ray FEL is to direct the

beam after the linac to several beam lines using a beam switchyard or a beam spreader.

This means either dividing the linac pulses into different beam lines or switching all the

pulses to a particular experiment for some period of time. However, in doing this, bending

the electron beam is unavoidable and the quality of the electron beam (low emittance, low

energy spread, high peak current) achieved through a careful design of the accelerator can

be completely spoiled if the design of the spreader/switchyard is not chosen and optimised

carefully.

In order to keep the deterioration of the beam properties to a minimum, the bending

of the electron beam in a spreader needs to be done gradually. This, however, means that

to get a practicable transverse offset between the beam lines, the longitudinal distance

increases significantly as the beam energy increases. The longer beam line thus makes
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the overall facility footprint bigger, increasing the construction cost. The length of the

accelerator part of the facility is mainly dictated by the choice of RF frequency and

significant R&D is being pursued to achieve higher gradients to make the facility footprint

more compact. Even though this helps to reduce the footprint of the acceleration part of

the facility, one consequence is that the length of the spreader and the experimental halls

become a dominating factor of the total cost.

In single shot, low repetition rate facilities, the easiest way to share electron bunches

between different beam lines is to use beam spreaders based on DC dipoles (that need to

be turned on/off depending on the path selected for the electron beam) and a combination

of focusing and defocusing quadrupoles with a proper phase advance or a design based

on isochronous arcs. For facilities with high repetition rates, it is possible to select the

required number of bunches in each beam line by using an appropriate device (pulsed

magnet, kicker magnet, RF deflector) to deflect the bunches to different beam lines. The

spreader design should include the flexibility to add more beam lines at a later stage if

desired. The choice of the spreader design is critical in the facility construction and can

have significant implications for the overall facility footprint, and hence for the cost of the

facility.

This chapter starts with a brief introduction and overview of X-ray FELs that are

either already operating, under construction or have been proposed (for the UK) recently.

Particular attention is given to the beam spreaders in the different facilities. The beam

spreader design studies described in this thesis are carried out at two different energies;

2.2 GeV and 6.6 GeV. The 2.2 GeV was the design energy for UK’s New Light Source

project [37] and 6.6 GeV is within the likely energy range of a possible future UK X-ray

FEL facility [114]. The concepts described in Chapter 4 to minimise the effects of CSR

are used for these designs. Experimental studies carried out on the ALICE arcs are

presented in Chapter 6. On the basis of the results from the ALICE studies, as well as

studies carried out for NLS, generic diagnostics requirements are proposed for the spreader

designs described here.

5.2 Survey of Beam Spreader Designs

A small number of X-ray FEL facilities have come into operation over the past decade,

but there are several more which will be in operation in next few years. Table 5.1

summarises the facilities which are already operating or under construction around the

world, with key machine parameters and year of first operation. Table 5.2 summarises

details of beam spreader designs for these facilities. The facilities proposed or under

consideration in the UK during the duration of this thesis are also listed. In addition

to the operating facilities and the facilities presently under construction, several projects

have been proposed worldwide for which in-depth studies have been carried out leading to
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conceptual or detailed technical design reports. However, due to the high construction

as well as operational costs of these facilities, many proposals do not transition to real

projects. It is worth noting that the technological developments achieved for high energy

particle physics projects (such as the linear collider projects like TESLA [115], JLC [116],

NLC [117] and ILC [80]) have been crucial for the success of the existing high energy

X-ray FELs such as LCLS, SACLA and FLASH (leading to European X-FEL).

As regards developments in the UK over the past decade, there have been two detailed

studies for medium energy FELs: 4GLS based on the energy recovery principle [118] and

NLS based on a single pass linac (with a re-circulation option studied for comparison) [37].

Both of these projects were developed to the conceptual level but did not transition to

construction. The recent strategic FEL review published by the Science and Technology

Facilities Council [114] outlines the need for an X-ray FEL in the UK. Even though the

parameters of UK X-FEL are not yet decided, the report mentions the need for hard

X-rays and high repetition rate. For the purpose of the comparison of spreader designs

presented in this thesis, it is assumed that the UK X-FEL beam energy will be three times

higher than the energy that was proposed for NLS.

5.2.1 Linac Coherent Light Source - LCLS-I and LCLS-II

The Linac Coherent Light Source (LCLS) [66] at SLAC National Accelerator Laboratory

in the USA was the world’s first X-ray FEL. The idea of building such a facility was

initiated in 1992 and first experiments using this FEL took place in 2009.

The accelerator schematic is shown in Fig. 5.1. LCLS-I is comprised of a high

brightness S-band photoinjector, booster linac, laser heater, a dogleg bringing the beam

from injector into the main linac (last third of the old SLAC S-band linac which accelerates

the beam to 14GeV) and dedicated beam diagnostics sections. Two bunch compressors

located at 250MeV and 4.3GeV reduce the bunch length. An X-band RF structure is used

for linearisation. The high energy beam from the linac is transported through a second

dogleg to a 121m long undulator section. The design of the dogleg needs to satisfy a

number of requirements: incorporating diagnostics for beam energy, energy spread and

emittance measurements, maintaining an achromatic and isochronous beam transport as

well as flexibility in the matching optics to the undulator beam line at different beam

energies. After exiting the undulator, the electron beam is deflected onto a beam dump,

while the photon beam enters the experimental areas, and feeds into seven experimental

beam lines (not shown in the schematic).

Many challenges of high energy single pass linacs were addressed for the first time

at LCLS-I, including saturation of optical screens due to coherent synchrotron radiation

[119], operation of a laser heater for control of the energy spread and suppression of

instabilities [77], beam based alignment to achieve micron level orbit tolerances in the

undulator sections [120], self-seeding using a crystal in the soft X-ray regime [121], and
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Table 5.1: Operational and under construction X-ray FEL facilities. Proposed or under
consideration facilities in the UK during the period of this thesis are also included. NC:
normal conducting, SC: Superconducting. See Appendix B for details of RF frequencies.

Facility
(Year
of first
operation)

Shortest
wavelen-
gth
(nm)

Max
beam
energy
(GeV)

Max RF
Repetiti-
on rate
(Hz)

FEL
Pulses/
RF
pulse

Max
Bunch
charge
(nC)

Facility
Length
(km)

RF
Frequency
&

Technology
LCLS-I
(2009)

0.15 13.6 120 1 0.25 1.7 S-band,
NC

SACLA
(2011)

0.1 8 60 1 0.2 0.8 C-band,
NC

FERMI
(2010)

4 1.5 50 1 0.5 0.5 S-band,
NC

FLASH
(2005) &
FLASH II
(2016)

4 1.2 10 2700 1 0.32 L-band,
SC

European
X-FEL
(2017)

0.05 17.5 10 2700 1 3.4 L-band,
SC

LCLS-II
(2017)

0.25 4 106 CW 1 0.32 L-band,
SC

SwissFEL
(2017)

0.1 5.8 100 2 0.2 0.7 S,C-band,
NC

SINAP
SXFEL
(2017)

9 0.84 10 1 0.5 0.6 S-band,
NC

PAL
XFEL
(2017)

0.1 10 60 1/2 0.2 1 S-band,
NC

NLS 1.24 2.2 103 −
106

CW 0.2 0.7 L-band,
SC

Future UK
X-FEL

TBD TBD TBD TBD TBD TBD TBD,
TBD

use of bunch slice measurements post-undulator for tuning the FEL [88], to name just a

few.

The LCLS-II [123] project under construction at SLAC is a high repetition rate, high

average brightness FEL based on LCLS-I and existing facilities at SLAC. A schematic of

LCLS-II is shown in Fig. 5.2 and schematic showing both LCLS-I and LCLS-II is shown

in Fig. 5.3. The facility includes a new high repetition rate (MHz) injector [124] and a

continuous wave (CW) superconducting 4GeV linac. Two bunch compressor chicanes are

used to compress the electron bunches. The electron bunches are transported through

the existing 2 km long bypass line to the beam switchyard, where a new 3-way spreader

system will be installed. This will provide the flexibility to deflect the beam bunch-by-bunch
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Table 5.2: Beam spreader details for FEL facilities described in Table 5.1.

Facility Switchyard
design
based on

Number of beam
lines

Comments

LCLS-I and
LCLS-II

Kickers
or RF
deflectors

2 Complex combinations of beams
from S and L-band entering same
FEL beam lines.

European
X-FEL

Kicker and
septum

2+1 dump line +
provision for one
additional beam
line

Selection of required bunch patterns
to each beam line, unwanted
bunches send to beam dump.

SACLA Kicker and
septum

3 Plan to upgrade to 5.

SwissFEL Kicker and
septum

2 Two bunches in one RF pulse, one
being transported to each beam line.

SINAP
SXFEL

- 1 -

PAL XFEL Kicker 2 Simultaneous or independent
operation of soft X-ray FEL beam
line.

FERMI DC dipole 2
FLASH Kicker and

septum
2 Separate bunch train to FLASH and

FLASH II.
NLS Kicker and

septum
3 Possibility to add more beam lines.

UK FEL TBD TBD TBD

into either a soft X-ray undulator (SXU) or hard X-ray undulator (HXU), or towards a

beam dump. New SXU and HXU variable gap undulators will be installed in the existing

experimental hall. The LCLS-I beam will also be delivered to the HXU undulator. Options

based on either magnetic kickers [125] or RF deflecting cavities [126] are being considered

for the 3-way beam spreader as shown in Fig. 5.4.

5.2.2 FERMI at Elettra

FERMI [129] is a single-pass linac-based seeded FEL at the Elettra Laboratory in Italy. The

facility was proposed in 2002 and first FEL light was obtained in 2010. A general layout

is shown in Fig. 5.5. The accelerator and FEL complex comprises a photoinjector and

two short linac sections generating a bright electron beam of ∼100MeV, the main linear

accelerator in which the beam is compressed using two bunch compressors and accelerated

up to ∼1.5 GeV and the beam spreader to transport the beam to the undulators. The

beam spreader design (Fig. 5.6) is based on DC dipole magnets arranged at phase advance

of π between the consecutive pairs of dipoles as described in Chapter 4.

The FERMI facility includes two separate coherent radiation sources, FEL-1 and
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Figure 5.1: Schematic of LCLS-I facility at SLAC National Accelerator Laboratory. Figure
taken from [122].

Figure 5.2: Schematic of LCLS-II facility at SLAC National Accelerator Laboratory. Figure
taken from [125].

Figure 5.3: Schematic of LCLS-I and LCLS-II at SLAC. Figure taken from [127].
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Figure 5.4: Schematic of proposed three way spreader for LCLS-II. Figure taken from
[126].

Figure 5.5: Schematic of FERMI at Elettra. Figure taken from [48].

Figure 5.6: Schematic of the beam spreader at FERMI at ELETTRA. Figure taken
from [128].
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Figure 5.7: Schematic of FLASH facility at DESY. Figure taken from [22].

FEL-2, that are being brought online sequentially. FEL-1 operates in the wavelength

range between 20 and 100 nm, while the FEL-2, operates at shorter wavelengths between

4 to 20 nm.

5.2.3 FLASH Facility at DESY

FLASH (Free Electron Laser in Hamburg) [22], was the world’s first FEL designed and

constructed for operation in the extended ultraviolet and soft X-ray spectral range (XUV).

The facility is located at the Deutsches Elektronen-Synchrotron (DESY) laboratory in

Hamburg, Germany. FLASH has also served as a pilot facility for the European X-FEL

which has been under construction in Hamburg since 2009 and is based on the same

accelerator technology.

A schematic of the FLASH facility is shown in Fig. 5.7. The electron bunches

are produced in an L-band photoinjector and accelerated by a superconducting linear

accelerator. The electron bunches are longitudinally compressed at energies of 150MeV

and 450MeV. The beam is then accelerated to ∼1.25GeV, passing through a collimation

section to remove unwanted beam halo. The undulator section is approximately 27m long

and consists of permanent magnets.

Since 2012, a major upgrade has been undertaken at FLASH, with the construction

of a second undulator tunnel and a new experimental hall with the aim of doubling the

capacity for experiments. A fast kicker is installed immediately after the last superconduct-

ing accelerator module, enabling distribution of the accelerated and compressed electron

beam to both of the FEL undulator lines, i.e. FLASH1 (first beam line) and FLASH2

(new). FLASH2 covers essentially the same spectral range as FLASH1; however, its

variable-gap undulator enables two experiments to take data at two distinct wavelengths

quasi-simultaneously. In addition to the SASE mode used in FLASH1, seeding options are

considered for FLASH2 to improve beam quality.
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Figure 5.8: Schematic of European X-FEL at DESY. Figure taken from [130].

Figure 5.9: Top view of the beam separation area for European X-FEL spreader. Red,
magenta and blue colours mark septa and dipoles of beam lines TD1, TLD (dump line)
and TD2. Horizontal and vertical distances are in meters. Figure taken from [131].

5.2.4 European X-FEL

The European X-FEL [82] under construction at DESY in Germany will be world’s first

hard X-ray FEL based on superconducting RF. A schematic of the facility is shown in

Fig. 5.8. The European X-FEL will generate 27000 photon pulses per second (unlike

the 100 photon pulses per second at similar energy machines), which offers a significant

advantage for photon users. The superconducting driver linac of the FEL can deliver

electron bunch trains up to 600µs long with a repetition rate of 10Hz and a maximum

energy of 17.5 GeV. Civil construction of the facility started in early 2009 and the user

operation is planned to start in 2017.

The accelerator is based on the superconducting TESLA technology, which has been

developed by DESY and its international partners within the TESLA Technology Collabora-

tion. Since 2005, DESY has been operating the free-electron laser FLASH (Section 5.2.3),

which is a prototype of the European X-FEL.

The facility has been planned as a multiuser facility with the possibility to distribute

electron bunches of one bunch train to either of the two photon beam lines (a third beam
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Figure 5.10: Schematic of SwissFEL at PSI. Figure taken from [81].

line ’TD20’ is planned to be added later), each with its own set of undulators. This is

achieved by means of a combination of slow and fast switching magnets [131, 132, 133],

which allows generation of different bunch patterns as required by different experiments.

A fast kicker selects the bunches from the trains to be kicked into the respective beam line

and a slow kicker (which is ramped while fast kicker is operating) removes the unwanted

bunches towards the beam dump. The dump beam line also serves as a commissioning

beam line. This scheme allows the operation of the upstream accelerator at a constant

bunch frequency and thus increases the stability of the overall system.

The beam spreader is located after the beam collimation and trajectory feedback

systems. It uses a scheme of kickers and a Lambertson septum with a geometry that

generates dispersion in both horizontal and vertical planes. The layout of the separation

area is shown in Fig. 5.9. The extraction magnets are integrated into the FODO lattice

with 90◦ phase advance between the cells, which provides optimum positions for the

kicker and septum. The extraction beam dump line TLD lies between two beam lines

TD1 and TD2 and is in the vertical plane to allow more space between TD1 and TD2.

The optics designs of the separation areas of the beam lines need to satisfy a number of

constraints such as the suppression of dispersion in both horizontal and vertical planes,

suitable Courant–Snyder parameters to match to the downstream design, correction of

chromatic terms and physical separation of components in adjacent beam lines. Though

the beam quality in the beam dump line is not an issue, the optics in two undulator

beam lines need to provide a large energy acceptance (up to ±1.5% from the nominal

energy) without any noticeable deterioration in transverse or longitudinal bunch properties.

The design uses sextupoles and octupoles to correct for higher order chromatic terms

[134, 135].

5.2.5 SwissFEL at PSI

The SwissFEL facility [81] was officially approved in 2012 to be constructed at the Paul

Scherrer Institute in Switzerland. The facility is based on S-band and C-band normal

conducting RF accelerating structures providing a maximum electron beam energy of
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Figure 5.11: Schematic layout of SwissFEL Athos Switchyard. Horizontal dipoles and
Lambertson magnet are shown in blue, vertical dipoles are shown in yellow, quadrupoles
are shown in red and sextupoles in green. Figure taken from [136].

5.8 GeV. The FEL will cover a photon wavelength from 0.1 nm to 0.7 nm on a hard X-ray

beam line (“Aramis") with three experimental stations. The commissioning of the facility

started in 2016 and user operation is planned for 2017. Phase 2 of the project will deliver

a soft X-ray beam line (“Athos") covering a photon wavelength from 0.7 nm to 7 nm and

is expected to deliver photon beam in 2020. Figure 5.10 shows a schematic of the facility.

The facility is designed to work in double bunch mode with a bunch time separation

of 50 ns and a repetition rate of 100Hz. In order to provide electrons to the soft X-ray

beam line, a beam spreader located at an energy of ∼ 3GeV will direct it to the Athos

beam line. A set of 3 fast resonant kickers [137] followed by a Lambertson septum will

divert the second of the two bunches from the linac [136]. This second bunch will then be

further transported through the spreader while the first bunch continues straight towards

the Aramis beam line. In order to allow some flexibility for different configurations, the

beam spreader design allows variation of R56 over a range of values.

The beam spreader [136, 138] shown in Fig. 5.11 has a total length of 65m and the

separation between the beam lines is 3.75m. The incoming beam is co-linear with the

Aramis beam line. The spreader includes one Triple Bend Achromat (TBA) section and

one Double Bend Achromat (DBA) section. The TBA section allows adjustment of R56
by varying the dispersion in the central dipole. The kicker deflects the beam in the vertical

direction. A set of two vertical dipoles and four quadrupoles after the TBA bring the beam

back to the horizontal plane. The optics are designed to make the system achromatic

in the vertical plane. Five quadrupoles located after this section are used to change the

phase advance between the TBA section and the DBA section. This choice of optics

design minimises the kicks due to CSR. The DBA section also accommodates the energy

collimators. The beam line includes a number of sextupoles for correcting the chromatic

terms.

5.2.6 SPring-8 Angstrom Compact free electron LAser (SACLA)

The SPring-8 Angstrom Compact free electron LAser (SACLA) is located adjacent to

the SPring-8 synchrotron source and was the first X-ray FEL to be built in Japan. The

Spring-8 Compact SASE Source (SCSS) project was started in 2001 [139] in order to
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Figure 5.12: Schematic of SACLA. Figure taken from [140].

Figure 5.13: Schematic of SINAP SXFEL at Shanghai. Figure taken from [141].

develop the technology for an X-ray SASE-FEL. Construction of SACLA was funded in

2006 and the first FEL light was obtained in 2011.

SACLA uses short period (18mm compared to 30mm at LCLS-I) in-vacuum undulators.

This reduces the electron beam requirement to 8GeV to obtain 0.1 nm photon wavelength

compared to other projects (14GeV in LCLS and 17.5 GeV in European X-FEL). SACLA

is the first X-ray FEL to use a normal conducting accelerating system at C-band, which

allows an accelerating gradient as high as 35MV/m to be achieved. These unique features

allow lasing at a relatively short distance of 0.7 km, compared to other similar X-FELs

such as LCLS (2 km) or the European X-FEL (3.4 km).

Another unique feature of the machine is the use of a thermionic injector instead of

a photoinjector as used in other X-FEL facilities. The accelerator schematic is shown in

Fig. 5.12. A beam spreader located at the end of the accelerator deflects the electron

beam horizontally in three directions using a kicker magnet and a DC twin septum magnet

[140]. BL3 is the undulator beam line in the centre, where the beam travels straight

(without deflection) from the accelerator. BL2 is the second undulator, where the kicker

and septum magnets first deflect the beam horizontally by +3◦, and then a DC dipole

bends the beam back by -3◦ to make it parallel to the BL3 undulator line. Two small

dipoles placed in between the dogleg cancel the R56. As reported in [140], the operation

of BL2 has been demonstrated recently. The CSR effects in the dogleg are currently

limiting the peak current. To cancel out the CSR effects, it is planned to re-arrange the

beam optics, to replace the existing layout with four identical dipoles bending the beam

by 1.5◦ with horizontal phase advance of π between two pairs.

5.2.7 Shanghai X-FEL

The Shanghai X-ray FEL (SXFEL) test facility has been constructed in preparation for a

hard X-ray FEL in China [141]. The SXFEL project is under construction at the Shanghai

Synchrotron Radiation Facility campus. The test facility is based on an 840MeV electron
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Figure 5.14: Schematic of PAL X-FEL in Korea. Figure taken from [142].

linac and generates 8.8 nm FEL radiation using seeded schemes. The project was approved

in 2011 and the installation was due to be completed by the end of 2016. There is the

potential to upgrade the beam energy to 1.6 GeV by adding more C-band RF accelerating

structures. The layout of the facility is shown in Fig. 5.13.

5.2.8 PAL X-FEL

The Pohang Accelerator Laboratory X-ray Free Electron Laser (PAL-XFEL) in Korea

began construction in 2011. The facility is planned to open for users in 2017 with soft

X-ray FEL radiation in the range of 1 to 4.5 nm using a 3.15GeV electron beam. A shorter

wavelength range from 0.1 to 0.6 nm will be covered with the hard X-ray undulator beam

line at an electron energy of 10GeV. The layout of the facility is shown in Fig. 5.14. The

facility uses S-band accelerating technology and the bunches are compressed using three

bunch compressors.

A switch line for the soft X-ray FEL is located at ∼3GeV point with a kicker and a

Lambertson type septum. The switch line consists of two double bend achromats with a

bend angle of each dipole equal to 3◦. The beam line for soft X-rays has its own bunch

compressor (BC3-S). A de-chirper system (consisting of a corrugated pipe) is installed to

reduce the correlated energy spread to within the limit required for a soft X-ray FEL.

5.2.9 New Light Source (NLS) Project in the UK

The UK’s New Light Source project started in April 2008 to explore the prospects for

a UK FEL facility with unique capabilities. The first phase of the project undertook a

broad-based consultation on the science drivers. The results of this consultation were

reported [143] in October 2008. The second phase of the project led to the production of

a conceptual design for the proposed facility, which was completed in May 2010 [37]. The

project was highly rated scientifically. However, due to financial constraints the project

was put on hold.

The schematic layout of NLS is shown in Fig. 5.15. It was proposed to achieve

the baseline specification for the facility by providing three FEL beam lines covering

a wavelength range from 0.124 nm to 24.8 nm. To provide the required tunability, an
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Figure 5.15: Schematic of NLS. Figure taken from [37].

electron beam energy of 2.2 GeV with variable gap undulators was chosen. The repetition

rate of the facility was set to 1 kHz initially, increasing up to 1MHz subsequently. This

drove the choice for superconducting technology for the accelerating structures operating

in CW mode.

For the first stage of operation, it was planned to use an injector based on a modified

version of the DESY FLASH/XFEL gun. Several options such as a very high frequency

gun and superconducting gun were considered for the second stage injector. The injector

consisting of photoinjector and a short linac raised the beam energy to 135MeV. A laser

heater was included to introduce the required energy spread to mitigate microbunching

instability before transporting the electron beam through a merger section. The merger

section was designed to integrate the beam from both injectors and also to provide

diagnostics for characterisation of the electron beam. A third order harmonic cavity was

included for the linearisation of longitudinal phase space before compressing the bunch.

Three bunch compressors were to be located at 205MeV, 460MeV and 1.5 GeV along

the 2.2 GeV superconducting linac. A dedicated beam collimation section was proposed

at the exit of the linac before the electron beam enters the beam spreader.

The beam spreader design was adapted from that of NGLS [144] and was based on a

kicker magnet located in a FODO lattice, followed by a septum. This kicker-septum pair

formed the first bend in the first Triple Bend Achromat. To provide enough transverse

separation between the beam lines the first TBA was followed by another TBA. Both

these TBA sections were designed to be achromatic and isochronous. Four such beam

lines were planned to be included after the collimation section on a matched straight line

incorporating a FODO lattice. A take-off section where the beam was deflected to a

separate beam line consisted of a kicker-septum pair inserted in the FODO lattice.

One of these four beam lines was proposed to be used for characterising the beam

entering the FEL beam lines. Three FEL beam lines were planned to incorporate different

undulator configurations. After passing through the FEL lines the electron beam was

deflected and transported to the high power (450 kW at 1MHz repetition rate) beam

dump. A straight on (non-deflected) diagnostics beam line was planned for commissioning

and characterisation. The layout thus had a clear path for future upgrades to include

additional beam lines. The design of the spreader, as it was presented in the conceptual
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design report and the subsequent design improvements studied as part of the studies

undertaken here are described in detail later in this chapter.

5.3 Beam Spreader Design Considerations

In order to arrive at the optimum beam spreader design the following points need to be

considered:

• Layout constraints due to existing infrastructure, components etc: the design of

the facility to fit into existing infrastructure (e.g. LCLS in existing tunnel) and

components may limit the choices available for the facility footprint.

• Number of the electron beam lines post spreader and upgrade path: the design

choices made for the beam spreader will essentially dictate the flexibility in the FEL

beam lines. Future options to include beam lines without affecting the existing

footprint are important to consider.

• Flexibility of changing undulator configuration in beam lines post spreading: if there

are different beam dynamics requirements in the FEL beam lines, such as variability

of FEL configuration with different bunch parameters (variability of R56, chirp, peak

bunch current etc.), the optics design of the spreader needs to accommodate this.

• Repetition rate of the upstream accelerator and time separation between the bunches

including flexibility of changing the bunch structure at the photoinjector: the choice

of technology to switch bunches to different beam lines is decided by the repetition

rate and bunch time structure generated at the photoinjector.

• Stability and jitter tolerances: switching the required bunches to a particular beam

line needs precise timing to trigger the kicker, septum and other pulsed magnets.

The temporal properties of these devices decide the stability of the beam in the

beam line in addition to jitter (random noise) from these devices.

• Beam parameters: the design should be “transparent" in the sense that it should

minimise the deterioration of bunch parameters such as peak bunch current (thus

bunch length), transverse (projected and slice) emittances and energy spread and

should provide dispersion free beam optics matching to the undulator sections.

• Combining additional requirements such as energy and transverse collimation and

diagnostics in each beam line: the dispersive regions in the beam spreader may

provide suitable locations for energy collimation, and non–dispersive regions with

correct phase advances can be used for collimation in the transverse planes.
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Table 5.3: Possible options for beam spreader designs, adapted from [145].

Method Pros Cons Comment
DC magnet Easy Only one beam line

at a time
Useful for
commissioning
and studies etc.

Pulsed magnets Stable and not so
hard

Reduces duty factor Hard for many
beam lines.

High-Q resonant
kicker at fbunch/2

Conventional,
stable and safe

Same structure
for beams unless
change at source

Suitable for
multi-user
operation.

High-Q RF
deflector and
optical delay at gun

Stable and flexible
regarding time
structures

More than 2 beam
lines complicated

> 2 beam lines
possible?

Fast, high
repetition rate
kicker

Allows arbitrary
pattern to be
picked out

Challenging with
stability & safety
issues

Ideal solution for
optimum flexibility.

• Ruggedness of technical solutions: the technical solutions chosen for switching

the beam should provide fail-safe operation serving precise number of bunches as

required by the experiments.

• Implications for the construction and the operating costs: the design choices made

for the beam spreader can have significant impact on the facility footprint driving

both the construction and the operating cost.

5.3.1 Options for Beam Switching

The first important decision in the choice of beam spreader design is the technique used

to switch/divert electron bunches to different beam lines. This is very closely related with

the available repetition rate of the facility. Table 5.3 (adapted from [145]) summarises

the options available with their pros and cons. Some details of each of these options are

discussed below:

• DC magnet: a DC dipole magnet placed at the entrance of the beam spreader

switches the beam to the required beam line. Being a DC magnet, it is possible

to switch the beam for any required length of time to a particular beam line. This

is suitable typically in a low repetition rate machine when all the pulses can be

sent to a particular beam line. Even though it can also be used for high repetition

facilities, it does not offer particularly effective use of the facility. The time required

for the DC magnet to turn on is typically of the order of few msec and the beam

can be switched off at the injector while the dipole is being fully powered. In high

energy machines, switching off one dipole and turning on another should provide

only negligible kick due to the remnant field in the dipole but at medium energies,
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it will be necessary to de-gauss the dipole.

• Pulsed magnets: a pulsed dipole magnet can be switched on and off at a certain

rate and thus makes it possible to divert the beam to a particular beam line. The

pulsed magnets provide a stable solution and are not hard to build. The rate of

changing makes this option useful for few beam lines and it needs to be weighed

against an easy solution using a DC dipole as described above.

• High Q resonant kicker at fbunch/2 frequency: The high Q resonant kicker [146]

divides the bunch structure symmetrically (unless there is a change at the source) as

shown in Fig. 5.16. This provides high stability, reliable and fast bunch separation.

Figure 5.16: Beam distribution based on resonant kicker at half of RF frequency. Figure
adapted from [145].

• High-Q RF deflector and optical delay at gun: A transverse deflecting RF cavity

operates in a mode where the center of the bunch experiences a finite integrated

transverse Lorentz force. Cavities operating in this mode were originally proposed

at SLAC [147] and at the Jefferson Laboratory [148] as tools for beam separation

and bunch length diagnostics. The use of transverse RF deflectors in a beam

spreader allows distributing electron bunches with on-demand repetition rates in

each beam line (Fig.5.17) with repetition rates well above the few hundred kHz limit

from fast kickers. The steady state nature of the transverse fields provides higher

deflection stability and shot-to-shot reproducibility as compared to those achievable

with fast kickers where deflecting pulses are created at every bunch passage [149].

Incorporating a delay line for the photoinjector laser system allows customised filling

patterns [150].

• Fast, high repetition rate kicker: A fast kicker allows to divert individual bunches (or

a selected number of bunches in a bunch train) to different beam lines (Fig.5.18).

The fast kicker consists of a fast, high power pulser and stripline electrodes [151].
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Figure 5.17: Beam distribution based on high-Q RF deflector and optical delay at gun.
Figure adapted from [145].

The required rise and fall time depends upon the separation between the bunches

as well as the macropulses. For example, for European X-FEL the separation

between the bunches is 100 ns and thus the fast kicker needs to have a rise/fall

time less than this spacing, whereas a CW machine with 1MHz repetition rate has

bunch separation of 1µs. The stability of the kicker needs to be very high as it

directly impacts the stability of bunches provided to a specific beam line. The most

challenging rise and fall time (∼ 1 ns) kicker has been developed for the International

Linear Collider damping rings [151].

Figure 5.18: Beam distribution based on high repetition rate kicker. Figure adapted from
[145].

Kicker and Septum

As shown in Table 5.2, a combination of kicker and septum is generally used in beam

spreader designs. Both kicker and septum magnets provide a dipole kick to the beam.

Kicker magnets provide fast rise and fall times but are restricted to relatively weak fields.

Thus the kickers provide possibility of time selection allowing to choose the number of

bunches to be kicked into a specific beam line. The septum on the other hand provides

slower rise and fall times, but a stronger magnetic field than kicker magnets. A septum

used in an accelerator provides a partition which separates two field regions; the region
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with homogeneous field provides a transverse space separation from the diverted and

non-diverted beams [152].

The main sub-systems of a kicker system consist of a pulse forming network, kicker

magnet, fast, high power switches, resonant charging power supply, coaxial cables and

terminators. Each one of these has complex design issues to address for achieving the

challenging requirements of fast rise times required for beam spreaders with MHz repetition

rates.

The main difference between a dipole magnet and a magnetic septum is that the

magnetic septum has a homogeneous magnetic field and a zero (or negligible) field region,

separated by a relatively thin septum, whereas a dipole magnet has only a homogeneous

field region. This often leads to having a high current density in the septum conductor

and associated cooling problems. The septum can be DC, pulsed or Lambertson type

(where magnetic material is used to separate the field free region instead of an electric

current as is the case in a DC or pulsed septum).

5.3.2 Lattice Design Options

The beam spreader lattice design options need to satisfy the list of criteria discussed

in the introduction of Section 5.3. The two important aspects of the design are the

choice of the take-off region and the lattice to transport the beam to different beam

lines. Two design concepts, one based on Triple Bend Achromat (TBA) arcs and another

one based on Double Bend Achromat (DBA) (obtained by incorporating dipoles magnets

in FODO lattice at phase advance of π) are well suited as discussed in Section 4.4.2. The

TBA provides achromatic and isochronous solution whereas the DBA one is achromatic

but not isochronous. In principle, both these designs can have take-off sections based

on kicker/ septum magnets or deflecting cavities or DC dipole magnets. The studies

presented in this thesis propose and compare the layouts of beam spreaders based on these

different concepts and highlight the differences where appropriate. The beam energies

used are 2.2 GeV (as in NLS studies) and three times this energy at 6.6 GeV (based on

the assumption that UK X-ray FEL energy will be in the energy range of 6 – 7GeV).

However, the proposed designs could in principle be scaled to any other energy.

The studies of the beam spreader design at both these energies assume similar bunch

parameters (taking into account their energy dependence) to make the comparisons as fair

as possible. Since every facility uses a different set of bunch parameters, the advances

made at several facilities to reach the minimum projected transverse emittance values

have been reviewed as shown in Table 5.4. On the basis of this review, a single set

of parameters have been chosen for the beam spreader designs. A bunch charge of

200 pC was chosen as it provides the required peak current (following compression) with

acceptable impact from the collective effects. A challenging value of normalised projected

emittance of 0.3mm.mrad in the transverse planes has been chosen as this will maximise
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Table 5.4: Bunch parameters at undulators at some X-ray FEL facilities

Facility Bunch
charge
(pC)

Projected
normalised
emittance
(mm.mrad)

Bunch
length
(rms) (µm)

Comment

LCLS-I 20 - 250 0.3 - 1.0 1 - 20 Measured slice emittance
of 0.4mm.mrad at
250 pC at LCLS injector.

LCLS-II 10 - 300 0.2 - 0.7 0.6 - 52.0
SwissFEL 10 - 200 0.25 - 0.65 1.8 - 9.0 Measured projected

emittance of
0.3mm.mrad at 200 pC
at the test facility.

NLS 200 <1.0 23 Bunch length FWHM
European
X-FEL

1000 1.4 24 Measurements
at PITZ injector
facility demonstrated
0.6mm.mrad at 1 nC.

FERMI
@Elettra

800 -
1000

<1.5 210 - 420 Bunch length FWHM.

the deterioration due to CSR which is being analysed in a beam spreader design. A

Gaussian longitudinal bunch distribution with a rms bunch length of 25µm (83 fs) has

been chosen as this is a moderate number to compare the effects of CSR. However, it is

useful to have a flat-top longitudinal distribution (to minimise the impact of space charge

at lower energies) to achieve the required low emittance values without spikes in the slice

beam emittance. Following the single pass and two pass recirculation studies for NLS,

the longitudinal phase space at the entry of the spreader is as shown in Fig. 5.19. A

small energy chirp is assumed at the start of the spreader to evaluate its impact on beam

spreader design. It will be shown later that if the beam spreader lattice is not isochronous,

the residual chirp can de-compress/compress the bunch further depending upon the sign

of the chirp and the sign of R56.

The tracking results presented in this chapter mainly use the bunch parameters given

above. However, in order to show the relative differences, the results of tracking without

energy chirp, with a higher projected emittance (≈1mm.mrad) with energy chirp and a

flat-top longitudinal beam distribution are included in a few selected cases.

5.4 Beam Spreader Design Based on Triple Bend Achromat

5.4.1 Beam Spreader at 2.2 GeV

A spreader design based on a TBA lattice was suggested in the conceptual design report

for NLS as shown in Fig. 5.20. It should be noted that the sign convention used here bends
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Figure 5.19: Top: Longitudinal phase space in single pass linac at the exit of linac
(left) and exit of the beam spreader (right)[37] (See schematic Fig. 5.15). Bottom:
Longitudinal phase space at the entry of the spreader (left) and exit of the spreader
(right) for re-circulation linac option [153].

Figure 5.20: Schematic of NLS spreader based on LBNL design [144] showing one beam
line. The inset on the bottom shows the start of the different FEL beam lines and the
main figure shows details of the complete lattice for one spreader line with a take-off line
starting with a kicker and a septum. The quadrupole after the kicker and on either side
of the septum are modeled as combined function magnets to take into consideration an
off-axis kick. Quadrupoles are shown in red and dipoles in black in rest of the line.

119



Figure 5.21: Schematic of multiple FEL beam lines using the TBA spreader design shown
in Fig. 5.20.

the beam in positive x and if signs of bending are reversed, the beam is bent in negative

x direction (as was shown in the CDR). Thus the sign can be chosen as appropriate for

the facility footprint; the direction of bending does not affect the final properties of the

electron bunches. The spreader consists of a long FODO take-off section (where the

beam is separated first time from the straight-on facility axis) with a series of extraction

points for various FEL lines. Fig. 5.21 shows the layout of multiple FEL beam lines using

the lattice shown in Fig. 5.20. This design keeps open the possibility for including more

beam lines in future. Bunches that are not diverted to a particular FEL line continue to

pass on-axis through the FODO lattice. Each extraction section consists of two Triple

Bend Achromat (TBA) arcs, where the kicker and the septum together replace the first

dipole of the first TBA arc. A 2m long kicker placed between the first F and D quadrupole

provides a kick of 3mrad. The beam passes off-axis by ∼4mm in the centre of the D

quadrupole immediately after the kicker giving an additional kick of 1.43mrad and by

∼16mm in the centre of the F quadrupole before the septum giving a kick of -5.3mrad.

The beam is thus nearly parallel to the straight-on facility axis at the entrance of the

septum. The septum kicks the beam by 27mrad. The beam passes off-axis by ∼53mm

through the D quadrupole after the septum giving an additional kick of 17.5mrad, thereby

reducing the required strength of the septum magnet. The beam is finally separated from

the incoming beam after the D magnet after the septum. The first TBA arc “arc1" is then

completed with two additional dipoles and seven quadrupoles. The total bending angle

provided by kicker, septum and off-axis quadrupoles is 43.6mrad and can be represented

as the first dipole of the arc. The second dipole bends the beam by 24mrad and the

third dipole by 36mrad. The total bending angle coming from the first arc is 103.6mrad

(∼5.9◦). Arc1 ends at s=45m and is followed by matching quadrupoles to match the

beam into second TBA arc. The second arc “arc2" starting at s=53m is also a TBA but
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Figure 5.22: Optics and tracking of Gaussian bunch through the spreader shown in
Fig. 5.20. CSR is off and ISR is on. Top (left to right): βx in black, βy in red, ηx in
blue; R56 in black, T566 in red; Normalised horizontal emittance in black and normalised
vertical emittance in red. Middle (left to right): longitudinal phase space, slice current,
horizontal co-ordinates of macroparticles as a function of longitudinal position within the
bunch. Bottom (left to right): slice normalised horizontal emittance, slice normalised
vertical emittance, slice energy spread. The length of the slice is 20 fs.

bends the beam more strongly, with the first and third dipoles giving a kick of 92.7mrad

each, and the middle dipole a kick twice of this value. The total bending angle provided

by this arc is thus 278.1mrad (∼21◦), stronger by a factor of 2.5 compared to the first

arc. Four quadrupoles on each side of the middle dipole are used to give achromatic

and isochronous conditions outside the arc. Both arcs are independently achromatic and

isochronous.

The optics and results of tracking a Gaussian bunch through the beam spreader (shown

in Fig. 5.20) with CSR off and ISR on are shown in Fig. 5.22. Results with both CSR

and ISR on are shown in Fig. 5.23. The figures show the lattice functions, first and

second order dispersions (R56 and T566), normalised projected horizontal and vertical

emittances along the spreader lattice, longitudinal phase space, slice current and horizontal

co-ordinates of electrons along a bunch, the slice horizontal and vertical emittances and

slice energy spread. Comparing these two figures, the differences in bunch properties as a

result of CSR are clearly seen in the projected normalised horizontal emittance (note the

change in scale), longitudinal phase space and bunch slice properties. The bunch peak

current is not affected because of the isochronicity of the design. The projected normalised

horizontal emittance increases to 0.36mm.mrad at the end of the beam spreader as a
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Figure 5.23: Optics and tracking of Gaussian bunch through the spreader shown in
Fig. 5.20. CSR and ISR on. Top (left to right): βx in black, βy in red, ηx in blue; R56
in black, T566 in red; Normalised horizontal emittance in black and normalised vertical
emittance in red. Middle (left to right): longitudinal phase space, slice current, horizontal
co-ordinates of macroparticles as a function of longitudinal position within the bunch.
Bottom (left to right): slice normalised horizontal emittance, slice normalised vertical
emittance, slice energy spread. The length of the slice is 20 fs.

result of CSR kicks to different parts of the bunch. The resulting horizontal kick to the

bunch and its effect on slice energy spread are also noticeable. The slice emittances

however are not increased. The second order terms in the spreader, namely the horizontal

and vertical chromaticities (second order matrix terms T162 and T364 and the second

order dispersion T566 are shown in Fig. 5.24. It was found during NLS studies that these

terms can adversely affect the performance of a single spike operation [37] due to a large

energy spread. It was found that by correcting these higher order terms, it was possible to

maintain a high bunch peak current. It was therefore decided to include sextupoles in the

spreader as additional tuning knobs. In case of a beam energy error (with respect to the

spreader dipole magnet settings), the T566 term generates a lower order feed-down term,

resulting in a non-zero value of R56. As described in Chapter 6, the sextupole magnet

position alignment can cause R56 errors and linear dispersion errors in both transverse

planes, as well as x-y coupling and beta-mismatch errors. Since the optimisation of

sextupole scheme (location, number and strengths) depends upon the optimised settings

for a particular FEL mode, these are not included in design and tracking in this chapter.

However, from NLS studies as well as from spreader designs for SwissFEL and European

X-FEL it is important to note that sextupoles and octupoles may be required in the beam
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Figure 5.24: Left: horizontal (in black) and vertical (in red) chromaticities (second
order matrix terms T162 and T364 respectively). Right: second order dispersion (T566)

in spreader design Fig. 5.20.

Figure 5.25: Schematic of modified design of NLS spreader. The large aperture
quadrupole in Fig. 5.20 after the septum is replaced with one more septum. The
quadrupoles after the kicker and before the septum are modeled as combined function
magnets to take into consideration an off-axis kick. Quadrupoles are shown in red and
dipoles in black in rest of the line.

spreader, and the experimental results presented in Chapter 6 are important to consider.

Initially the spreader design used a large beam offset of ∼53mm in the quadrupole

after the septum. However, achieving the required gradient in such a large aperture

quadrupole is challenging and increasing the length of this magnet (to obtain the required

integrated strength) increases the length of FODO take-off section. In addition to this,

there may be additional undesirable beam dynamics effects due to such a large beam

offset. The proposed solution is to replace this quadrupole with a nominal aperture

quadrupole as in rest of the spreader and include an additional septum providing a kick of

∼17.5mrad after the 25mrad septum as shown in Fig. 5.25. Optics studies show that

the quadrupole term can be absorbed in the original lattice while keeping the isochronous

and achromaticity conditions as before. The betatron phase advance between dipoles is

optimised further to cancel the CSR kicks. As a result of this the betatron functions in

arc2 are significantly different than in Fig. 5.23. The results of beam tracking through

the spreader design shown in Fig. 5.25 with CSR and ISR on are shown in Fig. 5.26. The
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Figure 5.26: Optics and tracking of Gaussian bunch through the spreader shown in
Fig. 5.25. CSR and ISR on. Top (left to right): βx in black, βy in red, ηx in blue; R56
in black, T566 in red; Normalised horizontal emittance in black and normalised vertical
emittance in red. Middle (left to right): longitudinal phase space, slice current, horizontal
co-ordinates of macroparticles as a function of longitudinal position within the bunch.
Bottom (left to right): slice normalised horizontal emittance, slice normalised vertical
emittance, slice energy spread. The length of the slice is 20 fs.

projected horizontal emittance has reduced to 0.32mm.mrad compared to the CDR design

which gave 0.36mm.mrad. The reduced effect of CSR on the horizontal co-ordinates as

a function of longitudinal position the bunch and on the bunch slice properties is also

noticeable. Even though in practice this small change in emittance would be difficult to

measure, it shows the importance of maintaining phase advance close to π between the

dipoles.

As shown in tracking studies, CSR in arc2 increases the horizontal projected emittance

from an initial value of 0.3mm.mrad to 0.32mm.mrad when the phase advance is adjusted.

To see how the bending in arc2 affects this, the bending angle in each dipole of arc2 was

reduced by factor of 2 and then by a factor of 4 from the original dipole angle of 92.7mrad.

Fig. 5.27 shows the projected normalised horizontal emittance (left) and the transverse

offset (right) as the arc2 dipole angles are changed. The projected emittance at the

spreader exit reduces from 0.327mm.mrad to 0.315mm.mrad and 0.312mm.mrad when

angles are reduced by half and a quarter. The transverse offset is reduced from 9.5m to

7.5m and 6.5m, respectively. It is therefore possible to conclude that an optimum choice

of angle can be made to achieve the required transverse offset without degradation to

beam quality through the spreader. In this particular example, there is very little advantage
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Figure 5.27: Projected horizontal emittance (left) and transverse offset (right) for TBA
spreader at 2.2 GeV for different dipole angles in arc2 of the configuration shown in
Fig. 5.25.

obtained by reducing the bending angles and so achieving 7.5m transverse offset with

halved bending angles is probably preferable.

5.4.2 CSR Matrix Compensation Method

The matrix compensation method [110] described in Chapter 4 is applied to NLS CDR arc2

design. As seen in Section 5.4.1, the projected normalised horizontal emittace increased

from 0.3mm.mrad to 0.36mm.mrad at the exit of the spreader as shown in Fig. 5.23.

It should be noted that the arc2 design has not been optimised using the R-matrix

method (by optimising quadrupole strengths to match ξx and βx envelope at the exit of

arc, while maintaining the chromaticity and isochronicity conditions). Instead the design

of arc2 as presented in Section 5.4.1 is used and an extended transfer matrices are written

for arc2 as explained in Section 4.4.4. Multiplying these matrices the dispersion and its

derivative due to CSR (ξ, ξ′) at the exit of arc2 is obtained as (-1.072m2, -0.1197m).

This gives the angle of CSR kick (angle made by line ξxx ′ − ξ′xx = 0 in (x, x ′) phase

space, as shown in Fig. 4.15) equal to φξ = 0.110.

In order to match the Courant-Snyder parameters at the exit of arc2 to match the

orientation of phase space with φx , the Courant–Snyder parameters at the entry of the

arc2 are scanned (-6.0 < αx < +8 and 0.25 < γx < 7). Fig. 5.28 shows the variation

of projected horizontal normalised emittance at the exit of the arc2 as αx values are

changed for fixed value of γx . For each of these Courant–Snyder parameter, the value of

angle φ (the angle made by phase space ellipses (Fig. 4.15)) is calculated. The minimum

emittance of 0.338mm.mrad correspond to the curve γx=0.5, αx=+1.5 and βx=6.5m

and φx=0.115 as shown in Fig. 5.29. This demonstrates the method of minimisation of

emittance using the matrix approach. Using these optimised Courant–Snyder parameters
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Figure 5.28: Projected emittance at the end of arc2 for a fixed γx as a function of αx .

Figure 5.29: Left: Magnified region of interest from Fig. 5.28. Right: Projected emittance
at the end of arc2 as a function of φx for the curves on the left.

at the entry of arc2, the tracking results confirm achieving this value of emittance at

the exit of the spreader as shown in Fig. 5.30. As shown in Section 5.4.1, the minimum

emittance can be brought down to 0.32mm.mrad by adjusting the betatron phase advance

between the arc dipoles Fig. 5.26 and thus one can use any of these methods by optimising

the arc design from the start.

5.4.3 Beam Tracking With Different Initial Beam Parameters

The tracking results shown in the previous sections assume a Gaussian bunch distribution

in transverse and longitudinal planes and uses extremely challenging normalised transverse

emittances. In this section, the tracking is repeated for the lattice shown in Fig 5.25 with

different initial beam parameters. Fig. 5.31 shows the bunch length (left) and normalised

emittance (right) along the beam line and the longitudinal phase space at the exit of
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Figure 5.30: Tracked bunch in NLS CDR lattice of arc2 with R-matrix optimisation of CSR
kicks, from left to right (Top) - lattice functions, R56 and T566 and projected horizontal
emittance; (Bottom) - longitudinal phase space, slice current and horizontal co-ordinates
of macroparticles as a function of longitudinal position within the bunch.

the spreader (middle) from tracking a bunch with a Gaussian distribution in all three

planes. The cases with and without a chirp with initial emittance of 0.3mm.mrad (top

and middle) and with a chirp and initial emittance of 1mm.mrad (bottom) are compared.

The increase in normalised emittance at the end of the spreader in each case is 9.2%,

1% and 3%, respectively. The differences can be attributed to small changes in bunch

length in the first two cases. In the third case the relative change in bunch emittance is

smaller due to a higher starting transverse projected emittance.

Instead of using a Gaussian longitudinal distribution at the start of the spreader, it may

be advantageous to have a flat-top distribution. A flat-top distribution at lower energies

helps to reduce the increase in projected/slice beam emittance due to space charge. Also,

sometimes there is a requirement to have a flat-top longitudinal profile in the FEL (for

example for seeding, as was specified in NLS). In order to keep the bunch peak current

similar to the Gaussian case, it is necessary to reduce the total bunch length to ∼ 20µm.

For a Gaussian distribution, ±3σ is used. The results from tracking this bunch (through

the lattice used in Fig 5.25) with chirp and 0.3mm.mrad beam emittance is shown in

Fig. 5.32. The slice emittance and energy spread show peaks at the start and end of

the bunch, but in contrast to the Gaussian distribution, the slice energy spread is uniform

between the peaks. This may be desirable for certain FEL schemes with seeding.

Fig. 5.33 shows the bunch length (left) and normalised emittance (right) along the

beam line and the longitudinal phase space at the exit of the spreader (middle) from

tracking a flat-top bunch with chirp and without chirp with initial emittance of 0.3mm.mr-

ad (top and middle), and with chirp and initial emittance of 1mm.mrad (bottom). The

increase in normalised emittance at the end of the spreader in each case is 20.3%,

14.1% and 7.8%, respectively. Compared with the corresponding cases with Gaussian
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Figure 5.31: Results of beam tracking with Gaussian bunch in all three planes for
beam spreader Fig. 5.25, Left: bunch length along the spreader, Middle: longitudinal
phase space, Right: projected normalised emittances along the beam line. Top:
beam emittance 0.3mm.mrad, Gaussian bunch with chirp, Middle: beam emittance
0.3mm.mrad, Gaussian bunch without chirp, Bottom: beam emittance 1.0mm.mrad,
Gaussian bunch with chirp.

distribution, it is clear that the longitudinal flat-top distribution increases the projected

emittance by noticeable factor. This is expected as the bunch length is reduced to get

similar bunch peak current and thus the tail of the bunch has a larger number of electrons

compared to the Gaussian distribution, resulting in higher CSR kicks to the electrons in

head. However, the slice energy spread is uniform over the length of the bunch (except

from the peaks at the start and end of the bunch), which may be advantageous for an

FEL.
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Figure 5.32: Optics and tracking of flat-top bunch in longitudinal plane bunch through
the spreader shown in Fig. 5.25, CSR and ISR on. Top (left to right): βx in black, βy
in red, ηx in blue; R56 in black, T566 in red; normalised horizontal emittance in black and
normalised vertical emittance in red. Middle (left to right): longitudinal phase space, slice
current, horizontal horizontal co-ordinates of macroparticles as a function of longitudinal
position within the bunch. Bottom (left to right): slice normalised horizontal emittance,
slice normalised vertical emittance, slice energy spread. The length of the slice is 20 fs.
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Figure 5.33: Results of beam tracking with flat-top longitudinal distribution with bunch
length 20µm for the beam spreader shown in Fig. 5.25. Left: bunch length along the
spreader. Middle: longitudinal phase space. Right: projected normalised emittances along
the spreader. Top: with chirp and transverse normalised emittance of 0.3mm.mrad.
Middle: without chirp and transverse normalised emittance of 0.3mm.mrad. Bottom:
with chirp and transverse normalised emittance of 1.0mm.mrad.
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Figure 5.34: Schematic of TBA spreader at 6.6 GeV. The quadrupoles after the kicker and
before the septum are modeled as combined function magnets to take into consideration
an off-axis kick. Quadrupoles are shown in red and dipoles in black in rest of the line.

5.4.4 Beam Spreader Design at 6.6 GeV

The 2.2GeV beam spreader design described in earlier sections has been scaled for a

6.6 GeV beam spreader. The kicker and septum lengths are increased by a factor of three

to keep the same bending angle (as the maximum field in the septum and the kicker will

be limited by technology). This increase in length needs another FODO lattice to be

designed to allow the 6m long kicker and septum magnets to fit within the drift space

between an F-quadrupole and a D-quadrupole. The FODO has been chosen to give a

7m drift between the quadrupoles, the distance between the cells is set to 0.75m to

keep the Courant-Snyder β functions in both transverse planes below 20m. The beam

offsets in the quadrupoles become larger due to the longer drifts between quadrupoles.

The beam passes off-axis by ∼11.2mm in the centre of the D quadrupole immediately

after the kicker giving an additional kick of 4.3mrad and by ∼26mm in the centre of

the F-quadrupole before the septum giving a kick of ∼ -9mrad. The beam is thus nearly

parallel to the straight-on facility axis at the entrance of the septum. The septum kicks

the beam by 27mrad. The beam passes off-axis by ∼115mm through the D quadrupole

after the septum giving an additional kick of ∼39mrad, thereby reducing the required

strength of the septum magnet. The beam is finally separated from the incoming beam

after the D quadrupole following the septum. The first TBA arc is then completed with

two additional dipoles and seven quadrupoles. The total bending angle provided by the

kicker, septum and off-axis quadrupoles is ∼ 64mrad and can be represented as the first

dipole of the arc. The second dipole bends the beam by 24mrad and the third (final) one

bends the beam by 36mrad. The total bending angle coming from the first arc is thus

124mrad (∼7◦ as compared to ∼5.7◦ for 2.2 GeV spreader). Scaling the arc2 dipoles to

keep the dipole field similar to 2.2 GeV case gives a total angle of ∼ 21◦. A transverse

separation of ∼15m is then achieved in ∼110m, as shown in Fig. 5.34.

For the same beam parameters (except energy) the beam optics and the tracked beam

parameters are shown in Fig. 5.35 with CSR and ISR on, Fig. 5.36 with CSR on and ISR
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Figure 5.35: Optics and tracking of Gaussian bunch through the 6.6 GeV spreader shown
in Fig. 5.34. CSR and ISR on. Top (left to right): βx in black, βy in red, ηx in blue;
R56 in black, T566 in red; normalised horizontal emittance in black and normalised vertical
emittance in red. Middle (left to right): longitudinal phase space, slice current, horizontal
co-ordinates of macroparticles as a function of longitudinal position within the bunch.
Bottom (left to right): slice normalised horizontal emittance, slice normalised vertical
emittance, slice energy spread. The length of the slice is 20 fs.

off and Fig. 5.37 with CSR off and ISR on. Unlike the 2.2 GeV case, the effect of ISR at

high energy in both arcs contributes to the final emittance of 0.50mm.mrad. The final

emittance from only ISR is 0.36mm.mrad.

As the CSR and ISR emittance growth mainly occurs in arc2, the effect of the dipole

angles used in arc2 as the CSR and ISR emittance growth is evaluated further. The original

angle of 92.7 mrad was halved and quartered. A comparison of the projected horizontal

emittances for these cases is shown in Fig. 5.38. Reducing the bending angle in arc2

reduces the transverse separation by a few meters as shown on the right. The reduction

in bending angle by a quarter reduces the final projected emittance from 0.5mm.mrad

to 0.32mm.mrad with both CSR and ISR on, and results in a reduction in transverse

separation from 15m to 11m.

This scheme however requires very large aperture quadrupoles to accommodate the

beam offset of 115mm. To achieve the required gradient in a quadrupole with such a

large aperture in the given length is not practical (in addition, the external dimensions

of such a quadrupole will need more transverse space). The academic exercise carried

out here was mainly to highlight the effect of ISR at the higher energies. Alternative

options such as first bending the beam in the vertical plane and then bringing it back to
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Figure 5.36: Same as Fig. 5.35 but with CSR on and ISR off

Figure 5.37: Same as Fig. 5.35 but with CSR off and ISR on
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Figure 5.38: Projected horizontal emittance (left) and transverse offset (right) with only
ISR and with ISR and CSR on for TBA beam spreader at 6.6 GeV for different dipole
angles in arc2.

the horizontal plane after the required separation is achieved will be better solution (as

adopted at European X-FEL [132, 131] and SwissFEL [136], for example.)
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Figure 5.39: Schematic of single cell of FODO lattice.

5.5 Beam Spreader Design Based on Double Bend Achromat

The lattice design based on a FODO lattice uses optics symmetry and an appropriate

phase advance between the dipoles as described in Chapter 4. A betatron phase advance

of π in the bending plane between two consecutive dipoles cancels the dispersion and its

derivative (hence the name double bend achromat) as well as the CSR kicks, provided that

the bunch and lattice parameters are approximately the same at these two locations. The

spreader design based on this concept [107, 108] has experimentally been demonstrated

to preserve the normalised horizontal emittance. The beam line based on a FODO lattice

can be achromatic (with the correct phase advance between the dipoles) but is not

isochronous and thus the cancellation of CSR kicks can work perfectly only with certain

beam parameters and lattice design.

In this section, beam spreader designs based on DBA lattices based on FODO lattices

at both 2.2 GeV and 6.6 GeV are presented. The tracking simulations use the same

starting parameters as were used in the previous sections on beam spreader designs

(based on TBA) to allow a direct comparison of the final beam parameters in both these

configurations.

5.5.1 Beam Spreader design at 2.2 GeV

In order to decide the correct phase advance between the locations in FODO lattice where

dipoles can be inserted, it is important to consider specific FODO lattices. FODO lattices

are periodic lattices with properties described in Chapter 2. The drift spaces used should

be of sufficient length to incorporate dipoles and the beta functions and dispersions along

the line should be reasonable to avoid higher order perturbations to beam. The FODO

cell shown in Fig. 5.39 consists of F and D quadrupoles each with length equal to 0.25m.

The drift lengths at the start of the FODO and end of the FODO are equal to l1 and the

drift length between the between the quadrupoles is equal to l2. The phase advances and

maximum beta functions in horizontal and vertical planes for different values of drifts and

quadrupole strengths are shown in Fig. 5.40.

If two dipoles bending in the same direction are inserted in the FODO lattice with the

phase advance between them equal to π, the dispersion (and its derivative) close at the
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Figure 5.40: Left: phase advance over a FODO cell as a function of integrated quadrupole
strength for different drift lengths l1 and l2 from Fig. 5.39. Right: maximum value of
Courant–Snyder beta function in the FODO cell as a function of phase advance.

Figure 5.41: Left: phase advance of π between two dipoles for the FODO lattice using
three FODO cells with total length equal to 3.5m from Fig. 5.40. Right: Courant–Snyner
beta functions (horizontal in black and vertical in red) and dispersion (in cm) (in blue)
along the lattice.
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Figure 5.42: Schematic of a beam spreader based on 3◦ bending angle dipoles embedded
in a FODO lattice. The phase advance per cell (each cell 3.5m long) of FODO is π/2.

exit of second dipole, thus satisfying the achromatic condition. As shown in Fig. 5.40,

the maximum phase advance in a FODO cell is less than π, thus at least two FODO cells

(each with phase advance of π/2) are needed to construct an achromat. The separation

of the beam spreader from the straight on beam line depends upon the angles of the

dipoles and distance between the dipoles. A beam spreader design with four dipoles can

bring the beam line parallel to the linac for FEL line. Fig. 5.42 gives an example of this

scheme. In principle, a final decision on the FODO design to use is taken considering

not only the maximum betatron function and the phase advance but also considering the

number of magnets and their power supplies (which affect the cost of the facility). For no

specific reason, FODO cell lengths of 3.5m and 6.5m are used for the lattices described

here. All the lattices with FODO cell length from 3.5m to 6.5m have a maximum value

of betatron functions less than 25m. The variation in betatron function as a function of

the phase advance becomes narrower as the length of the FODO increases.

As explained in Section 4.4.2, if successive CSR kicks are separated by a betatron

phase advance equal to π in the bending plane, there is no or negligible emittance growth.

In the first example, a dipole with a bending angle of 3◦ embedded in a FODO cell with

each having π/2 phase advance is used, as shown in Fig. 5.41. The beam then passes

through two more FODO cells and then enters FODO cells incorporating two dipoles

bending in the opposite direction to the first pair of dipoles by −3◦. This brings the

beam line parallel to the accelerating linac as shown in Fig. 5.42. The optics and results

of tracking through this beam line are shown in Fig. 5.43. The projected normalised

beam emittance in the horizontal plane is almost unchanged at the exit compared to the

emittance at the start.

To illustrate the effect of not maintaining the phase advance of π between second

and third dipole, two more FODO cells are added in the middle as shown in Fig. 5.44,

making the phase advance between the second and third dipoles equal to 2π, which adds

the CSR kicks instead of cancelling out. The effect of this on the projected emittance,

slice emittances and energy spread are shown in Fig. 5.45.

By adding two more FODO cells in the middle section, the phase advance between the

dipoles is equal to 3π which again maintains the normalised projected horizontal emittance
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Figure 5.43: Optics and tracking of Gaussian bunch through the 2.2 GeV FODO spreader
shown in Fig. 5.42. CSR and ISR on. Top (left to right): βx in black, βy in red, ηx in
blue; R56 in black, T566 in red; Normalised horizontal emittance in black and normalised
vertical emittance in red. Middle (left to right): longitudinal phase space, slice current,
horizontal co-ordinates of macroparticles as a function of longitudinal position within the
bunch. Bottom (left to right): slice normalised horizontal emittance, slice normalised
vertical emittance, slice energy spread. The phase advances between each pair of dipoles
is π.

Figure 5.44: Schematic of a beam spreader based on 3◦ bending angle dipoles embedded
in FODO lattice. The phase advance per cell (each cell 3.5m long) of FODO is π/2.
The phase advance between dipoles 2 and 3 is equal to 2π.
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Figure 5.45: Optics and tracking of Gaussian bunch through the 2.2 GeV FODO spreader
shown in Fig. 5.44. CSR and ISR on. Top (left to right): βx in black, βy in red, ηx in
blue; R56 in black, T566 in red; Normalised horizontal emittance in black and normalised
vertical emittance in red. Middle (left to right): longitudinal phase space, slice current,
horizontal co-ordinates of macroparticles as a function of longitudinal position within the
bunch. Bottom (left to right): slice normalised horizontal emittance, slice normalised
vertical emittance, slice energy spread. The phase advance between second and third
dipoles is equal to 2π.
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Table 5.5: Comparison of FODO based DBA spreader lattices. *includes 8 dipoles instead
of 4.

Dipole
angle

No. of
FODO
cells

X (m) Total
length
(m)

FODO
cell
length
(m)

Dipole
length
(m)

R56
(cm)

T566
(m)

bunch
length
(µm)

εNx
(mm.
mrad)

3◦ 7 1.5 25.5 3.5 0.5 0.10 0.08 25.3 0.3010
4◦ 7 1.9 25.5 3.5 0.5 0.10 0.08 25.5 0.3031
6◦ 7 3.0 25.5 3.5 0.5 0.41 0.32 25.7 0.3099
9◦ 7 4.2 25.5 3.5 0.8 1.40 0.64 27.4 0.3783
12◦ 7 5.8 25.5 3.5 0.8 2.50 1.25 29.2 0.5661
15◦ 7 6.4 25.5 3.5 0.8 3.90 2.00 31.8 0.9437
3◦ 11 3.0 39.5 3.5 0.5 0.10 0.08 25.3 0.3005
3◦* 19 9.0 66.0 3.5 0.5 0.19 0.15 25.4 0.3086
6◦ 11 5.9 39.5 3.5 0.5 0.39 0.31 25.7 0.3099
6◦ 11 5.9 39.5 3.5 0.8 0.61 0.31 26.1 0.3100
12◦ 7 10.2 44.0 6.5 0.8 2.30 2.40 28.8 0.7763
15◦ 7 13.0 44.0 6.5 0.8 3.90 2.00 31.8 1.3702
12◦ 7 10.2 44.0 6.5 1.5 4.40 2.30 32.0 1.1978
15◦ 7 13.0 44.0 6.5 1.5 7.00 3.60 38.0 2.3682

almost unchanged.

In order to obtain more separation between spreader beam lines to avoid any physical

clash between the straight on beam line components and adjacent beam lines (if more

than one spreader beam line is required), it is possible to add more FODO cells in between

dipoles two and three (still maintaining odd multiple of π betatron phase advance).

However this will need more quadrupoles and associated power supplies (hence the cost

will increase). Thus it is useful to study how far the dipole angle can be increased while still

maintaining the beam quality (i.e. bunch length, normalised projected and slice emittance,

slice energy spread etc.). Table 5.5 gives the results for several dipole angles. When the

bending angle is increased, the dipole field has to increase unless the length of the dipole

is increased. To accommodate an increased length of dipoles, longer FODO cells are

required.

From the results presented in Table 5.5, it can be inferred that if the dipole angles

are kept below 6◦, the compensation of CSR works almost perfectly. Fig. 5.46 shows the

possible layout of a beam spreader for multiple (in this case 3) FEL beam lines using 6◦

dipoles.

For dipole angles higher than 6◦, the maximum projected emittance along the line

increases as noted in Table 5.5. As the dipole angle increases, R56 increases and as the

FODO lattice is not isochronous, if the bunch enters the spreader with an energy chirp,

then the bunch length will change. This affects the exact cancellation of CSR kicks.

For the extreme case of 15◦ dipole angle, the length of a dipole has significant effect
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Figure 5.46: Schematic of multiple FEL beam lines using FODO spreader design using 6◦

dipoles inserted at correct phase advances.

on the projected as well as the bunch slice parameters. Fig. 5.47 and Fig. 5.48 show

tracking results from a FODO lattice with cell length 6.5m case with dipole length 0.8m

compared with a case with dipole length 1.5m corresponding to 2.4T (too high for normal

conducting electromagnet) and 1.28T magnetic field on the dipoles, respectively. The

tracking results through longer dipoles demonstrate no cancellation of CSR kicks. The

CSR kicks result in a strong spike in slice peak current, slice horizontal emittance and

slice energy spread.

It is also interesting to see the “bow-tie" shape in the horizontal phase space in both

these cases as a consequence of the effect of CSR on the horizontal variables (x, x ′) in

the dipoles, because of the non-zero dispersion. In the first pair of dipoles, electrons

lose energy depending on their longitudinal co-ordinate within the bunch. Because of the

dispersion in the dipoles, when the bunch exits the second dipole and enters a region

with zero (linear) dispersion, there is still some net change in the horizontal variables:

this effect is analogous to quantum excitation from incoherent synchrotron radiation.

This means that electrons enter the second pair of dipoles with horizontal co-ordinate

(and momentum) depending on their longitudinal co-ordinate. But now there is further

energy loss from CSR, affecting electrons in the same way as before according to their

longitudinal positions, and resulting (at the exit of the final dipole) in a further change in

the horizontal variables, depending on the longitudinal co-ordinate of the electron. But

because the horizontal variables at the entrance to the second pair of dipoles already had

a dependence on the longitudinal co-ordinate, the net effect is a change in horizontal

variables depending on the initial values of the horizontal variables.

These results show that for CSR cancellation to work, it is necessary to keep dipole

lengths and angles to reasonably low values.
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Figure 5.47: Tracking results through DBA based on FODO (cell length 6.5m) with 0.8m
long 15◦ dipoles. Left to right: normalised horizontal emittance in black, longitudinal
phase space, slice current; slice normalised horizontal emittance, phase space in horizontal
plane, slice energy spread.

Figure 5.48: Tracking results through DBA based on FODO (cell length 6.5m) with 1.5m
long 15◦ dipoles. Left to right: normalised horizontal emittance in black, longitudinal
phase space, slice current; slice normalised horizontal emittance, phase space in horizontal
plane, slice energy spread.
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5.5.2 Beam Tracking With Different Initial Beam Parameters

The tracking results shown in previous section assume a Gaussian bunch distribution

in transverse and longitudinal planes and are done for extremely challenging normalised

transverse emittances. An initial correlated energy spread (chirp) is also assumed. In this

section, the tracking for a similar lattice to the one shown in Fig 5.42 but with 6◦ dipoles

is repeated with different initial beam parameters. Fig. 5.49 shows the bunch length

(left) and normalised emittance (right) along the beam line and the sliced longitudinal

phase space at the exit of the spreader (middle) from tracking a Gaussian bunch in all

three planes with chirp and without chirp with initial emittance of 0.3mm.mrad (top

and middle), with chirp and initial emittance of 1mm.mrad (bottom). The increase in

normalised emittance at the end of the spreader is 6.1%, 7.1% and 1.9%, respectively.

The differences can be attributed to a small change in the bunch length in the first

two cases. In the third case the relative effect in bunch slice emittances is smaller due

to higher starting transverse projected emittance. Fig. 5.50 shows the bunch length

(left) and normalised emittance (right) along the beam line and the slice longitudinal

phase space at the exit of the spreader (middle) from tracking a flat-top bunch in the

longitudinal plane with chirp and without chirp with initial emittance of 0.3mm.mrad (top

and middle), with chirp and initial emittance of 1mm.mrad (bottom). The bunch length

was reduced in flat-top mode to obtain a similar peak bunch current to the case of a

Gaussian distribution. The increase in normalised emittance at the end of the spreader is

42.4%, 46.5% and 15.8%, respectively. The difference in emittances using chirped and

unchirped bunch may be attributed to small differences in longitudinal phase space at the

final dipoles. The large increase in the projected emittance can be attributed to more

electrons in the tail compared to a Gaussian distribution (as the amplitude of the flat-top

distribution is the same as the peak in the Gaussian) but also due to a higher energy loss

due to CSR for shorter bunch length. This process can thus change the bunch parameters

at subsequent dipoles, affecting cancellation of CSR kicks. The increase in emittances is

significantly higher than the TBA lattice.
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Figure 5.49: Results of beam tracking with Gaussian bunch in all three planes for beam
spreader shown in Fig. 5.42 with 6◦ dipoles, Left: bunch length along the spreader, Middle:
longitudinal phase space, Right: projected normalised emittances along the beam line.
Top: beam emittance 0.3mm.mrad, Gaussian bunch with chirp, Middle: beam emittance
0.3mm.mrad, Gaussian bunch without chirp, Bottom: beam emittance 1.0mm.mrad,
Gaussian bunch with chirp.

Figure 5.50: Same as Fig. 5.49 but with flat-top bunch in the longitudinal plane.
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5.5.3 Beam Spreader Design at 6.6 GeV

To design a DBA beam spreader at 6.6 GeV, the 2.2 GeV DBA beam spreader designs

based on FODO lattices can be scaled to see their performance at higher energy. From

the results presented in section 5.5.1, the dipole angles of 6◦ and 12◦ are considered to

achieve enough transverse separation in moderate beam line length and these angles are

taken as starting angles. If these angles are proved to deteriorate the beam quality, lower

than 6◦ angles can be used.

Due to three times higher energy, it order to keep the magnetic field below ∼1T, it
is necessary to increase the dipole length from 0.8m to 2.4m. For 6◦ bending, needing a

dipole field of 0.96T. The length of the FODO cell is increased to 6.5m to accommodate

these longer dipoles. The increase in the dipole angle to 12◦ with 2.4m length gives a

dipole field of 1.92T; it is necessary to increase the dipole length further to reduce the

dipole field to∼1.5T (a reasonable upper limit on the field strength in a normal-conducting

electromagnetic dipole). For the sake of comparing the major differences with respect to

2.2 GeV spreader design qualitatively, the dipole length is kept to 2.4m. The important

effect at this higher energy comes from the incoherent synchrotron radiation. Figs. 5.51,

5.52 and 5.53 show the effect of ISR off and on in addition to the CSR using 6◦

dipole. The ISR marginally increases the normalised projected horizontal emittance (from

0.3mm.mrad to 0.34mm.mrad) and the CSR kicks are almost cancelled.

Whereas if the bending angle is increased to 12◦, as shown in Figs. 5.54, 5.55 and 5.56

with ISR on and CSR off, ISR off and CSR on and both ISR and CSR on, respectively, it

is evident that the effect of ISR leads to a large increase in projected as well as the slice

emittance, and also increases the slice energy spread. This result is significantly different

compared to the TBA lattice at 6.6 GeV (as described earlier in Section 5.3.5). The TBA

lattice is optimised for minimum ISR (lattice functions and dispersion functions are smaller

in dipoles) compared to the DBA lattice.
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Figure 5.51: Tracking results through 6.6 GeV beam spreader based on FODO (6.5m)
with 6◦ dipoles, ISR on and CSR off. Left to right: projected normalised horizontal
emittance (black),longitudinal phase space, slice current, slice horizontal normalised
emittance, horizontal phase space and slice energy spread.

Figure 5.52: Same as Fig.5.51 but with ISR off and CSR on.

Figure 5.53: Same as Fig. 5.51 but with both ISR and CSR on.
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Figure 5.54: Tracking results through 6.6 GeV DBA beam spreader based on FODO
(6.5m) with 12◦ dipoles with ISR on and CSR off. Left to right: projected normalised
horizontal emittance (black), longitudinal phase space, slice current, slice horizontal
normalised emittance, horizontal phase space and slice energy spread.

Figure 5.55: Same as Fig. 5.54 but with ISR off and CSR on.

Figure 5.56: Same as Fig. 5.54 but with both ISR and CSR on.
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5.6 Lattice Tolerances

As described in Section 2.4, the magnets in an accelerator can be aligned only to a

certain accuracy, and the field in the magnet is limited by the stability of the power

supplies which power the magnets. With sophisticated laser alignment techniques and

accurately marked fiducials, the magnets (specifically quadrupoles) can be aligned within

100µm with respect to their magnetic centers in transverse directions (DX and DY in the

notation used here) and the rotation around the s-axis (referred to as TILT) of 1mrad.

The fractional strength error (FSE) is the deviation from the ideal strength (or bending

angle) due to magnet fabrication errors and/or achievable power supply stability. Field

strength errors of less than 0.1% are typically required to keep the machine parameters

close to the design values. If a lattice uses identical dipoles, it is often possible to power

these dipoles in series (all identical dipoles powered using a same power supply) and the

same is true for the quadrupoles. This reduces the cost and makes the operation of the

facility simpler (but leads to the requirement for better matching in to these sections,

as independent control of each magnet is not possible or is restricted). Where magnets

are powered in series, this leads to correlations between errors, which must be taken into

account in simulations.

5.6.1 Tolerances for 2.2 GeV TBA lattice

For the spreader design described here, the first and the third dipole in arc2 can be

connected in series, as can the quadrupoles symmetrically placed in the arcs. Both these

cases are included in addition to all magnets being powered independently (no correlations

in the errors). The results of these errors on beam parameters: normalised horizontal and

vertical projected emittances, energy spread, bunch length and beam centroids in the

horizontal and vertical planes are compared. The values of these parame- ters without

any errors in presence of CSR and ISR are mentioned at the top of Table 5.6 with “No

Error". The effect of errors have been simulated for 100 machines with different sets

of random errors in position and field strengths. The 90th percentile of the results from

these 100 simulations are listed in Table 5.6.

5.6.2 Tolerances for 2.2 GeV DBA Lattice

To understand the effect of misalignments and field errors in DBA lattices, two FODO

based DBA lattices as shown in Fig. 5.57 are used: one with 6◦ dipoles giving ∼6m
transverse offset in ∼40m distance and another using two 3◦ dipoles. The lattice with 3◦

dipoles uses four pairs of dipoles, with the dipoles within each pair separated by a phase

advance of π. The total bending angle in both the 6◦ and the 3◦ dipole lattices is 24◦.

The optics and projected emittances (from tracking) are shown in Fig. 5.58. The CSR

compensation is similar in both cases, but lattice with 3◦ dipoles gives a transverse offset
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Table 5.6: Effect of errors on 2.2 GeV beam spreader based on TBA lattice. The values
given are the 90th percentile of the distribution from 100 sets of different random errors.

εx×10−6

[m.rad]
εy×10−6

[m.rad]

σp
p × 10−4 σl ×

10−6 [m]

Horz
Centroid
[mm]

Vert.
Centroid
[mm]

No Error 0.3275 0.3000 1.9938 25.02 8.5×10−3 2.2×10−8

Dipole
FSE=1×10−3

Uncorrelated
errors

0.3541 0.3000 2.0429 25.07 0.3197 5.9×10−8

Quad
FSE=1×10−3

Uncorrelated
errors

0.3322 0.3000 2.0452 25.02 -1.8×10−5 6.2×10−8

Dipole
TILT=1×10−3

0.3277 0.3000 2.0443 25.03 -9.6×10−5 2.3×10−6

Quad
DX=1×10−4

0.4229 0.3000 2.040 25.11 2.842 5.8×10−8

Quad
DY=1×10−4

0.3277 0.3268 2.040 25.03 -1.0×10−5 1.09

Quad
TILT=1×10−4

0.3336 0.3071 2.040 25.03 -9.7×10−5 8.2×10−5

All above
errors

0.4769 0.3292 2.0433 25.14 2.556 1.156

Dipole
FSE=1×10−3

Correlated
errors

0.3546 0.3000 2.0432 25.07 0.3197 5.7×10−8

Quad
FSE=1×10−3

Correlated
errors

0.3312 0.3000 2.0437 25.07 -5.1×10−5 5.2×10−8

of ∼9m in ∼66m, which is comparable to the transverse offset achieved in the TBA

lattice for 2.2 GeV described in Section 5.4.1. In both these lattices, the bending angle

gives enough transverse separation at the start to avoid clash of magnets with the straight

on beam line and the projected as well as slice horizontal emittance are maintained close

to the design value.

5.6.3 Comparison of Tolerances

The values of beam parameters for the DBA lattices without any errors in the presence

of CSR and ISR are given with “No Error" in Tables 5.7 and 5.8. The effects of errors

have been simulated for 100 machines with different random errors in position and field

strengths. The 90th percentile of the results from these 100 simulations for the 6◦ dipole
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Figure 5.57: DBA lattices used for comparison of tolerances. The one on the top uses
6◦ dipoles, two bending in one direction and other bending in opposite direction, the total
bending experienced by the beam is 24◦. The one on the bottom uses four 3◦ dipoles
bending the beam one way separated by number of FODO cells and then bending the
beam back by four 3◦ dipoles. The total bending is by 24◦.

Figure 5.58: Left to right: Optics, R56 (black) and T566 (red) and normalised projected
emittances for the lattices in Fig. 5.57.
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Table 5.7: Effect of errors on 2.2 GeV beam spreader based on 6◦ DBA (based on FODO)
lattice. The values given are the 90th percentile of the distribution from 100 sets of
different random errors.

εx×10−6

[m.rad]
εy×10−6

[m.rad]

σp
p × 10−4 σl ×

10−6 [m]

Horz
Centroid
[mm]

Vert.
Centroid
[mm]

No Error 0.3140 0.3000 2.76 26.14 6.36×10−3 4.30×10−4

Dipole
FSE=1×10−3

Uncorrelated
errors

0.3146 0.2998 2.764 26.204 9.44×10−5 5.06×10−7

Quad
FSE=1×10−3

Uncorrelated
errors

0.3136 0.29986 2.764 26.184 3.46×10−5 5.07×10−7

Dipole
TILT=1×10−3

0.3135 0.2998 2.764 26.14 6.3×10−6 1.26×10−6

Quad
DX=1×10−4

0.3164 0.2998 2.767 26.252 0.871 5.0×10−7

Quad
DY=1×10−4

0.3135 0.3040 2.764 26.14 9.2×10−6 6.37×10−5

Quad
TILT=1×10−4

0.3136 0.3003 2.764 26.140 6.43×10−6 1.144

All above
errors

0.3172 0.3043 2.761 26.20 0.937 1.44

Dipole
FSE=1×10−3

Correlated
errors

0.3146 0.2986 2.764 26.20 0.943 5.06×10−7

Quad
FSE=1×10−3

Correlated
errors

0.3137 0.2994 2.765 26.02 8.95×10−6 2.68×10−7

lattice are listed in Table 5.7 and that of the lattice with 3◦ dipoles are listed in Table 5.8.

Comparison of these two tables show that the effect of all errors are slightly worse in the

lattice with 3◦ dipoles. Therefore, the tolerances of TBA lattice are compared with this

double DBA lattice.

Before comparing the tolerances of TBA and DBA (based on FODO) lattices, it

is important to point out that for the identical starting beam parameters, the beam

parameters at the exit of the beam spreader without any errors are significantly different;

particularly, the horizontal emittance (0.3275/0.3089mm.mrad), momentum spread (1.99

/3.59×10−4 and bunch length (25.02/25.72µm) for TBA/DBA FODO, respectively.

The different values in the error-free cases need to be taken into account when comparing
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Table 5.8: Effect of errors on 2.2 GeV beam spreader based on 3◦ double DBA (based
on FODO) lattice. The values given are the 90th percentile of the distribution from 100
sets of different random errors.

εx×10−6

[m.rad]
εy×10−6

[m.rad]

σp
p × 10−4 σl ×

10−6[m]

Horz
Centroid
[mm]

Vert.
Centroid
[mm]

No Error 0.3089 0.29979 3.59 25.72 6.59×10−2 5.94×10−4

Dipole
FSE=1×10−3

Uncorrelated
errors

0.3127 0.2998 3.591 25.49 0.0424 7.08×10−7

Quad
FSE=1×10−3

Uncorrelated
errors

0.3090 0.2997 3.589 25.48 6.91×10−5 7.10×10−7

Dipole
TILT=1×10−3

0.3084 0.2998 3.59 25.42 6.51×10−5 8.95×10−7

Quad
DX=1×10−4

0.3320 0.2998 3.588 25.55 1.218 7.1×10−7

Quad
DY=1×10−4

0.3084 0.3201 3.590 25.48 6.49×10−5 2.12

Quad
TILT=1×10−4

0.3085 0.3001 3.590 25.42 6.51×10−5 9.75×10−6

All above
errors

0.3321 0.3204 3.594 25.54 1.374 1.321

Dipole
FSE=1×10−3

Correlated
errors

0.3087 0.2997 3.590 25.49 9.27×10−3 7.09×10−7

Quad
FSE=1×10−3

Correlated
errors

0.3106 0.2997 3.358 25.05 6.53×10−5 7.05×10−7

the effects of errors. Comparing the effect of errors in the 3◦ double bend lattice, it can be

observed that the quadrupole displacement in the horizontal plane increases the horizontal

emittance and beam offset more in the TBA, whereas the DBA lattice is more sensitive

to displacement in the vertical plane. Dipole field errors have a larger impact on the

horizontal emittance and beam centroid in the TBA lattice than in the DBA lattice.

The errors in the TBA lattice have very little effect on bunch length as the lattice is

isochronous, whereas the DBA lattice can change the bunch length (and thus the bunch

peak current) due to finite R56 if there is residual chirp at the entrance of beam spreader.

Even though the bunch centroid can be corrected for systematic errors using corrector

magnets, the increase in emittance is difficult to compensate.
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5.7 Requirements and Importance of Diagnostics and
Instrumentation in Beam Spreader

In order to ensure that the required high quality bunches are delivered to FELs, it is

important to characterise the bunches in 6D phase space. Ideally, this should be done

before the beam enters the FEL. If a beam spreader is included in the design of the

facility, it would be ideal to measure the bunch phase space and slice parameters before

and after the beam spreader. However, due to implications for the cost of the facility, an

optimum solution of having a dedicated section for full characterisation may be included

before the spreader, and some additional diagnostics should be included within and after

the spreader to ensure that the bunch properties do not deteriorate too far. If the beam

spreader design provides identical beam parameters to a number of FEL lines, it should

be sufficient to carry out detailed characterisation only in one beam line, for example,

as proposed in the case of NLS [37], where a dedicated beam line parallel to other FEL

lines was included for full characterisation. The layout and requirements of different FEL

beam lines can however vary significantly (for example, the SwissFEL beam line to Athos

is at lower energy than the Aramis beam line) and the unique aspect of each facility needs

careful consideration at the design stage. Another important factor is the time structure

(bunch repetition rate and separation between bunches) and how bunches are distributed

to the FEL beam lines.

The bunch properties that need to be characterised at various bunch charges are:

energy, projected and slice transverse emittances, bunch length and projected and slice

energy spread. Measurement of energy and energy spread need a spectrometer line,

consisting of a dipole with a precisely known magnetic field. It is also useful to have

quadrupole magnets in the spectrometer line to control the dispersion and beam size on

the downstream optical screen where beam position and beam size are measured as a

function of spectrometer dipole field to obtain energy and energy spread values. If the

beam power is high (from 100s of watt to 100s of kW depending upon the bunch structure

and bunch repetition rate), it is important to decide on the strategy (for example sending

only a few bunches) of how beam energy and energy spread could be measured as it will

lead to a need for multiple high power beam dumps raising issues of more demanding and

expensive radiation shielding.

The projected emittances can be measured using a number of methods; for example

by scanning a quadrupole magnet strength and measuring the beam size on a downstream

optical screen, or by measuring beam sizes on number of screens located at correct phase

advances [119, 154]. In the first method, it is possible to record a number of shots at

one setting of the quadrupole to take into consideration the jitter (fluctuations or small

variations caused due to limitations on the technical systems) as the same screen remains

inserted. When using multiple screens, it is necessary to extract each screen before
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recording the beam size on the next screen. The DBA spreader lattice based on FODO

would readily allow incorporating screens at appropriate phase advances whereas the

spreader lattice based on TBA would need a separate section with FODO to incorporate

the multiple screens. For measuring bunch slice properties, a combination of a transverse

deflecting cavity (TDC) and a screen located with an appropriate phase advance from the

TDC can be used.

The TDC also provides high resolution and accurate measurement of bunch length but

it is invasive to beam operation and therefore other non-invasive bunch length monitors

need to be incorporated (for example, for the purpose of providing a feedback to small

changes in RF phases). The likely place for these monitors is just after the bunch

compressors but having a non-invasive bunch length monitor at the exit of spreader before

entering the FEL is beneficial for tuning the beam line close to the design parameters.

The beam lines incorporating the FELs are long (10-100s of meters) and typically

have small undulator gaps (6-8mm to reach shorter photon wavelength at beam energy

of a few GeV). The straightness of the trajectory through these long FEL sections relies

on high resolution beam position monitors and beam based alignment. For the FEL to

work properly, the beam orbit (offset and angle) entering the FEL section through the

beam spreader has to be corrected and maintained to high accuracy. Thus the beam orbit

through the beam spreader has to be measured accurately and corrected before entering

the FEL. Thus, there is a need to incorporate a combination of steering (small dipole)

magnets in the horizontal and vertical planes and BPMs located at correct phase advances

throughout the spreader as in the upstream accelerator part.

Another important beam parameter is the time of flight in the beam spreader. The

correct setting of R56 is necessary to ensure the isochronicity of the spreader design in

the case of a spreader design based on TBA. A non-zero value of R56 (as in the case of a

spreader based on a DBA lattice) combined with a finite beam chirp from the upstream

accelerator can lead to a change the bunch length. Equally, a non-zero R56 combined with

energy jitter on the beam can lead to a change in the time of flight. Hence, it is important

to measure the time of flight through the beam spreader accurately. As shown in Chapter

6, experiments on the ALICE TBA arc confirm that the measurement of time of flight

can help to set up the beam optics correctly to achieve close to the design performance.

This is even more important if the spreader design includes sextupoles, as changes in

the alignment of these can lead to changes in R56 affecting the beam transport. The

isochronicity and the achromaticity of the beam spreader needs to be guaranteed to make

the beam spreader as transparent to the beam as possible, and thus a suitable diagnostics

system providing the information on time of flight and spurious dispersion (arising due to

magnet misalignments) is required.

With non-zero dispersion in part of the beam spreader lattice, there is a possibility

to include energy collimation. The FODO based DBA lattice may also provide the
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required phase advance to collimate the beam halo covering all the transverse phase space.

However, the collimator apertures are decided by the undulator gap and the betatron

functions in the undulator and at the collimator location. Larger betatron functions in

the spreader section helps to open up the collimator gaps (in order to reduce the wake

fields). But, in principle, a suitably optimised FODO based DBA lattice may be able

to incorporate some collimation (for example, the beam switchyard to the Athos beam

line in SwissFEL). Table 5.9 summarises the diagnostics needed to measure various beam

properties in a beam spreader, highlighting differences in the beam spreader designs based

on TBA and FODO based DBA lattices.
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Table 5.9: Possible diagnostics and instrumentation and their locations in TBA and DBA
(based on FODO) beam spreaders.

Property TBA DBA(based on FODO) Comments
Projected
emittance

Quadrupole scan in
matching section
between two
arcs and optical
screen located
downstream the
quadrupole

Multiple screen measure-
ments may be better
suited if FODO
quadrupoles connected in
series - optical screens
(atleast 3) located
symmetrically at correct
phase advances

Other possibilities such
as wire scanners or
synchrotron radiation
monitor from the
spreader dipole are
possible in both cases.

Courant-
Snyder
Parameters

Quadrupole scan in
matching section
between two
arcs - optical
screen located
downstream the
quadrupole

Multiple screen measure-
ments may be better
suited if FODO
quadrupoles connected
in series-optical screens
(atleast 3) located
symmetrically at correct
phase advances

Other possibilities such
as wire scanners are
possible in both cases.

Achromaticity Dispersion
measurement
at exit of each arc

Dispersion measurement
after pair of dipoles

Necessary to change
beam energy upstream
of beam spreader.

Isochronicity Time of arrival
measurements at
the exit of each
arc

NA - but Time of arrival
information will guarantee
that the optics is set up
properly

If sextupoles are
included, need
to consider the
recommendations
from Chapter 6.

Bunch
length

Electro-optical
sampling before
entry to FEL

Electro-optical sampling
before entry to FEL

Additional indirect
information from
Coherent Transition
Radiation from final
spreader dipole may be
useful.

Bunch
charge and
transport
efficiency

ICT at the exit
of spreader and
calibrated sum
signal from BPMs

ICT at the exit of spreader
and calibrated sum signal
from BPMs

Increase in readings of
the radiation monitors
and/or the beam loss
monitors located along
the line can provide
indirect evidence of
beam loss.

Beam
position

BPMs located
throughout beam
spreader at correct
phase advances

BPMs located throughout
beam spreader at correct
phase advances

Collimation
of beam halo

Suitable high
dispersion
locations

Suitable high dispersion
and other locations for
transverse collimation
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5.8 Summary

In order to utilise fully the potential of an X-FEL, it is desirable to incorporate a number

of beam lines in the FEL facility. The scheme to switch or spread electron bunches to

different beam lines is based on the time structure of the electron beam and the need to

choose the rate of bunches feeding in to a particular beam line. The choice of the take-off

region of the beam spreader depends on these requirements as well as on the choice of

lattice design for the upstream region.

The design of the beam spreader needs to maintain the beam parameters achieved

through longitudinal manipulation of bunches whilst preserving the transverse emittance

in the plane of bending. With a careful design of beam spreader it is possible to minimise

the detrimental effects of CSR. In addition to CSR, the incoherent synchrotron radiation

increases the transverse beam emittance at higher energies. The spreader design choices

based on double bend achromat and triple bend achromat presented in this chapter can

preserve the transverse projected emittance for the range of electron beam parameters

described here.

As demonstrated in the simulations presented in this chapter, in addition to suitable

lattice design choices, a gradual bending with smaller bending angles in the dipoles is

desirable to minimise the CSR effects. This however requires longer lengths of beam line

to achieve the required separation for different beam lines and can increase the cost of the

facility significantly. The schemes presented in this chapter can be applied at lower and

higher energies than covered here. The preservation of the bunch properties will depend

on the starting bunch parameters such as bunch charge, bunch length, energy chirp and

transverse emittances. For the TBA and DBA (based on FODO) lattices and identical

starting beam parameters, the beam parameters at the exit of the beam spreader without

any errors are significantly different. The TBA lattice is found to be more sensitive to

the quadrupole displacement in the horizontal plane whereas the DBA lattice is more

sensitive to the quadrupole displacement in the vertical plane. Dipole field errors have a

larger impact on the horizontal emittance and the beam centroid in the TBA.

To ensure that the required high quality bunches are delivered to FELs, the requirements

and importance of beam diagnostics and instrumentation in the spreader design are

discussed. The differences and possible options of locations of diagnostics devices and

instrumentation are highlighted for the TBA and the FODO based DBA lattices.
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Chapter 6

Beam Dynamics Studies of ALICE

6.1 Background and Context

The ALICE (Accelerators and Lasers In Combined Experiments) accelerator at Daresbury

Laboratory was originally built as an Energy Recovery Linac Prototype (ERLP) to develop

the technology and skill base for the then planned 4GLS facility [118, 155]. Even though

the 4GLS did not materialise, ALICE demonstrated energy recovery and operation of the

first oscillator Infra-Red Free Electron Laser on an energy recovery machine in Europe. In

addition, ALICE has evolved as a test bed for various novel concepts and as a technology

development facility over nearly a decade [156]. In the last few years the ALICE IR

FEL has been used for cancer research [157]. The specific design choice made for

ALICE of isochronous “Triple Bend Achromat (TBA)" arcs is one of the most suitable for

beam spreaders as described in Chapter 5. Thus the experimental studies on longitudinal

beam dynamics carried out on ALICE [158, 159, 160, 161] provide important information

for spreader designs. The practical experience gained from these studies also helps to

identify the requirements and suitable locations for diagnostics and suggests procedures

and methods to be followed to tune the longitudinal beam transport to match closely to

the design.

6.2 Overview of ALICE

The ALICE accelerator consists of a DC gun, a superconducting booster, and a main

energy-recovery loop incorporating a superconducting linac, a bunch compressor chicane

and an undulator as shown in Fig. 6.1. The DC gun is operated with a negative electron

affinity GaAs photocathode, illuminated by frequency-doubled light (532 nm) from a

mode-locked Nd:YVO4 laser with an oscillator frequency of 81.25 MHz. Two laser pulse

lengths (7 psec and 28 psec) were studied in detail to measure their effect on transverse

and longitudinal electron bunch properties [162, 163]. The value of 28 psec was later used

in regular operation. The emitted electrons are accelerated to a kinetic energy of 325 keV.

A solenoid placed at the exit of the gun is used for emittance compensation.
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A single-cell, normal conducting cavity (buncher) operating at 1.3 GHz is used for

velocity bunching of the bunch before the bunch enters the booster. The booster consists

of two superconducting 9-cell TESLA-type cavities operating at 1.3 GHz which accelerate

electrons to beam energy of ∼6.5MeV. The injection line after the booster consists

of number of quadrupoles, a double bend achromat, a dogleg formed by a dipole in

the injection line and the last dipole of the merger chicane to merge the beam with

re-circulation loop. The injection line is equipped with several optical screens, a charge

monitor and steering magnets to correct the beam path. The dogleg is achromatic but not

isochronous and has a small R56 (by design). The layout of the facility was constrained

by the existing well shielded enclosures from previous facility in this area as well as some

existing dipole magnets from other facility, resulting in a relatively long injection line

(∼10m between booster exit and entry to linac). The injection line layout allows to

direct the beam straight on to an optical screen, which is used for cresting the booster

cavities as well as for characterisation of energy and energy spread.

The injection line merges with the last dipole of the chicane located at the entry of

the linac in the main loop. The electrons get accelerated in the linac up to ∼28MeV.

The beam transport downstream of the linac consists of a TBA arc (ARC1), a bunch

compression chicane (BC), an adjustable gap undulator forming part of a low gain oscillator

FEL, a second TBA arc (ARC2) and a high energy chicane to return the beam to the

linac for energy recovery. On the return path, the electrons enter the linac at 180◦

phase difference from the accelerating phase, so that electrons give energy back to the

cavities (deceleration). To optimise energy recovery, the path length can be adjusted

by mechanical movement of ARC1. The low energy electrons after energy recovery get

deflected in to the beam dump line through the magnetic chicane located after the linac.

The first dipole in ARC1 and an optical screen located downstream are used for cresting

the linac cavities and setting them with required off-crest phases for bunch compression.

The quadrupoles outside the arcs ensure matching of the optics into/out of the arcs. The

quadrupoles in the straight section ST2 (exit of ARC1 to entry of FEL) match the optics

to the bunch compression chicane and the adjustable gap undulator. The quadrupoles in

straight ST4 (exit of ARC2 to exit of injector merger chicane) match to the injection

merger chicane and entry to linac and through the extraction chicane to the beam dump.

The facility includes a number of small dipole magnets to steer the beam correctly on

the design trajectory. Various diagnostic devices such as optical screens, Faraday cups

and beam position monitors provide the tools to characterise the beam and its transport

through the machine.

The main demands on beam quality come from the IR-FEL requirements [164]. The

bunches must be compressed to ∼1 psec to provide a high bunch peak current, while the

single bunch energy spread should be less than 200 keV (0.7%). Transverse emittance

requirements are less stringent, with <10mm.mrad (normalised) being acceptable.The
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Figure 6.2: The dispersion function and
√
β functions (horizontal in black and vertical in

red) for the ALICE design lattice from booster exit to beam dump.

Figure 6.3: Beam energy and bunch length in ALICE starting from booster exit to beam
dump.

main machine and beam parameters of ALICE are given in Table 6.1. The design dispersion

function and square root of the betatron function along the lattice are shown in Fig. 6.2.

Figure 6.3 shows the rms bunch length and the beam energy along the machine.

Table 6.1: Main ALICE machine and beam parameters

DC Gun Voltage 325 kV
Photocathode GaAs
Photoinjector drive laser Nd:YVO4
RF Frequency 1.3 GHz
RF gradients 10MV/m
Injector energy 6.5MeV
Bunch repetition frequency up to 81.25MHz (variable)
Train repetition frequency 1 - 10Hz
Train length up to 100µs
Beam energy 28MeV (Max)
Bunch charge 80 pC (Max)
Normalised transverse emittance <10mm.mrad
Bunch length after compression < 1psec rms

Coherent synchrotron radiation (CSR) is not an issue for the beam parameter regime
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Figure 6.4: ALICE lattice used for beam tracking from exit of the booster. Red rectangles
show quadrupole magnets, black shapes show dipole magnets.

chosen for ALICE, e.g. the bunch length is several psec long while passing through the arc

and bunch charge up to 80 pC. Initial studies at the time of design show that the emittance

blowup up to 50% may take place due to CSR if transverse emittance of ∼5mm.mrad

and a bunch length of 0.5 psec in arcs is assumed [165]. ALICE does not operate in this

parameter range and so issues related to CSR cannot be tested on ALICE experimentally.

An IR-FEL has been operated on ALICE since 2010, and the facility has also been

used as a THz source. Both these applications rely on short compressed bunches (bunch

length of∼1 psec) and an important aspect of the machine to deliver this is the longitudinal

transport, as detailed in next section.

6.3 Longitudinal Beam Transport

The longitudinal beam transport properties in ALICE can be illustrated by tracking the

beam. Simulations from the gun to the exit of the booster are performed using space

charge codes. For the purpose of the studies described here, the starting point is from

the exit of the booster, where the operational energy is ∼6.5MeV. The machine layout

used for simulations is shown in Fig. 6.4.

Features of the main loop relevant for longitudinal transport consist of a TBA arc,

a compression chicane and a second TBA arc to de-compress the bunches on their

return to the linac for energy recovery. Fig. 6.5 shows details of the layout of ARC1

namely: two quadrupoles to match the lattice functions entering the arc, three 60◦

dipoles (DIP-01, 02, 03), four quadrupoles (QUAD-01, 02, 03, 04), two sextupoles

(SEXT-01, 02), two vertical steering magnets (VSC-01,02), and two quadrupoles at

the exit of the arc to match the lattice functions to the matching section to the straight

containing the bunch compression chicane and FEL. There are six beam position monitors

in the arc (BPM-01, 02, 03, 04, 05, 06), one at the entry and one at the exit of each

dipole magnet. Two optical screens are located symmetrically adjacent to the sextupoles.
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Figure 6.5: Details of ALICE ARC1 showing the locations and nomenclature of the
magnets and diagnostics. The quadrupole doublets located at the entry and the exit
of the arc are used to match the lattice functions to/from the arc.

All dipoles, quadrupoles and sextupoles are independently powered. The beam position

monitors were not used during routine operation due to technical issues but were used

with special electronics [166, 167] attached to a few BPMs at a time for some of the

dedicated beam dynamics studies reported here.

In principle, the arc design is capable of generating sufficient R56 for bunch compression

for FEL operation. However, a four dipole compression chicane is instead included for this

purpose for better control over compression and linearisation. The notation used here

is that of elegant, which assumes z < 0 for bunch head, and thus the R56 of the

chicane is negative (-0.28m). The design assumes that the bunch compression for FEL

operation is achieved using the bunch compression chicane, and thus requires that ARC1

be isochronous. A combination of setting ARC2 to provide R56 = +0.28m and off-crest

operation of Linac (with respect to decelerating phase) de-compresses the bunch on

second pass through Linac. This reduces the energy spread bringing it close to the initial

value from the injector before the beam enters the dump line. The reduced energy spread

imply reduction in beam apertures in the dump line. Thus, the arcs need only supply zero

or positive R56 to give a full range of longitudinal manipulation. A triple-bend achromat

design for the arc satisfies all this requirement to be met. TBA arc design contains the

minimum number of dipoles necessary for isochronous transport [168, 169]. Given a limit

on the quadrupole strength, there are constraints on the drift lengths possible in the TBA

cell to provide isochronous transport. A single TBA cell for each arc was chosen [170]

in order to achieve a compact design. Each dipole is ∼0.5m long and has a magnetic

dipole field of ∼0.19T at an operating energy of ∼28MeV. The arc has a symmetry

about the centre of the middle dipole DIP-02. The contributions of the arc dipoles to

R56 are determined by the dispersion and the bending radius of the dipole as described in

Chapter 2. The requirement for an achromatic arc imposes constraints on the dispersion

function and its derivative at the entrance of the central dipole. At the design stage, the
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Figure 6.6: Variation of R56 while maintaining the achromatic condition in the arcs as the
outer quadrupole strengths are varied. The red marker shows the (nominal) isochronous
operating point for ARC1.

drift lengths in the arc and quadrupole strengths were chosen to give an isochronous arc

with zero dispersion at the entrance and exit of the arc. The optimum solution takes into

account the footprint of the arcs along with the apertures and maximum operating fields

in the magnets.

For the optimised arc design in ALICE, it is possible to tune the arc quadrupoles to

give small positive or negative values of R56 while maintaining the achromatic condition.

Fig. 6.6 shows the variation of R56 when ARC1 outer quadrupoles QUAD-01/04 and inner

quadrupoles QUAD-02/03 are varied independently to keep the achromatic conditions.

The value of R56 has a stronger dependence on the outer quadrupoles QUAD-01/04 than

on the inner quadrupoles QUAD-02/03. Fig. 6.7 shows the dispersion function from the

entry of ARC1 to the exit of ARC2 for three values of R56 = 0,−0.28m, +0.28m in

ARC1, and the T566 values for the corresponding settings. The chicane and ARC2 are set

to give R56 = −0.28m and +0.28m, respectively. The adjustability of this design makes

it possible to obtain R56=+0.28m in ARC2 and when combined with off-crest deceleration

through Linac, results in obtaining smaller energy spread required for the energy recovery.

This is achieved by driving the dispersion to a negative value in the central dipole using

quadrupoles; tuning of R56 and T566 is possible by adjusting quadrupoles and sextupoles,

respectively in the arcs. Sextupoles are required in the first arc to linearise the longitudinal

phase space at the FEL as mentioned in Chapter 3, whilst those in the second arc minimise

the energy spread after deceleration so that the disrupted electron bunches may be cleanly

extracted to the beam dump [165]. As mentioned in Chapter 3, the chicane provides a

non-linear compression T566 which scales with R56 of the chicane as T566/R56=−3/2.

Thus it is not possible to have independent control over T566 for a chosen R56 in the
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Figure 6.7: Dispersion functions (left) and R56 (black) and T566(red) (right) from entry
of ARC1 to exit ARC2 for 3 different quadrupole settings while retaining the achromatic
condition. R56 (ARC1)=0 (top), −0.28m (middle), +0.28m (bottom). The chicane
gives R56=-0.28m and ARC2 is set to give R56=+0.28m in all three cases.

chicane. It is however possible to manipulate T566 using sextupoles in the arcs, without

affecting the R56 provided by the chicane.

The chicane is composed of rectangular dipoles which are tilted (in the horizontal

plane) at half the bend angle. This minimises the deviation of beam trajectory from

the centre of the poles which relaxes demands on the magnetic field quality. The R56
at the chicane is given by summation of the R56 from ARC1 and the chicane. Thus a

non-isochronous arc has important consequences for achieving bunch compression required

for the FEL operation.

As mentioned in Chapter 3, linearisation of the longitudinal phase space is required

to achieve the required bunch peak current. This is achieved in ALICE by incorporating

two sextupoles in each arc at locations with non-zero dispersion. In an ideal machine,

the centres of the sextupoles are aligned with the reference (or design) trajectory and

the beam entering the arc is assumed to follow this reference trajectory. However, in

ALICE, these conditions were not strictly enforced for the studies reported here, because
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Figure 6.8: Changes to dispersion (left) and R56 (black) and T566 (red) (right) from entry
of ARC1 to exit of ARC2. Top to bottom: with no beam off-set through first sextupole
operating at K2=219m−3, +5mm beam offset in SEXT-01 set at K2=219m−3, beam
offset +5mm through SEXT-01 set at K2=657m−3.

of limitations on the ability to measure and correct the trajectory. The lack of capability

to de-gauss the arc magnets (in order to set them correctly corresponding to the beam

energy) adds further to the deviation from an ideal trajectory from day to day. As a result

of this, the beam passing off-axis in powered sextupoles experiences a quadrupole field.

This quadrupole field not only modifies the dispersion function (affecting the R56 and

T566 at the exit of the ARC1) but also changes the transverse optics. Fig. 6.8 shows how

the dispersion and R56 as well as T566 change for a beam offset of +5 mm through the

centre of first sextupole powered at two different operational settings of sextupoles. Thus,

a combination of beam offset and powered sextupoles can adversely affect the intended

longitudinal beam transport.

For tracking the beam through ALICE, the starting point is from the exit of the

booster, where the operational energy is ∼7MeV. Two different initial beam distributions

are considered: first with a Gaussian distribution in transverse and longitudinal planes and

the second based on tracking a bunch with the space charge code ASTRA [171]. For

tracking using a Gaussian bunch, an electron bunch is tracked through the lattice starting
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Figure 6.9: Longitudinal phase space (left) and slice current (right) starting with an ideal
Gaussian bunch at the exit of booster. Booster exit (green), ARC1 exit (red) and chicane
exit (blue). Sextupoles in ARC1 are not powered.

from booster exit. The transverse distribution is calculated using the Courant–Snyder

parameters and normalised beam emittances of 5mm.mrad. An uncorrelated fractional

energy spread of 0.001 and rms bunch length of 500µm are used. In order to achieve

optimum bunch compression, ARC1 is operated as isochronous and bunch compression is

done using the chicane. The linac cavities need to be operated at 10◦ off-crest to compress

the bunch. The longitudinal phase space and the slice current at the exit of the booster,

exit of the linac and the exit of the chicane are shown in Fig. 6.9. The longitudinal

curvature is corrected using sextupoles located in the arc as shown in Fig. 6.10. The

sextupole strengths are required to be set at 300m−3.

The bunch tracking simulations of the injector (cathode to exit of the booster) for

the operating experimental settings give a bunch distribution with positive chirp. In order

to cancel this chirp, the linacs need to operate at 13◦ off-crest. The longitudinal phase

space and the slice current at the exit of the booster, exit of the linac and the exit of

the chicane in this configuration are shown in Fig. 6.11. The longitudinal curvature is
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Figure 6.10: Longitudinal phase space (left) and slice current (right) starting with an ideal
Gaussian bunch at the exit of booster with both sextupoles in ARC1 powered at 300m−3.
Booster exit (green), ARC1 exit (red) and BC exit (blue).

corrected using sextupoles located in the arc resulting in higher slice current as shown in

Fig. 6.12. The sextupole strengths are required to be set at 500m−3 to recover a similar

slice current as before.

6.4 Experimental Studies

The off-axis sextupoles also affect the transverse beam shape because of both the linear

focusing from the quadrupole component and also because of second-order effect. The

simulated transverse beam shapes with on-axis and off-axis sextupoles are compared in

Fig. 6.13. The experimentally recorded beam shape on the optical screen downstream

of the arc qualitatively shows the effect of a perturbation in the linear optics as well as

non-linear distortion from the sextupoles (Fig. 6.14). Due to screen saturation it is not

possible to quantitatively compare the beam image in this case with simulations.
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Figure 6.11: Longitudinal phase space (left) and slice current (right) starting with tracked
bunch for experimental settings at the exit of booster. Booster exit (green), ARC1 exit
(red) and BC exit (blue). ARC1 sextupoles are not powered.

6.4.1 Time of Arrival Measurements

Time of Arrival (TOA) measurements converted to relative path length can be used to

extract the lattice quantities R56 and T566 if the path length is measured whilst varying

the beam energy. For the measurement reported here, the voltage impulse of the passing

electron bunch on a BPM was observed on a high resolution oscilloscope. The button

BPMs used for these measurements give a clear zero cross in the voltage impulse (shown

in Fig. 6.15) when the bunch arrives. The shape of the voltage impulse does not depend

on the size of the signal due to beam position or bunch charge. For measurements of

R56 in ARC1 a button BPM (BPM-06) located at the exit of the final dipole DIP-03 was

used.

The TOA of the bunch is measured relative to the nearest zero-crossing of the Master

Oscillator signal. The Master Oscillator drives the timing and synchronisation of the RF

and laser as well as the timing signals to other devices. The TOA for a given beam energy

and lattice setting is measured as the average TOA of the first bunch in each bunch train,
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Figure 6.12: Longitudinal phase space (left) and slice current (right) starting with tracked
bunch for experimental settings at the exit of booster. Booster exit (green), ARC1 exit
(red) and BC exit (blue). ARC1 sextupoles are set at K2=500m−3.

over many trains. The TOA distribution was measured over 100 trains, which gives an

accuracy of around 0.5 psec (0.15mm) in the TOA (path length) measurement. The

TOA was measured at different beam energies (a few percentage around the nominal

energy). The curve of path length vs energy deviation was fitted with a polynomial, the

coefficients giving the matrix elements R56, T566 directly.

The measured and simulated path length without powering the sextupoles in ARC1

are shown in Fig. 6.16. The matrix elements R56 and T566 from fitting a polynomial are

shown in Fig. 6.17 and Fig. 6.18, respectively. The measured experimental data on these

figures show the discrepancy with simulations.

Fig. 6.19 shows a comparison of experimental measurements and simulated results

with SEXT-01 off, set at 219m−3 and set at 657m−3. For simplicity the effect of

sextupoles, results with only one sextupole are included here but the second sextupole

affects the beam transport in a similar way to the first. The sextupole has the expected

effect on the dependence of path length on beam energy in ARC1.
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Figure 6.13: Transverse beam shape at the exit of ARC1 (left) and at the exit of the bunch
compression chicane (right) without sextupoles (top), with both sextupoles operating
at K2=648m−3 without transverse offset (middle) and with +5mm transverse offset in
horizontal plane (bottom).

Figure 6.14: Screen images before chicane when ARC1 SEXT-01 is off (left), set at K2=
300m−3 (middle) and K2= 750m−3 (right).

In order to see how the path length changes if the beam passes off-axis through the

sextupoles, elegant simulations are carried out by passing the beam off-axis through

SEXT-01 by +5mm and -5mm. The path length curves are shown in Fig. 6.20 and

Fig. 6.21 and the values of R56 and T566 calculated using these curves are given in Fig. 6.22

and Fig. 6.23. Since the measured path length curves are qualitatively different from the

simulation results for higher values of sextupole strengths, it can be inferred that the beam

offset through sextupoles is much smaller than ±5mm. Separate studies carried out on

steering the orbit through SEXT-01 by changing ARC1 dipole (DIP-01) current, gives an
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Figure 6.15: High resolution oscilloscope traces showing ARC1 BPM-06 trace (magenta)
and master oscillator signals (blue). The relative time between the zero-cross in the
voltage impulse from BPM-06 is measured with respect to fixed timing signal from the
master oscillator to measure time of arrival of bunch at the exit of ARC1.

Figure 6.16: Simulated with elegant (filled markers) and experimentally measured
(unfilled markers) path length at the exit of ARC1 without powering sextupoles by varying
strengths of ARC1 outer quadrupoles.

estimated beam offset of ∼2.5mm at the SEXT-01 location [160]. Fig. 6.24 shows the

simulated path length curves for SEXT-01 horizontally offset by +2.5mm. Figure 6.25 and

Fig. 6.26 compare the measured values of R56 and T566 with simulations using SEXT-01

on axis and horizontally offset by +2.5mm. Although there is poor agreement between

the measurements and simulations for the R56 values, the values of T566 agree very well
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Figure 6.17: Estimated values of R56 from fitted polynomials in Fig.6.16. Red markers
shows simulated data and blue marker show the estimated R56 from experimental data.
Error bars from polynomial fitting are superimposed on the markers.

Figure 6.18: Estimated values of T566 from fitted polynomials in Fig.6.16. Red markers
shows simulated data and blue marker show the estimated T566 from experimental data.
Error bars from polynomial fitting are superimposed on the markers.

for moderate and higher sextupole strengths. The discrepancy between measurements

and simulations in the value of R56 and T566 with sextupoles off could be attributed to

several factors such as: not de-gaussing or not properly de-gaussing the magnets, effects
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Figure 6.19: Simulated with elegant (filled markers) and experimentally measured
(unfilled markers) path length at the exit of ARC1 for SEXT-01 off, set at K2=219m−3

and K2=657m−3.

Figure 6.20: Simulated path length as a function of energy deviation for SEXT-01 on axis
and horizontally offset by +5mm.

from higher order magnetic terms, fringing field in dipoles and (as explained in the next

section), differences in charge, transverse position and/or energy of the first bunch in the

train compared to the rest of the long bunch train.
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Figure 6.21: Simulated path length as a function of energy for SEXT-01 on axis and
horizontally offset by -5mm.

Figure 6.22: Simulated R56 for SEXT-01 on axis, and for SEXT-01 offset horizontally by
±5mm.
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Figure 6.23: Simulated T566 for SEXT-01 on axis, and for SEXT-01 offset horizontally
by ±5mm.

Figure 6.24: Simulated path length as a function of energy deviation for SEXT-01
horizontally offset by +2.5mm. SEXT-01 off, set at K2=219m−3 and K2=657m−3

(filled markers) and experimentally measured (unfilled markers) path length at the exit of
ARC1.
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Figure 6.25: Simulated R56 with SEXT-01 on axis and horizontally offset by +2.5mm
compared with the measured R56 at the exit of ARC1.

Figure 6.26: Simulated T566 with SEXT-01 on axis and horizontally offset by +2.5mm
compared with the measured T566 at the exit of ARC1.
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Figure 6.27: Measured horizontal beam positions at BPM-02, 03, 04, 05 in ARC1
(sextupoles off) as a function of energy.

Figure 6.28: Measured horizontal beam positions at BPM-03, 04, 05 in ARC1 (sextupoles
set at 219m−3) as a function of energy.

6.4.2 Dispersion Measurements

Dispersion was measured in ARC1 by changing the beam energy using the gradient of the

first linac cavity (LC1) and observing the corresponding change in beam trajectory. The

measured dispersion at entry to the arc (BPM-01) was found to be ∼25mm instead of

(the design value of) zero. This is likely to be due to leaking of some dispersion from the

injection line and/or remanent fields from the beam dump chicane magnets, as well as

the beam passing off-axis through the quadrupoles. The beam position was measured as

a function of beam energy on BPMs 02-05 with and without switching on the sextupoles.
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Figure 6.29: Measured dispersion at BPM-06 as QUAD-01(04) strengths are varied.

The results are shown in Fig. 6.27 and Fig. 6.28. The setting of SEXT-01 to 219m−3

corresponds to an FEL setup used in regular machine operation (where linearisation and

compression of the electron bunch is important). SEXT-02 does not normally show any

improvement in the FEL setup and is also set at 219m−3 for these measurements. By

fitting either a straight line or second order polynomial to these curves, the linear term with

∆E/E gives the linear dispersion. The measured linear dispersions are compared against

simulations in Table 6.2. Due to low dispersion at BPM-03 and BPM-04 locations, the

second order dispersion contribution shows a slight curvature on the data. Since the beam

passes off-axis in the sextupoles, as alignment studies in the ARC1 confirm, switching on

the sextupoles modifies the linear dispersion (because of the quadrupole kick) as well as

increases the second order dispersion.

During the dispersion measurements described above, the ARC1 BPM-06 was connec-

ted to the scope for TOAmeasurements and was not available for the dispersion measurem-

ents. In a dedicated experiment carried out separately, the achromaticity of ARC1 was

measured whilst the outer quadrupoles QUAD-01(04) were scanned. Fig. 6.29 shows the

measured dispersion function at BPM-06 as a function of the outer quadrupole srtengths.

For the QUAD-01(04) strengths of 9.15m−2, the dispersion is ∼25mm at this BPM-06,

which is very close to the dispersion measured on the BPM-01, demonstrating possible

symmetry in the dispersion in ARC1 when the sextupoles are not powered. (However,

the derivative of the dispersion function is not measured and could be different at the

entrance and the exit of the arc).

It is important in machine operation to tune the arc to be achromatic, otherwise the

dispersion function will be modified at the bunch compression chicane, affecting the path

length with beam energy. As shown in Fig. 6.8, the dispersion in straight ST2 can be

significantly higher if beam passes off-axis through powered sextupoles. Having a non-zero

dispersion also makes the emittance measurements using quadrupole scans in ST2 more
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Table 6.2: Simulated and measured linear dispersion in ARC1

Location Simulated
Dispersion (m)

Experimental Dispersion (m)

BPM-01 0.0 +0.025 ± 0.002
BPM-02 0.33 +0.352 ± 0.006
BPM-03 -0.0968 -0.068 ± 0.002

+0.068 ± 0.0034 with SEXT-01=219m−3

BPM-04 -0.08521 -0.080 ± 0.002
+0.025 ± 0.0028 with SEXT-01=219m−3

BPM-05 0.3424 +0.356 ± 0.013
+0.214 ± 0.0061 with SEXT-01=219m−3

+0.323 ± 0.012 with SEXT-02=219m−3

BPM-06 0.0 +0.025 ± 0.002

Figure 6.30: Bunch charge measured with FCUP (magenta) and PI laser power (green)
measured with photodiode showing a number of characteristic features observed in the
measured charge. Both devices show bunch-by-bunch charge variation of about 20% and
some droop in the bunch charge.

complicated.

6.5 Performance Limitations and Diagnostics

There are a number of characteristic features observed in the measured charge and beam

position as a function of position along the bunch train in ALICE [167, 172, 173, 174].

Figure 6.30 shows the bunch-by-bunch charge variation measured by a Faraday Cup

(FCUP - located in the injection line) and a photodiode (PD). The PD routinely used for

monitoring the PI laser pulse train power, is installed after a splitter the other output of

which (through an adjustable attenuator) is directed to the gun cathode. The attenuator

is used to set the bunch charge. The FCUP and PD signals were digitised using an

oscilloscope and read across the ALICE computer network. The FCUP signal shows some

droop in the bunch charge which is seen towards the right of the trace. Individual bunches
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Figure 6.31: BPM signal showing horizontal position, vertical position and BPM sum
signal proportional to bunch charge along the bunch train.

can be seen as a ripple about 20%.

The bunch-by-bunch BPM signal observed in ARC1 is shown in Fig. 6.31. The signals

for horizontal and vertical position and bunch charge show some transient variations

at the start of the bunch train, and some transients again at the end of the bunch

train. Variations in bunch charge are up to 10%. The largest transverse variations

are about ten times the BPM thermal noise (the BPM resolution was 20µm/10µm in

horizontal/vertical plane for bunch charge 40 pC). The transverse transients and variations

depend on the tuning of the machine. For dispersion measurements, the horizontal beam

position obtained from the plateau was used, whereas the first bunch in the train was

used for the time of arrival measurements.

The sextupoles are located close to BPM-02 and BPM-05, where the dispersion is

∼0.5m. The horizontal beam positions in both these BPMs were typically 1-5mm. With

quadrupoles QUAD-01 and QUAD-02 switched off, it was possible to centre the beam

(within 1mm) on BPM-02 and BPM-03 by a slight change of ARC1 DIP-01 and horizontal

steering upstream. Similarly, the beam could be centred in BPM-04 and BPM-05 by a

slight change of DIP-02. However, with the quadrupoles and sextupoles on, the orbit

correction was difficult to achieve whilst maintaining good lasing performance. The

alignment studies indicate that the beam typically is off from the design trajectory by

few millimetres (or the magnets are misaligned transversely by a few millimetres) in

quadrupoles and sextupoles. These observations suggest the usefulness of having BPMs

adjacent to sextupoles. The other major limitation in ALICE comes from the fact that

not all magnets can be de-gaussed as unipolar power supplies are used.

6.6 Implications for Beam Spreader Designs

The experimental studies on ALICE longitudinal transport demonstrate that the effective

R56 value across the arc is sensitive to the alignment of the sextupoles. This sensitivity

can be used to provide information on the offsets of the sextupoles and can be used as

an aid for their alignment. The isochronous condition of TBA lattice can be achieved
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by varying the beam energy as well as by variation of the quadrupole strengths. The

sensitivity of the value of R56 to sextupole strength allows the isochronicity and orbit

correction to be found by measuring the time of flight as a function of beam energy.

The results of the studies reported in this chapter emphasise the fact that if sextupoles

are included in an achromatic and isochronous beam line, it is important that the beam

trajectory is centred in the sextupoles. There are a number of design features that can

be implemented to help ensure that this can be achieved.

• BPMs should be located at points of maximum dispersion, and where the symmetry

in the dispersion can be verified.

• BPMs should be located on either side of every sextupole (or if practically possible,

in the centre of the sextupoles).

• A time of arrival monitor should be located at suitable positions along the beam line

to provide a quick way to set the correct longitudinal transport.

Even if the spreader design does not include sextupoles, a time of arrival monitor will

still be useful for setting the correct longitudinal transport. In addition, proper de-gaussing

of all the magnets needs to be ensured for repeatability of tuning the optics and achieving

close to the design performance. This will be more important if beam energies are in

the sub-GeV range. The proposed diagnostics should allow an accurate measurement

of the dispersion function at the important locations in the spreader. These factors are

considered in Chapter 5 to propose diagnostics for various spreader designs.

6.7 Summary

The Accelerators and Lasers in Combined Experiment (ALICE) at Daresbury Laboratory is

an energy recovery linac test facility. The facility was originally developed as a prototype

for energy recovery fourth generation light source and has until recently been used for

several applications. The layout of the ALICE facility includes two 180◦ arcs to bring the

beam back to the linac for energy recovery. The design chosen for each of these arcs is

based on triple bend achromat, which uses three dipoles and two quadrupoles between a

pair of dipoles. This design allows the configuration to be achromatic and isochronous as

well as provides a flexibility to change the sign of the longitudinal dispersion (R56). The

TBA design is of particular interest in beam spreader designs presented in Chapter 5 and

thus the experimental studies carried out on ALICE can provide experience on tuning of

these arcs. ALICE operational regime of bunch charge and bunch length are well below

coherent synchrotron radiation and studies related to CSR in TBA arcs which may be

relevant to the beam spreader design cannot be tested experimentally on ALICE.

The simulations and measurements presented in this chapter highlight the issues

related to alignments of sextupoles in TBA arc. When the beam passes off-axis through

the powered sextupoles, the isochronicity of the arc is no longer maintained. This can

cause the operational settings to vary considerably compared to the design settings. The
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correction of higher order dispersion which is meant to be provided by the sextupoles in

the arc thus influences the isochronicity. This reduces the desired bunch compression

resulting in reducing the peak bunch current which is detrimental for FEL operation.

The results of variation in path length with energy and dispersion measurements

presented in this chapter confirm that the sextupoles are not aligned on the design orbit.

It is possible to derive some conclusions from these studies and provide recommendations

on necessary diagnostics and their locations in beam spreader designs presented in Chapter

5. However, the differences in bunch structure (macropulse with number of bunches) of

ALICE, its low operating energy (and not having a possibility to degauss all magnets)

should be considered when considering a high energy FEL driver for X-ray FEL.
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Chapter 7

Summary, Conclusions and Future
Work

7.1 Summary

A number of accelerator driven X-ray FELs have become operational in past decade and

a few more will become operational in next couple of years. The three main requirements

on the electron beam driving the X-ray FEL are: a high peak bunch current, very low

transverse emittance and very small energy spread. These requirements are satisfied

by a specially optimised accelerator design based on a photoinjector and several linear

accelerator modules with suitable bunch compression and linearisation schemes. These

requirements are relatively easier to meet if the accelerator layout is restricted to a linear

geometry, however, in some cases (depending on the beam parameters) it may be possible

to achieve them using a re-circulation or energy recovery linac. Irrespective of the choice

of accelerator configuration, such a facility can cater for only few experiments at a time

by splitting the radiation. Compared to third generation light sources based on storage

rings, the number of experiments on FEL facilities is thus highly restricted. In order to

provide suitably tailored beams for different and multiple experiments, it is desirable to

include a beam spreader as part of the facility. In order to preserve the properties of

electron bunches (achieved through a careful design of the upstream facility) in the beam

spreader, the bending of the beam needs to done gradually as presented in Chapter 5.

This implies that the length of the beam spreader to mitigate effects of incoherent and

coherent synchrotron radiation (ISR and CSR) increases at higher energies. It should

also be noted that there is a push to increase the gradients in the linacs to shorten the

foot print of FEL driven facilities; but as presented in this thesis, the length of the beam

spreader and possible future upgrade to number of beam lines may dominate the overall

footprint of the facility (and thus the cost).

A review of beam spreader designs in operational and planned X-ray FEL facilities is

presented in Chapter 5. The designs discussed in this thesis have a specific relevance

for the studies carried out for UK’s NLS design studies and for the studies planned for a
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future UK X-FEL facility. The two aspects of beam spreader designs, the take-off option

(where beam is first diverted/switched away from the facility straight-on axis) and the

lattice design including the take-off region, are described in detail. The dominating beam

dynamics effects are those from CSR in bending magnets of the spreader. Depending

upon the beam parameters, it is possible to mitigate/minimise the effects of CSR with

a careful choice of phase advance between the dipoles, as well as appropriate tuning of

the Courant–Snyder parameters. Two lattice design options, one using a Triple Bend

Achromat and one with a Double Bend Achromat (obtained using a FODO lattice) are

presented. The TBA design can also be optimised for a weak CSR regime using a matrix

formalism. The lattice design options provide different layout configurations for the facility

and have different implications for tolerances to errors as well as for the final beam

parameters at the entrance of the FEL. Both these options are presented and compared.

The simulations and experimental studies carried out on ALICE emphasise the importan-

ce of a range of diagnostics to ensure setting of beam optics correctly. ALICE is operated

in a bunch charge and bunch length regime where CSR is absent and in consequence

the studies are focussed on errors arising from alignment of sextupoles (resulting, for

example, in spurious dispersion and isochronicity of the arcs). The knowledge gained

from these studies is used to suggest possible useful locations of beam diagnostic devices

and instrumentation in TBA and DBA configurations for beam spreaders for a future

X-ray FEL.

7.2 Conclusions

The review of beam spreader designs and the studies presented in this thesis show that the

choice of beam switching is dictated by the starting bunch parameters, bunch repetition

rate and number of beam lines in a FEL facility. A DC dipole magnet will be adequate

for a low repetition rate facility with a few beam lines. On the other hand, for a high

repetition rate facility, it would be advantageous to switch the beam using a combination

of kicker and septum or a deflecting cavity. The design philosophy depends entirely on

user requirements, the number of beam lines and the bunch repetition rate to every beam

line.

The effect of CSR on emittance growth in the plane of bending can be mitigated

and minimised by maintaining a phase advance of π between consecutive pairs of dipoles

in both TBA and DBA (based on FODO lattices). This scheme works as long as the

bending is gradual and bending magnets are short and the beam and lattice parameters

are identical at the locations of dipoles. For the beam parameter regime chosen for the

studies at 2.2 GeV, it is possible to cancel the increase in emittance due to CSR if the

bending angle is kept below ≈ 6◦. For higher dipole angles, not only the compensation

does not work perfectly but it strongly depends on the length of the magnet, the longer
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the magnet, the worse is the CSR compensation. At higher beam energies, the effect of

ISR becomes prominent and since this incoherent effect cannot be corrected in the same

way as the effects from CSR, it is important to have a lattice design which minimises the

generation of ISR. Again for the beam parameters and lattices chosen here, the emittance

increase due to ISR is small if the bending angle of each dipole is kept under ≈ 6◦.

The conditions of achromaticity and isochronicity are met only in the TBA lattice

but non-isochronicity in the DBA lattice may be acceptable for some beam parameter

regime. The two lattices based on the TBA and the DBA configurations presented in this

thesis use beam energies of 2.2 GeV and 6.6 GeV, which are specifically targeted for design

studies carried out for NLS and for possible application to a future UK X-FEL. This does

not however rule out application of these designs in other beam parameter regimes. In

fact, a DBA lattice has been suggested by the author for a Plasma Accelerator Research

Station (PARS) on CLARA at 250MeV [175].

The normalised beam emittance value of 0.3mm.mrad used in most of the cases

presented here is extremely challenging to achieve and maintain over distances of several

hundred meters from the cathode. However, this value is deliberately used to ensure that

the validity for CSR compensation schemes will work even in this challenging regime. The

beam parameter regime used here does satisfy the Derbenev criterion for the 1-D CSR

model used for the CSR simulations in elegant code. However, for very short bunches

(e.g. single spike experiments) this criterion will not be valid and it may be necessary to

use a more sophisticated CSR code such as CSRTrack to track the beam through the

beam spreader.

The trade-off between number of dipoles (and power supplies powering them) to obtain

a particular transverse offset in certain length has important consequences to the cost of

the facility. For example, the design DBA lattice using 6◦ dipoles gives ≈ 6m transverse

offset in ≈ 40m length. Total number of magnets are 4 dipoles and 22 quadrupoles. This

distance can be increased if longer FODO cells are used. A TBA design with two arcs

gives ≈ 6.5m transverse offset in 75m and includes 6 dipoles and 24 quadrupoles. Thus,

in principle it is possible to achieve similar transverse offset in given length using either the

DBA or the TBA. It is worth pointing out that the scaling of 2.2 GeV spreader design to

6.6 GeV does not increase the length of the spreader three times. But as the magnets get

longer and the transverse offset in given length could increase, the longer magnets start

deteriorating cancellation of CSR kicks. Thus a simple scaling by length of the dipoles

does not work and there may be a need to use several shorter dipoles instead of one long

one. This can impact directly on the cost of the facility. The tolerance studies with four

6◦ dipoles and eight 3◦ dipoles indicate that the lattice with more magnets is less tolerant

to the errors. Thus there is a trade-off between number of magnets, their power supplies

and the length of the beam line to achieve particular transverse offset with cost of the

facility.

187



The designs at 6.6 GeV studied here (as well as the beam spreader designs adopted at

higher energies at the European X-FEL and SwissFEL) confirm that the optimised design

choice would be to first switch the beam in the vertical plane to avoid a physical clash

of elements in the first few meters of the beam spreader, and then bring it back to the

horizontal plane when sufficient separation is achieved. This generates dispersion in the

vertical plane in addition to the horizontal plane and thus the implications for the beam

parameters and tolerances to lattice errors need to be carefully considered.

Having multiple beam lines feeding different FEL beam lines also leads to the need

to consider the design requirements on collimation and beam dumps. This is especially

important if the beam power is in the kW to sub MW regime. The shielding requirements

of high power beam dumps and the implications for the layout (and hence the cost) may

rule out having a separate beam dump at the end of every beam line. In this case, the

optimum solution would be to combine the electron beams from all FEL beam lines and

transport to a single adequately shielded high power beam dump.

In order to make sure that the beam spreader is indeed transparent to the beam

properties achieved in the upstream accelerator, it is of utmost importance to have

diagnostics devices optimally distributed (BPMs and screens at correct phase advances)

along the spreader. The diagnostics to measure path length and bunch slice properties are

important to locate after the spreader. If sextupoles are included in the beam spreader,

it is essential to ensure that they are correctly aligned to avoid introducing additional

focusing, which could disturb the isochronicity of the lattice (as demonstrated by the

experimental studies on ALICE).

7.3 Future Work

The work presented here can be easily applied to a future UK X-FEL beam spreader

design once the scientific case is developed and the basic beam parameters and repetition

rate are finalised. It will also be possible to look into design options with switching the

beam vertically to optimise the footprint of the facility. Work is in progress on technology

developments to allow the use of RF deflectors for fast beam switching [126, 176, 177] and

it will be interesting to compare the beam dynamics requirements and cost implications of

using these devices over kicker/septum. The technical parameters of possible deflecting

cavities and kicker/septum systems will need to be used in the optimised beam spreader

design to study their effects on stability of the beam in the context of the demands of FEL

schemes. European X-FEL, SwissFEL and LCLS-II X-ray FEL facilities will be operational

in next few years, and the experience from these facilities will be valuable for making

optimum and timely decisions for a beam spreader design choice for a UK X-FEL.
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Appendix A

Abbreviations and Acronyms

ALICE Accelerators and Lasers In Combined Experiment
ALPHA-X Advanced Laser-Plasma High-Energy Accelerators towards X-rays
BBU Beam Break Up
BPM Beam Position Monitor
CLARA Compact Linear Accelerator for Research and Applications
CSR Coherent Synchrotron Radiation
CW Continuous Wave
DBA Double Bend Achromat
DC Direct Current
ERL Energy Recovery Linac
FEL Free Electron Laser
HOM Higher Order Mode
ICT Integrated Current Transformet
ILC International Linear Collider
IR Infra Red
ISR Incoherent Synchrotron Radiation
JLC Japan Linear Collider
LBNL Lawrence Berkeley National Laboratory
LCLS Linac Coherent Light Source
NLC Next Linear Collider
NLS New Light Source
NSLS National Synchrotron Light Source
PAL Pohang Accelerator Laboratory
RF Radio-Frequency
SACLA SPring-8 Angstrom Compact free electron Laser
SASE Self-Amplified Spontaneous Emission
SLS Synchrotron Light Source
SXFEL Shanghai X-ray Free Electron Laser
TBA Triple Bend Achromat
TDC Transverse Deflecting Cavity
TOA Time of Arrival
TESLA The Superconducting Electron-Positron Linear Collider
UV Ultra Violet
VELA Versatile Electron Linear Accelerator
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Appendix B

RF Frequencies

L-band S-band C-band X-band
Frequency (GHz) 1.3 (E) 2.998 (E) 5.996 (E) 11.99 (E)

1.3 (A) 2.856 (A) 5.712 (A) 11.42 (A)
Wavelength (cm) 23.08 (E) 10.01 (E) 5.00 (E) 2.50 (E)

23.08 (A) 10.50 (A) 5.25 (A) 2.63 (A)
Time (psec) 769.23 (E) 333.56 (E) 166.78 (E) 83.39 (E)

769.23 (A) 360.14 (A) 175.07 (A) 87.54 (A)
(E): European, (A):American
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