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Abstract

This thesis describes an investigation into the performance of different schemes for
generating short x-rays pulses via synchrotron radiation emission. A review is given
of the methods that have been previously proposed for this task. From this review,
three leading schemes are selected for in-depth investigations, each of which explores

the boundary of what is presently achievable in accelerator-based light sources.

The first scheme generates short x-ray pulses by operating an electron storage ring in
a quasi-isochronous state using a ‘low-alpha’ lattice. High and low emittance lattices
are developed, studied through simulation and then implemented on the Diamond
storage ring. Beam dynamics and bunch length measurements are presented for a
variety of machine conditions, and an assessment is made of the minimum practically
achievable bunch length for stable user operation. Radiation pulses of 1 ps r.m.s. are

demonstrated using this scheme.

The second and third schemes investigate performance limits for a linac-based light
source through numerical simulations. The first of these generates ultra-short pulses
by passing a highly compressed electron bunch through a long undulator to radiate in
the ‘single-spike’ regime. A comparison is made with theoretical predictions for the
required electron bunch length to operate in this way, which highlights the need for
accurate start-to-end simulations. The final scheme generates ultra-short x-ray pulses
through laser manipulation of the electron bunches. The modulated electrons pass
through a long undulator with tapered gap, such that only the centre of the modulated
portion experiences high free-electron laser (FEL) gain. A method to enhance the
FEL output from this scheme using a wavelength filter and grating-compressor is
investigated. The sensitivity of the two schemes to jitter sources is determined, and it
is demonstrated both schemes are capable of generating GW-level, fully coherent
sub-fs soft x-ray pulses. Such pulses would open up the development of time-resolved

science to new regimes.
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Chapter 1

Introduction

Scientific progress can only be achieved through continual refinement and
development of the experimental tools with which research is carried out. What was
once deemed state-of-the-art quickly becomes obsolete, and measurements that were
once beyond experimental resolution are now carried out routinely. Amongst the most
powerful tools of investigation are x-rays, as this short-wavelength radiation is
capable of resolving the structure of matter on the atomic or molecular length scale.
Similarly, measurements of the dynamical properties of matter require a probe with a
duration that is short compared to the process that is being studied, a few examples of
which are given in Table 1.1 [1-7]. Reducing the radiation pulse length can allow new
types of measurement to be made. For example, if the pulse is sufficiently short and
intense, images of samples can be taken in a single shot, thereby avoiding sample
degradation due to radiation damage [1]. Alternatively, fast-moving objects such as
aerosols in free-flight can be imaged, or the evolution of non-equilibrium states can

be tracked [2].

Over the last 60 years, synchrotron radiation has developed into the primary source of
x-rays for experimental use. This form of light is the characteristic electromagnetic
radiation generated by charged particles when accelerated in magnetic fields,

acquiring its name after it was first observed at the General Electric 70 MeV



synchrotron accelerator in 1947 [8]; however, the theoretical foundations for the
subject go back much further [9]. Synchrotron radiation is used across a broad range
of disciplines thanks to its many distinct properties. As the research in each area has
progressed, so too have the demands that are placed on the sources of radiation. To
cope with these increased demands, great effort has been spent developing sources of
synchrotron radiation with ever-improving quality of brightness, coherence,
polarisation, stability and pulse structure. The success these developments have
brought is clear from the 4 Nobel Prizes for Chemistry awarded in recent years for

research carried out using synchrotron radiation sources [10].

In this thesis, significant advances in the production of short radiation pulses are
described. A review is given of the various schemes that have been proposed for this
task, and following this review several in-depth studies are carried out on the leading

schemes for synchrotron radiation facilities.

Timescale Example physical processes

<~10ps  Magnetisation dynamics in solids; structural phase transitions

<~Ips  Relaxation time for molecular systems; energy transfer times between

electrons and lattice in crystalline solids

<~100fs Chemical bond making / breaking; atomic vibration periods in

molecules and solids

<~10fs  Electron-electron scattering in solids

<~1fs  Fundamental atomic process e.g. Auger decay; valence electron motion

Table 1.1: Examples of physical processes that occur on a given timescale
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1.1 Historical Background

The foundations for the theory of synchrotron radiation were first developed by
Liénard in 1898 [9], who derived a formula that describes the energy lost by charged
particles travelling on a circular path. This work was later supplemented by Wiechert
in 1900 [11], 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 [12], in which many properties of
synchrotron radiation were derived, such as the frequency and angular distribution

and polarisation state.

The next significant developments did not take place until the 1940s, at which time
betatrons were being used to accelerate electrons on to a target to act as a source of x-
rays. The electromagnetic radiation emitted by the electrons during acceleration
appeared to place an upper limit on the energy achievable using such accelerators, as
noted by Ivanenko and Pomeranchuk in 1944 in a paper submitted to Physical Review
[13]. This paper was brought to the attention of Blewett, who realised that the energy
lost in this way should be detectable in the 100MeV betatron in use at General
Electric and would result in shrinkage of the electron orbit at the final energy. Blewett
measured the orbit shrinkage in the betatron and found that it agreed with his
prediction [14]. The first direct observation of synchrotron light was made in 1947 at
the 70 MeV synchrotron at General Electric [8]. This discovery generated great
interest, and was followed-up by the detailed measurements characterising the light
made by the General Electric group [15], by Tomboulian and Hartman at Cornell

[16], and by Ado and Cherenkov at the Lebedev Institute [17]. The experimental



discovery also prompted further development of the theoretical foundations by
Schwinger, whose seminal paper on this topic still provides the foundation for

modern research on synchrotron radiation [18].

1.2 Synchrotron Radiation

Synchrotron radiation exhibits many distinct properties which make it ideal for use in
experimental studies across a broad range of disciplines in physics, chemistry and
biology. When travelling on a circular trajectory through a magnetic field, relativistic
electrons emit radiation across a wide part of the electromagnetic spectrum from far
infra-red to hard x-rays. The radiation is horizontally polarised in the plane of the
electron motion, elliptically polarised out of it, and in the laboratory frame the
distribution is strongly peaked in the forward direction. Modern synchrotron light
sources are able to produce radiation of high flux and high brightness that is tuneable
across a broad range of frequencies with a high degree of pointing stability. Due to
the fact that the light is emitted by discrete bunches of electrons, the light also has a
pulsed time structure making it ideal for use in studying dynamical properties of

materials.

1.2.1 Radiation from a Single Electron Travelling in a
Uniform Magnetic Field

The spectral and angular characteristics of synchrotron radiation can be derived from
the energy [/ radiated per unit frequency w per unit solid angle €, which for an

electron travelling along an arbitrary trajectory is given by [19]

4



foo n X [(n - B) X B] eia)(t—n-l‘(t)/c)dt i (11)

o (@—m-p)?

d’1 e?
dwdQ  16m3eyc

where n and r are the direction and distance to the observer and B is the electron
velocity relative to the speed of light. This equation is valid in the far field, for which
the velocity (Coulomb) field of the particle can be neglected. It is the (1-n-B)* term in
the denominator that is responsible for the directionality of the emitted radiation. For

the special case of a circular trajectory, equation (1.1) can be rewritten as

dl 2 2
dwdQ 16:350(;V2 <w%> 1+ (6% [Kzz/g(s‘)
(1.2)
9 2
+ 1(_:/(—;9)21{12/3 (f)l

In equation (1.2), 8 defines the vertical angle to the plane of the electron orbit and w,
is the critical frequency, above which the emitted radiation intensity begins to
decrease rapidly (o, = 3¢y’/2p, where p is the orbit radius). The argument for the

modified Bessel function K,(<) is defined as

w

§=-—(1+ (¥0)?)>*? (1.3)

2w,

The two terms enclosed in square brackets in equation (1.2) give the amount of
radiation polarised in the horizontal and vertical planes respectively. The relative
intensity emitted as a function of vertical angle is plotted in Fig. 1.1 for several
different frequencies of radiation. From this it is apparent that the angular divergence
reduces significantly with increasing frequency of emitted radiation, (i.e. shorter

wavelength radiation is emitted at smaller angles).



The energy distribution as a function of frequency can be obtained by integrating

equation (1.2) across all angles, leading to the result

di _V3e? o (7 K5/3<ﬁ)d<ﬁ) (1.4)

—_— y_
dw 4megc” wely gy, W, W,

This equation is often re-expressed in terms of the normalised spectrum S(w/w,) as

dl  2e?
R 1.5
dw 980(:)/5(0)/0)6) (1.5)
N3 w (@ ) ) (1.6)
S@/w) =5 | Ky ()d (=)
T wctyo, w.)  \w,

The spectral photon flux F can also be expressed using the normalised spectrum, and
for a circular trajectory is usually given in terms of the number of photons emitted per

second, per unit angle, per unit bandwidth:

dF 4 e? AwN S0/ (7
Ay~ 9dmeghc w VN Pe '

In equation (1.7), y is the angle in the orbital plane and N, is the number of
circulating electrons. The curve is plotted in Fig. 1.2 for several different beam
energies. A related quantity to the photon flux is the radiation brightness B, defined as

F
B = (1.8)
(2m)2\ 0% + 6,2,/0,2 + 0,2\ 0,2 + 0,20y, + 0,/

Where oy, 0., 0, and o,  are the size and divergence of the electron beam in the
horizontal and vertical planes and o, and g, are the size and divergence of the photon
beam. The source brightness is therefore a measure of both the number of photons
emitted and their concentration in phase-space and is a conserved quantity (unlike

photon flux density).



relative intensity

— — — vert. polar.

hor. polar.

Figure 1.1: Relative intensity of synchrotron radiation emitted
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Figure 1.2: Photon flux emitted as a function of energy assuming 300mA and 7.1m

orbit radius.



The total instantaneous power radiated by a single electron can be found by

integrating equation (1.5) across all frequencies to give

_efey? (1.9)
61E p?

Since y = E/mc’, the instantaneous power is inversely proportional to the fourth
power of the particle rest mass, implying that synchrotron radiation losses are only
significant for electrons and positrons and are negligible for protons below TeV
energies, and that the radiated power increases rapidly with particle energy. The
average power radiated by a beam of electrons of current /, is given by

p e (1.10)
ave — 3_80[)_2 b
and can be very large. For example, taking the Diamond Light Source parameters of

orbit radius 7.13m, 3GeV electron energy and a beam current of 300mA, the average

power radiated is ~300kW.

1.2.2 Radiation from a Single Electron Travelling in a

Periodic Magnetic Field

Some of the properties of synchrotron radiation can be enhanced by making the
electrons travel through a periodic magnetic field rather than travelling on a uniform
arc [20]. Such a field is produced by insertion devices, which consist of a periodic
array of magnets of alternate polarity. The emitted radiation in this case depends upon
the particular details of the magnetic field distribution. If the magnetic field in the

insertion device is very high, then the electrons will oscillate with large amplitude and



the emitted photon energy and output flux will increase. An insertion device which
produces such effect is known as a multipole wiggler. If the insertion device has a
sufficient number of periods, and assuming the electron deflection angle is not too
large, then interference effects become important, and the radiation spectrum consists
of a single resonant wavelength plus harmonics. In this case the radiation brightness

can become very large, and the insertion device is generally termed an undulator.

The deflection angle can be quantified using the undulator parameter a,:

e J(B) (1.11)

a =
u 2mmgc

For undulators, a, is around ~1; for wigglers a, is typically greater than ~4-5. The

resonant wavelength 4, of an insertion device is given by [20]

u

o
" 2ny?

1+ a,?+vy%6?) (1.12)

where 7 is the harmonic number, 4, is the period and 6 is the observation angle. For
an insertion device, the energy radiated per unit frequency per unit solid angle given
by equation (1.1) can be re-expressed as

d’I _ e?’y*N?
dwdQ  4meyc

L (Nﬁ:‘)) Fy(ay, 6, ) (1.13)

where N is the number of undulator periods, w, is the resonant frequency and 4o =
- nw,. The function L(NAw/w,) gives the line-shape for each harmonic, and is defined

as

(1.14)

L <NAw> sin?(NmAw/w,)

W, ~ N2 sin? (mAw/w,)



The function Fi(a,,6,¢) represents an integration of the magnetic field over a single

period, and is given by

2

FN(au,Q,qb) =T2)/2

1/2Bc _ 2
f (nx (n x B))e =/ dt (1.15)
2fc

The functions Fy(a,,0,¢) and L(NAw/w,) are plotted in Fig. 1.3 for the case of N =10
and a, = 0.71 for a planar undulator. From this it is clear that, along a planar
undulator axis, only odd-harmonics of the radiation appear, and that emission away

from harmonics of the resonant frequency is strongly suppressed.

04 1
1st harm.
2nd harm. 0.8
0.3 3rd harm. 1
— 4th harm. R
3 0.6
g 5th harm. 3
g 0.2 1 §
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0 0
0 05 1 15 L VO
) A cor

Figure 1.3: Angular harmonic distribution function (left) and line-width (right) for the

case of a planer undulator of 10 periods and a, = 0.71.

1.2.3 Coherent Emission of Radiation

One property of synchrotron light relevant to particular classes of experiment is the
coherence [21, 22]. This is a measure of how well a wave can exhibit interference
patterns; two points of an electromagnetic field are said to be coherent if the phase

difference between two points remains fixed. Coherence can be further broken down

10



into temporal coherence and spatial coherence. Temporal coherence describes the
correlation (predictability) of the field amplitude at a fixed location observed at
different times; spatial coherence describes how well correlated the field amplitude is

at different points in space at a fixed time.

1.2.3.1 Temporal Coherence

From equation (1.1), the radiation field &, with phase ¢; due to a single electron at

position z is
g, o« el@t=¢k) (1.16)

where ¢, = 2nz/4 and A is the radiation wavelength. Since the radiation power is

proportional to |8r\2, then summing up over 7, electrons the total power becomes

P(w) = P,(w) Z ei(wf—¢j)e—i(wt—(pk)
j.k
(1.17)

Ne
=P, (w) | ne + z ellor=e))

j*k
where P.(w) is the power emitted at frequency w by a single electron. If the
longitudinal distribution of electrons is totally random and much longer than the
radiation wavelength, then the final summation in equation (1.17) will average to zero
and P(w) = n.Pe(w). If, however, the electrons are bunched over a distance shorter
than the radiation wavelength, all particles will emit with the same relative phase and

the summation tends to 7, (n.-1). In general, equation (1.17) can be re-expressed as

11



P(w) = P(0)(ne + ne(n, — 1)f (w)) (1.18)
where f(w) is a form factor related to the longitudinal particle distribution n(z)

2

(1.19)

f n(z)eiZTIZ/AdZ

f(w) =

The form factor varies between 0 for an infinitely long, randomly distributed bunch
and 1 for a point source. Clearly, if the number of electrons is large, the enhancement
given by temporally coherent emission can be many orders of magnitude greater than

the incoherent contribution.

1.2.3.2 Spatial Coherence

Spatial coherence is achieved when the transverse phase space area of the electron

beam is much smaller than the radiation wavelength.

2
0,0,1 S 7 (1.20)

If this condition is met, the source is said to be diffraction limited, i.e. the radiation
beam-size due to diffraction at a given distance dominates over the initial electron
beam-size. Since the transverse phase space area of the electron beam is defined by
the emittance (o, g," = &), the degree of spatial coherence increases as the electron
beam emittance is reduced. Spatial coherence is increasingly difficult to achieve as
the radiation wavelength decreases. For example, at A = Ium the emittance would
need to be below 80 nm.rad. For hard x-rays (1 = 1A), the required emittance drops to

8 pm.rad.

12



1.2.4 Free-Electron Lasers

A free-electron laser (FEL) is a device for enhancing the synchrotron radiation
emitted by a beam of electrons inside an undulator [23-26]. There are many different
configurations for FELs, but the underlying mechanism is common to all. FELs work
by a resonant exchange of energy between the electrons and the electromagnetic field
they generate. Inside the undulator, the electrons will either gain or lose energy to the
electromagnetic field, depending upon their relative phase in the combined
undulator-radiation potential. As they travel along the undulator axis, the electrons
begin to bunch together at the radiation wavelength, increasing the fraction of

electrons emitting in phase and hence amplifying the initial electromagnetic field.

Inside an FEL it is predominantly the fundamental Gaussian mode that is amplified,
meaning the emitted radiation has excellent transverse coherence (unlike the general
case for spontaneous undulator radiation). The wavelength of the radiation is
continuously tuneable, either by changing the electron energy or by altering the

undulator gap.

1.2.4.1 Self-Amplification of Spontaneous Emission

In a self-amplification of spontaneous emission (SASE) FEL, the amplification
occurs in a single pass along a long undulator. The process has three distinct phases,
namely an initial start-up period (lethargy), a period of exponential gain and a

saturation phase.

13



At the entrance of the undulator, electrons typically have a longitudinal distribution
with random phase structure. On the radiation wavelength scale this distribution 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. The 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 bunching process. As the field amplitude increases, its phase shifts with
respect to the electrons, increasing the fraction of energy lost by the electrons to the
radiation field. The instability continues until a maximum amount of energy has been
extracted and the radiation field is at its peak (i.e. in saturation). Figure 1.4 shows a
schematic of how the electron phase space and radiated power evolve along the

undulator as the FEL interaction proceeds.

Since the initial spontaneous radiation field is not uniform along the bunch, the
efficiency of the bunching and hence the field growth along the undulator for
different parts of the bunch is also non-uniform. This growth rate is quantified by the
gain length of the FEL. The condition for resonant emission in an undulator dictates
that the radiation field will slip ahead of the electron bunch by one wavelength per
undulator period. For electron bunches that are long in comparison to the cooperation
length (L.) of the FEL, (defined as the total radiation slippage distance in one gain
length), the radiation field in one part of the bunch develops independently from the
rest. This leads to the characteristic, spiky temporal distribution and frequency
spectrum of SASE sources (see Fig. 1.5). Each spike is in itself temporally coherent,
but random phases develop between each spike, with each spike approximately 2zl

long [27].

14
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Figure 1.4: Schematic showing how the electrons bunch and rotate in phase space
along with the radiated power at various points along the undulator for a high gain
SASE-FEL. In this example, the electrons start with a uniform energy and phase

distribution.
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Figure 1.5: Characteristic temporal (left) and spectral (right) output from a high-gain
SASE FEL for which the electron bunch length is much longer than the FEL
cooperation length (~250fs FW compared to ~0.1fs). The output consists of

~27L/Lpunen temporally coherent spikes, with random phases between each spike.

1.2.4.2 Parameterisation of the FEL process
During the period of exponential gain, the radiation power is given by
P(z) = gPOeZ/LG (1.21)

where Py is the initial spontaneous radiation power, g is a coefficient relating the
fraction of the initial power coupled into the fundamental mode, L is the gain length

and z is the longitudinal distance along the undulator.

A fundamental scaling parameter which arises from the 1D theory for high-gain FELs

is the Pierce parameter (pp), defined as
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pp :Z E 4m2o,?

1 <I luzauz[]]]2>1/3 (1.22)

where I is the electron beam current, /, is the Alfvén current, o, is the transverse
electron beam size, 4, is the undulator period, a, is the undulator parameter, y is the
relativistic factor and [JJ] is the Bessel function factor

2

=) -1 f-gras (123)

Using this parameterisation, the 1D theoretical gain length of the radiation power is

given by
Lc = A (1.24)
¢ 47T\/§pp .
and hence the cooperation length (L.) is
Lc = Ar (1.25)
¢ 47T\/§pp .

The Pierce parameter gives a measure of the efficiency of the FEL process; a large
value indicates short gain lengths - large power growth, and so electron beams with

high peak current, low emittance and low energy are favoured.

The simplified 1D FEL theory neglects a number of effects which can degrade the
performance of an FEL, such as the emittance and energy spread of the electron
beam, diffraction of the radiation field and variation of the electron bunch parameters
along its length. In order to account for these effects in a convenient fashion, M. Xie
proposed a universal scaling of the 1D equations [28]. According to this work, a

scaled gain length can be found from
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LG,Xie = LG(]‘ + A) (126)

where A is a function of various parameters such as beam emittance, energy spread,
Rayleigh length, resonant wavelength and 19 constants arrived at from numerical

fitting. Equation (1.26) implies a scaled Pierce parameter can be defined

Pp

Pxie =T (1.27)

which in turn suggests the cooperation length will be longer than the 1D theory

predicts (pxi. < pp).

For many applications a high degree of temporal coherence for the radiation pulse is
required. A quantative measure of this is given by the time-bandwidth product for the

pulse, i.e. by

AtA —1A/1A 1.28
U_Ar/lr s (1.28)

where 4s is the pulse length and 44 is the spectral width. The minimum value for the
time-bandwidth product is set by the Fourier transform limit, which for a Gaussian
profile is 2In(2)/x (~0.44). If the time-bandwidth product is close to this, this indicates
the pulse duration is approaching the minimum achievable value. In general, SASE
sources are far from being transform-limited, indicating a poor longitudinal

coherence.

1.3 Synchrotron Radiation Sources

The development of synchrotron radiation facilities is commonly described in terms

of ‘generations’ of machine. The first generation of machines were built for high-
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energy physics research, with research using synchrotron light carried out
parasitically from the bending magnets. These machines were initially ramping
synchrotrons, but quickly developed into electron-storage ring based machines in
order to make use of the enhanced flux and beam stability. Examples of the first
ramping synchrotrons include the Synchrotron Ultraviolet Radiation Facility (SURF)
at the National Bureau of Standards in the U. S. A., the Institute for Nuclear Studies —
Synchrotron Orbital Radiation ring (INS-SOR) in Japan and the Deutsches
Elektronen-Synchrotron (DESY) in Germany. These were quickly followed by
synchrotron radiation facilities built at storage rings such as Tantalus [ and SPEAR in

the U.S.A. and AdA in Italy.

The second generation of facilities were purpose-built specifically for the dedicated
use as synchrotron radiation sources. This enabled the machines to be designed and
operated with conditions specifically suited to the production of synchrotron
radiation. The first of this generation of machine was the Synchrotron Radiation
Source (SRS) in the UK, closely followed by the NSLS and Aladdin in the U.S.A.

and the Photon Factory in Japan.

The next (third) generation of facility aimed to increase brightness rather than flux
alone. This entailed designing rings to have low emittance and dedicated space for
insertion devices from the outset. Third generation facilities can be further split into
high energy (6-8GeV) machines designed for the production of hard x-rays (such as
the ESRF in France, APS in the U.S.A. and Spring-8 in Japan) and low energy (1-
2GeV), soft x-ray machines (such as the ALS in the U.S.A. and Elettra in Italy).
Increasingly however, as insertion device technology has progressed, medium energy

(2-3.5GeV) facilities such as the U.K.’s Diamond Light Source have been
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constructed, and are now able to serve both user communities simultaneously,
delivering synchrotron light across a broad spectral range from far infrared to hard x-

rays.

Whilst third generation light sources are still being designed and constructed today,
fourth generation machines are already coming online. Rather than using electron
storage rings, fourth generation facilities are based on single-pass, high gain FELs
which utilise high-brightness electron linacs in combination with long undulators,
producing light with peak brightness many orders of magnitude greater than can be
achieved with third generation facilities. Fourth generation light sources currently
operational include FLASH in Germany and LCLS in the U.S.A., FERMI in Italy and
SACLA in Japan have recently achieved lasing and the European X-FEL in Germany

is under development. Further information about light sources can be found at [29].

1.4 Short-Pulse Synchrotron Radiation

Although ultrafast pulses (< few fs) are already available using optical lasers,
converting these to the x-ray region is difficult. Techniques such as High-Harmonic
Generation (HHG) [30] and relativistic Thompson scattering [31] are available, but
the number of photons per pulse is low. Extension of synchrotron radiation sources to

this time domain is clearly desirable.

In conventional synchrotron radiation sources, the pulse duration is dictated by the
length of the electron bunches circulating in the storage ring. For first generation
machines, the natural (low-current) bunch lengths were of the order 100ps, but with

the development of low emittance, stronger focussing lattices this has decreased to
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~10-20ps for modern machines. However collective effects can cause significant
bunch lengthening with current [32]. The natural bunch length for selected

synchrotron radiation facilities over time is plotted in Fig. 1.6.
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Figure 1.6: Natural electron bunch length for a selection of synchrotron radiation

facilities.
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In order to address the needs of scientific research, significant effort has been carried
out in recent years to develop sources of synchrotron radiation with reduced pulse
duration. On third generation facilities, equilibrium electron bunch lengths below 1ps
have been demonstrated by operating with low-momentum compaction factor lattices
[33], and radiation pulses of ~100fs have been produced by modulating the electron
energy with an external laser [34]. Transient methods have also been tested to reduce
the synchrotron radiation pulse duration, but as yet none have been able to
demonstrate pulses below ~4ps [35, 36]. Techniques to reduce the pulse duration are

still being developed at most third generation facilities.

Fourth generation, single-pass machines are more naturally suited to the production of
short radiation pulses. Since the electron bunches acquire a natural energy gradient
during the acceleration process, they can be highly compressed by passing them
through a magnetic chicane. Soft x-ray pulses of ~10fs duration have been
demonstrated at FLASH using this technique [37], and indications are that hard x-ray

pulses lasting <10fs have been produced at LCLS in low charge mode [38].

1.5 Thesis Layout

The work contained in this thesis begins by presenting an overview of short pulse
generation schemes for synchrotron radiation sources. Following this, three
techniques are investigated in detail; one as applied to a third generation user facility
and two for a fourth generation light source. Implicit in the application to user
facilities is the need that the selected short pulse generation schemes must be

demonstrated to be practical, robust and straight-forward to implement, as well as
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capable of producing radiation pulses short enough to be of interest for current

experimental research activities.

The structure of the thesis is as follows. Chapter 2 presents an overview of the
different schemes that have been either proposed or implemented on both third and
fourth generation synchrotron radiation sources. Chapter 3 discusses the design and
implementation of two low momentum compaction lattices for the Diamond storage
ring [39]. In-depth numerical studies for two short-pulse schemes applied to the UK’s
New Light Source conceptual facility design are presented in Chapter 4 [40].

Conclusions and future work are discussed in Chapter 5.
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Chapter 2

Review of Short Pulse
Generation Schemes

Various schemes have been proposed in recent years for the generation of short pulse
radiation. Initially these were focussed on storage ring based facilities, but with the
advent of fourth generation light sources attention has predominantly turned to what
can be produced using linac-based facilities. The two types of machine should be
considered complementary however, since although fourth generation light sources
produce radiation pulses with vastly improved peak power, coherence and pulse
duration, third generation facilities still allow high average brightness, high repetition
rates and excellent transverse stability. Although the large number of third generation
light sources worldwide allows much greater access to these facilities, the number of

places able to offer short radiation pulses is still limited.

In this chapter the various schemes that have been proposed for generating short
radiation pulses are reviewed. Where possible, reference is given to the best results
achieved to date with each scheme, with predicted performance from simulation
given otherwise. Section 2.1 describes schemes proposed for third generation light

sources, and schemes for fourth generation facilities are described in Section 2.2.
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2.1 Storage Ring-Based Schemes

The various methods that have been proposed for short pulse generation in storage
rings fall into three broad categories: bunch slicing, bunch deflection and bunch
compression. Bunch slicing schemes make use of a short laser pulse to give an energy
modulation to the central portion of a circulating electron bunch, such that the light
emitted from the energy modulated slice is spatially separated from the main bunch in
dispersive sections of the storage ring [34, 41-43]. Lasers can also be used to produce
short x-ray pulses directly through Thomson scattering [44]. Bunch deflection
techniques generate a spatial separation for the light emitted by different portions of
the bunch by causing the head and tail to oscillate in opposite directions, for example
by using crab cavities [45, 46]. The light emitted from a short section of the bunch
can then be selected using slits or optically compressed using asymmetrically-cut
crystals in the beamline optics. Transient deflection using a vertical kicker magnet
has also been investigated [35]. Finally, bunch compression techniques such as the
use of a third harmonic cavity [47] or a low momentum compaction (low-alpha)
lattice [33, 48] shorten the equilibrium bunch length of the circulating electrons. In

this way short pulses are generated using light from the whole of the bunch.

2.1.1 Bunch Slicing

Modulation of the electron energy by an external laser for the purposes of short pulse
generation, commonly known as femto-slicing, was first proposed by A. Zholents and
M. Zoloterev [41]. In this scheme, a short laser pulse propagates with an electron

bunch through an undulator (the modulator), during which time energy is exchanged
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between the electron distribution and the electric field of the laser pulse. The direction
of this energy exchange depends upon the phase of the laser field relative to the
electrons. Following this energy modulation, the electron bunch passes through a
dispersive section of the storage ring, such that the light emitted by the un-modulated
part travels in a different direction to that emitted by the energy modulated electrons
and can be blocked by an aperture restriction. The duration of the x-ray pulse is then
approximately the same duration as the optical laser pulse used to create the energy

modulation. The main components of the scheme are shown in Fig. 2.1.
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Figure 2.1: Typical layout of a femto-slicing scheme for a storage ring. The radiator
can consist of either a dipole or an undulator (top). Energy modulation given to a 8ps

long electron bunch for a 100 fs FWHM, 5mJ, 800nm laser modulation (bottom).

Efficient energy exchange between the laser electric field and electrons occurs when
the laser wavelength is matched to the resonant wavelength of the undulator

modulator (equation (1.12)). The energy change AFE is then given by the relation [34]
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+a,” M,
where o is the fine structure constant, 4;, w;, ¢, and M are the laser pulse energy,
frequency, phase and number of periods respectively and My is the number of
undulator periods. Typically, the modulating laser has a wavelength of 800nm, ~25-
100fs duration and a few ml] pulse energy and is sufficient to give an energy
modulation to the electrons several times larger than the intrinsic energy spread (i.e.

about ~1% energy deviation).

The number of electrons involved in the interaction, and hence the number of photons
in the short pulse, are drastically reduced compared with standard operation. This
reduction can be estimated from the ratio of laser pulse duration to electron bunch
length (7, / z.), the ratio of laser repetition rate and electron bunch frequency (f; / f)
and the fraction of electrons which have the correct phase with respect to the laser
field to have maximum energy gain (~0.2). For typical operating parameters, the final

reduction in intensity is ~10™.

The duration of the x-ray pulse emitted by the electrons is longer than the modulating
laser pulse due to the slippage of the laser pulse over the electrons in the modulator
(M,Ar/c) and the difference in electron path length between the modulator and
radiator. The path length difference 4/ can be calculated from the electron phase

space coordinates and the transport matrix between modulator and radiator, R [43]

, AE
Al = R51x + R52x + R56E_ (22)
0

Femto-slicing beamlines suffer from a background to the short x-ray pulse, partially

due to light emitted by the transverse tails of the main bunch, but also by light emitted

27



by electrons modulated on previous laser cycles which have not yet damped to the
equilibrium conditions. This problem increases with increasing laser repetition rate

and is worse for machines with long damping times [42, 43].

Femto-slicing was first demonstrated at the ALS using a bending magnet as the
source point [34], later upgrading to an undulator beamline [49]. Following this,
femto-slicing facilities were installed in the BESSY II ring [43] and at the SLS [42],
and one is in the process of being installed at SOLEIL [50]. Beamline results from
both BESSY and SLS suggest x-ray pulses of <~150fs FWHM are being produced

with ~10° photons per second.

2.1.2 Bunch Deflection

2.1.2.1 Deflection Using Crab Cavities

In this scheme, a transverse-deflecting RF cavity is used to give a vertical kick to an
electron bunch that is correlated along its length, such that the head and tail oscillate
in opposite directions. When passing through an undulator, the light emitted is
spatially separated in vertical position and time (chirped), meaning a short pulse can
be extracted by either installing vertical slits in the beamline, or by compressing the
chirped pulse using asymmetrically-cut crystals. Following this, a second cavity is
used to remove the chirp given by the first cavity, thus confining the deflection to a
small section of the storage ring. This idea was first proposed by A. Zholents et al.

[45], and a schematic showing the main components is given in Fig. 2.2.
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Figure 2.2: Typical layout of a crab-cavity scheme for a storage ring.

The deflecting cavity is set to operate in the TM; ;o mode, for which the electric and

magnetic fields in cylindrical coordinates are

E, = 2¢&,.],(kr) sin(¢@) cos(wt + ) (2.3)
cB, = 2¢&,J,(kr) cos(¢p) sin(wt + ) /kr (2.4)
cB, = 2&,.];'(kr) sin(¢) sin(wt + ) (2.5)

where ¢, is the electric field amplitude, k£, @ and y are the cavity wave-number,
angular frequency and phase and J; is the Bessel function of the first kind. The
deflection given to the electron bunch as a function of the longitudinal coordinate z
can be calculated from the Lorentz equation, which for an electron bunch of energy
E travelling on-axis ( = 0) through a cavity of length L gives

ee,
Eo

y'(z) = : sin(kz) (2.6)

In order to resolve different slices of the beam, the angular motion of each slice must

be larger than the convolution of the radiation opening angle (o,) and the electron
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beam vertical divergence (o,°). In this case, the minimum pulse duration that can be

produced using this scheme is [46]

Ey By.1p
op = — |a,,% + 0,2 2.7
"7 ee Lk | Byrs \/ Y r @7

The use of asymmetrically cut crystals to compress the photon pulse rather than using

vertical slits alone to select a short slice can increase the number of photons per pulse

by an order of magnitude [51].

For the scheme to be feasible, the vertical phase advance between the first crab cavity
and the undulator source point should be an integer multiple of z such that the angular
separation between the radiation emitted at the head and tail of the bunch is at a
maximum. Similarly, the storage ring optics must be tuned such that the phase
advance between the two deflecting cavities is an integer multiple of 7 to ensure
perfect cancelation of the two kicks and confine the oscillation to a short section of
the storage ring and prevent a growth in the vertical emittance. Effects which can

prevent perfect cancellation of the two kicks include [46]:

e Focussing errors in the lattice such as different beta-functions at the two

cavities or phase advance error

e Cavity roll about the beam axis

e Cavity phase and voltage errors

¢ A non-zero chromaticity combined with energy spread leading to a variation

in the phase advance within the bunch
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e Non-zero momentum compaction combined with energy spread leading to a

variation in the time-of-flight between the two cavities

e Sextupoles between the two cavities leading to coupling between the
horizontal and vertical planes, along with a tune shift with amplitude and

hence a spread in the phase advance

At present, no crab cavity short pulse facility is in operation. The APS is developing a
scheme with pulsed cavities operating at 1kHz repetition rate, for which the pulse
duration is expected to be 2ps FWHM [52]. A variation has also been proposed for
SPRing8, in which four deflecting cavities are placed in a single long straight and
used to create a closed bump for the beam. The light is extracted from the electron
beam at the point where its displacement (rather than angle of motion) is at a
maximum [53]. A preliminary assessment of applying a crab cavity scheme to the
Diamond storage ring was made in [54], in which it was concluded only minor
adjustments to the optics would be required to implement this scheme, with pulse
durations down to below 1ps possible for 3GHz deflecting cavities of 1.25MV peak

voltage.

2.1.2.2 Transient Short Pulses from Vertical

Deflection

A third short-pulse scheme makes use of the fact that, in storage rings, betatron and
synchrotron motion is coupled if the chromaticity is non-zero. Under these

conditions, an electron beam that is kicked vertically will slowly acquire a tilt along
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its length that is fully developed after half a synchrotron period. The tilt develops
because the average momentum deviation (and hence vertical betatron oscillation
frequency) for particles moving towards the head of the bunch in the RF bucket is
different from those travelling towards the tail [35]. The tilt angle 6,. at position s is

given by [55]

8,,(Ap,s) = —% /3y(s)ﬁy(so)@h%(1 — cos(Qs0))e ¢ cos Y (2.8)

where 4p = ¢ — ¢, is the longitudinal coordinate within the bunch, ¢, is the
synchronous phase, wgr is the RF cavity angular frequency, f, is the vertical beta
function, sy is the position of the vertical kicker of kick angle @, ¢, is the vertical
chromaticity, % is the harmonic number, o, is the momentum compaction factor, Q; is
the synchrotron tune, @ is the orbit angle and

2
e =3(27) a- sy

Y =Q,0 + W — hit (1 — cos(Q460))Ag

Since the orbit angle 6 increments by 2m on every turn, then from equation (2.8) the
tilt angle will be at a maximum when Q; 6 = x, or after half a synchrotron period. A
short pulse can be selected from the tilted beam using vertical slits in the beamline. In
this simple model, and in the limit of zero slit-width, the minimum pulse length that

can be produced by this scheme o, is related to the vertical beam size o, by
o =~ (2.9)

This can be several orders of magnitude less than the nominal electron bunch length.

However, there are various effects which can lead to decoherence of the beam and a
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deterioration of the signal, such as amplitude-dependent tune shifts, horizontal to
vertical coupling, radiation damping, quantum fluctuations, wakefield effects and
higher order chromaticity. Once these effects are accounted for, and assuming the
bunch current is still small enough that wakefield effects can be neglected, the

compression ratio R between kicked and un-kicked bunch lengths is [35]

2
= J T~ exp(—7az/Q,) (210

where agp = (1/27)(Ty/tg) is the longitudinal damping coefficient, 7} is the revolution

time and 7z is the longitudinal damping time.

Using this scheme, measurements taken at the APS have demonstrated a reduction in
pulse length from 27.4ps to 4.2ps (standard deviation) [35], and SPRing8 have
demonstrated a reduction from 34ps to 7ps (FWHM) [56]. Similar experiments at the

ALS estimate a compression ratio of ~10 can be achieved [57].

2.1.3 Bunch Compression

2.1.3.1 ‘Low-Alpha’ Operation

Another method for generating short radiation pulses is to reduce the equilibrium
length o; of the circulating electron bunch. The natural bunch length is set by the
energy spread op, synchrotron frequency f; and the momentum compaction factor a.
of the lattice

ca
_ e 2.11)
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where the synchrotron frequency is given by

h a.cos pseVrp
fi = f\/ onE, (2.12)

and /4 is the harmonic number, Vs is the cavity voltage and f., is the revolution
frequency. Since the energy spread is an intrinsic property of the electron bunch and
the bend radius (caused by the stochastic emission of synchrotron radiation), the only
way to compress an electron bunch at a fixed energy is to either increase the cavity
voltage gradient (which is subject to hardware limitations) or adjust the quadrupole
magnets to minimise the momentum compaction factor and make the storage ring

isochronous. This is achieved in low-alpha lattices [48].

Whilst the repetition rate of radiation pulses provided by a low alpha lattice is as high
as standard operation (set by the number of bunches and revolution frequency), the
radiation intensity is substantially reduced due to the limitation in maximum bunch
current caused by the onset of the micro-bunching instability [58]. This onset occurs
at increasingly lower values as the bunch length is reduced, limiting the stored charge

and lowering the radiation intensity by several orders of magnitude.

In principle, the momentum compaction factor can be adjusted to make the bunch
length arbitrarily small. However, there are several effects which place a lower limit
on the value that can be achieved in practice [39]. Firstly, the bunch length given by
equation (2.11) is valid only in the limit of zero current, i.e. it neglects all collective
effects which can cause the bunch length to grow, such as potential well distortion
and turbulent bunch lengthening [21, 59-60]. Higher order terms in the equations of

motion become increasingly significant as a. is reduced, resulting in a minimum for
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the effective value of a.. Lastly, closed orbit motion is found to increase in inverse
proportion to the momentum compaction factor, again leading to a minimum
acceptable value of a.. However, bunch lengths as low as 0.7ps (standard deviation)

have been demonstrated at BESSY II using this technique [33].

2.1.3.2 Higher Harmonic Cavity

The RF gradient and hence equilibrium electron bunch length can be modified by the
use of an RF cavity operating at a harmonic of the main cavities. Depending upon the
phase of this cavity, the slope of the accelerating voltage at the synchronous phase
can be altered, thereby changing the longitudinal focussing force and modifying the
current distribution. The use of such a cavity was originally proposed in order to
lengthen the bunch and increase the lifetime [61]; later the system was considered for

operation in bunch shortening mode [47, 62].

The total RF voltage as seen by the electron beam can be expressed as

Viot () = Vgp sin(@) + kVgp sin(n(gp — ¢5)) (2.13)

where 7 is the ratio between the harmonic and main cavity frequencies and £k is the
ratio between the voltages. Assuming the phase of the harmonic cavity is adjusted to
maximise the voltage gradient seen by the bunch, the resulting change in bunch

length is given by [47]

(o)
OlLharm = ! k
1— (2.14)

COS g

An example of how the total RF voltage and equilibrium bunch length is affected by
the addition of a 3" harmonic cavity is shown in Fig. 2.3.
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Since the harmonic cavity for bunch shortening is tuned to be zero at the synchronous
phase, the cavity does not contribute to the compensation of synchrotron radiation
losses and needs only a relatively small amount of power to operate. The reduction in
bunch length is expected to be independent of bunch current, although for the shortest
pulses a low bunch current is still favoured to avoid the effects of potential well
distortion and turbulent bunch lengthening. Several light sources have carried out
measurements of bunch length with harmonic cavities operational. Measurements at
the NSLS-VUV ring demonstrated a reduction from 169ps to 110ps for a 4"
harmonic cavity [63], and bunch shortening factors up to 2 have been observed at
Super-ACO for a 5™ harmonic cavity [64]. Simulations carried out for BESSY-II
suggest a reduction factor of 4.5 could be achieved with a 10MV 3™ harmonic cavity,
increasing to a factor 10 if the cavity voltage is SOMV. This would give a 300fs long
bunch for the low-alpha lattice [65]. Preliminary calculations for the Diamond storage
ring suggest a 30% reduction in bunch length could be achieved for a passive 3™

harmonic cavity at 1.1MV [54].
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Figure 2.3: Cavity voltage as a function of phase for a 3 harmonic cavity set to
operate in bunch shortening mode (left). Current distribution with and without the
harmonic cavity (right). The calculations assume Vgr = 2.2MV, k= 0.5, n =3, Ey =

3GeV, g, =1 - 0.474, a. = 1.7x10™, h =936, oz = 9.6x10™* and f., = 534kHz.

36



2.1.3.3 Transient Short Pulses from RF Cavity

Modulation

In this scheme, a longitudinal instability is excited in the bunch by modulating the
storage ring RF at twice the synchrotron frequency, the result of which is a
quadrupole oscillation in the bunch shape. The electron distribution alternates
between having a short bunch length - high energy spread and a long bunch length -
low energy spread. For each oscillation, the minimum (maximum) bunch length

decays (grows) exponentially.

The variation proposed in [36] requires two RF cavities separated in RF phase by 90°
with peak voltages set to equal the energy loss per turn (V; = V, = Up). In this set-up,
the synchronous phase coincides with the on-crest phase of cavity 2 and the zero-
crossing phase of cavity 1, i.e. cavity 2 provides the acceleration for the beam and
cavity 1 provides the longitudinal focussing (see Fig. 2.4). The longitudinal focussing
can then be varied without altering the synchronous phase, either by modulating the
voltage of cavity 1 or the phase of cavity 2 (assuming the phase deviations are small).
In other words, the synchrotron frequency is modulated without inducing longitudinal
oscillations of the bunch centroid. For the case of phase modulation, the synchrotron
frequency becomes [36]

, hace

= Jrev 27‘[—E [Vl — VA cos(wmt)] = fsoz[l —Agp cos(wmt)] (2.15)
0

fZ

where 4¢p and w,, are the modulation amplitude and angular frequency respectively.

The longitudinal equation of motion can therefore be written as
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d?¢
Tz + (21f50)%[1 — A cos(wp,t)]p = 0 (2.16)

Equation (2.16) is that of a driven parametric oscillator, with approximate solution
given by

@?*©) _

oty ~ o2 cos? @nfiat +m/4) + et sin? Qufot + /4] (2.17)

where the instability growth rate «, is equal to nfdp/2. Equation (2.17) has
exponentially growing and exponentially decaying terms, with each having maxima
occurring twice every synchrotron period in anti-phase. In [36], the modulation is
stopped after a few cycles to avoid particle loss from the exponential growth term.
The evolution in bunch length is shown in Fig. 2.4, for which the parameters for the

Diamond storage ring have been used.
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Figure 2.4: Cavity voltage as a function of phase for the RF modulation scheme (left).
Electron bunch length as a function of time for various phase modulation amplitudes
(right). The calculations assume V; = V, = 1.005MV, Ey = 3GeV, a, = 1.7><10'4, h =

936 and f,., = 534kHz.
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The simple model described above neglects several important limiting effects such as
quantum excitation, radiation damping, RF bucket non-linearities and bunch shape
distortions due to collective effects. For the case of the APS, these effects were found
to limit the maximum bunch compression to a factor of 2, whilst at the same time
reducing the growth rate of the instability [36]. Simulations demonstrated that in fact
a pseudo-equilibrium state could be reached, provided the modulation amplitude was

kept small.

One advantage of this scheme over other schemes is that it can be used in conjunction
with high bunch currents and low emittance, helping to preserve the high average
brightness of standard operation. However, as with the higher harmonic cavity
scheme, the shortest pulses are still produced when small bunch currents are used in
order to avoid the effects of potential well distortion and turbulent bunch lengthening.
In addition, the increase in energy spread that comes with the reduction in bunch
length leads to a broadening of the spectral lines for an undulator radiation source
along with an increase in the effective emittance, both of which will tend to reduce

the overall source brightness.
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2.1.4 Performance Summary

Estimated Intensity Compatible
. New . i
Pulse Relative to Hardware Repetition with
Duration  Standard Reauired Rate Standard
(FWHM) User Mode d User Mode
Femto-slicing ~150 fs ~10" Yes ~1 kHz Yes
: ~2x107 ~1 kHz to
Crab Cavity ~2 ps 0 ~1 Yes 500 MHz Yes
Vertical Kick 5-10 ps ~10° No ~1 kHz No
i 102 Up to 500
Low Alpha 2-10 ps 10 No MLz No
Harmonic ~50% Up to 500
Cavity reduction ! Yes MHz Yes
&0
RF Modulation >0 A) ~107 No ~5 kHz No
reduction

Table 2.1: Summary of performance for 3™ generation light sources

2.2 Linac-Based Schemes

In recent years there have been many proposals for generating short radiation pulses
from linac-based, fourth generation light sources. The majority of these are yet to be
demonstrated in practice, but promise radiation pulses which are several orders of
magnitude shorter than can be produced using storage ring based schemes, with
extremely high peak brightness and greatly improved transverse and longitudinal
coherence. Unlike third generation light sources, these machines are not limited by

the effects of radiation damping and excitation, producing intrinsically shorter pulses.
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As with third generation light sources, the short pulse generation schemes can be split
into two broad categories, namely compression schemes and electron bunch
manipulation schemes. The simplest method to produce a short radiation pulse on a
linac-based facility falls into the first category. This involves using a magnetic
chicane to compress the electron bunch; a standard component for all fourth
generation light sources [66, 67]. This is most effective when carried out at very low
bunch charge in order to avoid emittance and energy spread degradation from
collective effects, allowing high-gain, single pass FELs to operate in the single-spike
regime [68]. One alternative to compressing the electron bunch is to compress the
radiation emitted by a long electron bunch; this can be achieved if the electron bunch
has an energy gradient, as the radiation emitted in an undulator will then have a
wavelength variation along the pulse length. A pair of diffraction gratings can then be

used to compress the radiation pulse [69].

Bunch manipulation schemes arrange for only a select portion of the electron bunch
to reach saturation in a high-gain, single pass FEL. The first one of these to have been
proposed involves passing a relatively long electron bunch through a slotted foil
inside a magnetic chicane, thereby spoiling the emittance of all but a short section of
the bunch. The consequence of this is that only the section of the bunch that retains a
low emittance will reach saturation [70]. The majority of bunch manipulation
schemes use an external few-cycle laser pulse to modify the electron bunch
properties. This interaction gives rise to an energy or trajectory perturbation in a short
section of the bunch, which then allows the radiation emitted by this portion to be
selectively amplified to saturation in a FEL (see for example [71-77]). The advantage
of these laser-based schemes is that they allow tight synchronisation control; a key

requirement for pump-probe type experiments [78].
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2.2.1 Compression Schemes

2.2.1.1 Bunch Compression in a Magnetic Chicane

The simplest technique for reducing the length of an electron bunch is to compress it
in a magnetic chicane. For this type of compression it is necessary to first create an
energy-time correlation (chirp) along the bunch length such that the head of the bunch
is lower in energy than the tail. When passing through a magnetic chicane, the
distance travelled by the head will be longer than for the tail of the bunch, allowing
the tail to catch up with the head and reducing the bunch length. The simplest design
for a magnetic chicane is the 4-magnet C-type chicane (as used in the LCLS and
European X-FEL designs [79, 80]); however, many other designs exist, such as S-
type, wiggler, double-chicane and FODO compressors [66, 67]. A schematic of bunch

compression with a C-type chicane is shown in Fig. 2.5.

) ) )
*z % z &—» z
long bunch short bunch

chicane magnet

= low energy head =

on-energy centre
— — — high energy tail

Figure 2.5: Schematic of longitudinal bunch compression in a magnetic chicane.

The deviation in path length (4z) for an off-energy particle travelling through a
chicane can be calculated from the transfer matrices and the relative energy deviation

(9), according to

Az = R56(S + T56662 + U566663 + .- (218)
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where R, T and U are the first, second and third order transfer matrices and Rs4 is the

longitudinal dispersion, analogous to a. in storage rings.

The energy chirp is given to the electron bunch by accelerating it slightly off-crest in

the main linac. The energy at the exit of the linac will be
E(z) = Einitia1 + €Vrr cos(@ + 21z /Agp) (2.19)

where E,iiq 18 the energy at the entrance to the main linac, ¢ is the phase-offset
relative to the peak field, Vzp is the linac RF voltage, Agr is the RF wavelength and

the energy at the centre of the bunch is £(0) = Ey. The energy chirp, 4, is defined as

b= 1 dE
 E,dz
(2.20)
2neVgp

= — Elny sin(¢)

Using this definition, in the linear approximation (z << Agr) the relative energy
deviation of a particle after acceleration is simply ¢ = sz + Jy. Assuming the electron
bunch has an initial, uncorrelated energy spread of oz, the electron rms bunch length

after compression will be

0, = \/(1 + hRs)20,02 + Rsg’052 (2.21)

In principle it is possible to set ~#Rs5s = -1, and so the minimum bunch length is limited
by the initial energy spread. The linear approximation provides only a first estimate
however. The initial electron bunch length can be a significant fraction of the RF
wavelength, meaning the bunch will acquire a curvature in longitudinal phase space

which limits the minimum bunch length that can be achieved. This effect can be
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partially corrected using a higher-harmonic cavity to linearize the longitudinal phase
space before compression, or with nonlinear elements inside the compressor to
control Ts¢s [81]. A schematic of electron bunch compression with and without

linearization is shown in Fig. 2.6.

A side effect of using magnetic bunch compressors is that they can be a major source
of emittance growth. For example, incoherent synchrotron radiation (ISR) emission in
the chicane bending magnets leads to an uncorrelated increase in both the projected
(total) and slice (short section) emittance, along with a growth in the energy spread.
This problem increases with increasing beam energy. Coherent synchrotron radiation
(CSR) emission can lead to an increase in the projected emittance. This effect occurs
because radiation emitted at the tail overtakes the rest of the bunch within the bending
magnet, leading to a correlated energy loss along the bunch length and is strongest for
short bunches and strong bending magnets. CSR can also lead to a micro-bunching
instability, in which any initial density or energy modulations within the bunch will
be amplified [82]. ISR and CSR effects can be mitigated by having a small horizontal

beta function at the final chicane magnet [83].

Space-charge effects can also become important when compressing the bunch,
perturbing both the transverse and longitudinal bunch dimensions. In particular,
longitudinal space-charge (LSC) can lead to an energy modulation within the bunch
which will be converted into a density modulation in the magnetic chicane. Since
space-charge forces scale with 1/E”, it is preferable to avoid strong compression at
low energies. However, as has already been noted, compression at high energy can
increase emittance growth from ISR and nonlinearity in the longitudinal phase space.

As such, a staged compression is frequently preferred.
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Figure 2.6: Schematic of the longitudinal bunch compression before and after
compression, with and without harmonic linearization of the longitudinal phase space
(bottom 4 and top 4 plots respectively). A shorter bunch and higher peak current can

be achieved with linearization.

Electron bunch compression can also be limited by fluctuations in the chicane magnet
power supplies (which alter Rsg), or by jitter in the linac RF phase or amplitude
(which will lead to fluctuations in the energy chirp). Similarly, longitudinal wake

fields will alter the chirp. This is not necessarily a problem (and can even be
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beneficial), but to avoid fluctuations in the chirp the bunch charge stability from the

electron gun must be high.

Magnetic bunch compression is a pre-requisite for fourth generation light sources, but
can also be used for short-pulse facilities based on spontaneous radiation sources
(rather than FELs) [84]. At FLASH and LCLS, electron bunch lengths of ~10fs or

below have been achieved in this way [85, 86].

2.2.1.2 Single Spike Operation

Whilst electron bunch compression is standard in many fourth generation light
sources, ultra-short (sub fs) bunch lengths can only be reached in the limit of very low
bunch charge when degradation due to collective effects such as CSR, wakefields and
space-charge can be avoided. Single spike emission for SASE-FELs is an example of

an operating mode that benefits from this potential reduction in electron bunch length.

As described in Section 1.2.4.1, the SASE process in a high-gain, single-pass FEL
can lead to the electromagnetic radiation field developing independently in one part
of the bunch from the rest. This is due to the fact that the radiation field will slip
forward over the electron bunch by only one resonant wavelength (4,) per undulator
period, and unless the length of the electron bunch is very short the radiation field
produced in one section does not have time to interact with the remainder of the
bunch before the end of the undulator. As such, the final radiation pulse consists of

many separate spikes in the temporal and spectral domains [27].
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In order to generate just a single SASE radiation spike, the electron bunch length L,

must be matched to the cooperation length of the FEL (see equation (1.25)), i.e.
L, <2mL, (2.22)

Low charge, single spike operation is currently of interest to many projects, primarily
because of the simplicity of implementation (no new hardware required), the short
pulse duration achieved (potentially <1fs), the high level of temporal coherence and
the lack of any background radiation pedestal [86-88]. However, since the FEL
process is initiated by the random, spontaneous emission of the electrons, large shot-
to-shot fluctuations in the output power are expected. Additionally, any jitter in the
arrival time of the electron beam is transferred directly into timing jitter in the FEL
output (typically 10-15fs rms), which can be several times larger than the FEL pulse
duration. One further drawback with this mode of operation is that machine

diagnostics are very difficult to operate at such low bunch charges.

2.2.1.3 Optical Compression of a Chirped Pulse

As an alternative to producing a single radiation spike, it has been suggested that the
total radiation pulse emitted by a relatively long bunch can be reduced to the width of
a single spike by aligning all spikes on top of each other using a double-grating
compressor [69]. This can be achieved using the radiation emitted by an energy-

chirped electron bunch. A schematic of the compressor is shown in Fig. 2.7.
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Figure 2.7: Schematic of the double-grating pulse compressor. The distance travelled
by the radiation emitted at the head of the electron bunch is longer than that emitted

by the tail, allowing the back of the radiation pulse to catch up with the front.

The radiation pulse emitted by an energy-chirped electron bunch will have a
frequency variation along its length, such that the wavelength of each SASE spike is
correlated to its longitudinal position z within the bunch. This follows directly from
the resonance condition,

Ay
2y (2)?

A(2) = 1+ a,? (2.23)

From first-order diffraction theory, the scattering angle of the radiation from the first
grating, 6, is related to the incident angle 6, the grating line separation a and the

radiation wavelength

A-(z) = a(cos B, — cos ) (2.24)

The scattering angle is therefore a function of the position of the spike within the
pulse. If the radiation wavelength at the front of the pulse is longer than at the tail, the
scattering angle will be larger. After scattering from a second grating, the exit angle is
equal to the incident angle, but the longer-wavelength radiation will have travelled
further than the shorter wavelength radiation, allowing the back of the pulse to catch

up with the front.
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In [69], a compression factor ' was defined, where F is the difference in path length
divided by the initial radiation pulse length, o,,s. From Fig. 2.7, the difference in path
length is given by AC - AB - BC%cos(6y), and so F is a function of a, d, 4,, 6y and the
electron bunch energy chirp. Calculations carried out for the LCLS suggested that
with 1, = 1.5x107"°, ¢ = 0.1um, d = 1.2m and 6y = 0.05rad, the pulse duration can be
reduced from ~70fs to ~Ifs, the width of a single spike. This scheme has the
advantage over single spike operation that the intensity fluctuations are reduced by a
factor \/ Ng, where N; is the number of radiation spikes, and that the full bunch charge
can be maintained, meaning no reduction in pulse intensity. However, both schemes
suffer from arrival time jitter at the sample due to the lack of tight synchronisation

control.

2.2.2 Bunch Manipulation Schemes

2.2.2.1 Short Pulse Selection Using a Slotted Foil

The SASE process in a high-gain, single pass FEL is very sensitive to the electron
beam emittance. If the emittance is too large, the transverse motion of the electrons
will smear out the beam longitudinally as it travels along the undulator length,
preventing the electrons from bunching at the resonant wavelength and thereby
suppressing the gain of the FEL. This suggests that a short radiation pulse can be
created in a SASE-FEL by spoiling the emittance of all but a short section of the

electron bunch. This is achieved in the slotted-foil method proposed in [70].
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A schematic showing the main components required by the scheme is given in Fig.
2.8. In this method, a thin, slotted foil (e.g. a beryllium foil of ~15um thickness) is
placed in the path of the electron beam at the centre of a magnetic chicane. At this
point, the horizontal displacement of the head and tail of the bunch from the centre is
at a maximum due to the combination of the energy chirp and the dispersion of the
chicane magnets. Coulomb scattering of the electrons when passing through the foil
ensures that both the horizontal and vertical emittance will increase in all but the part

of the bunch that passes through a narrow slot in the foil.

X

electron y z |:| wcane magnet
bunch

T —— slotted foil -

Figure 2.8: Schematic of the slotted-foil short pulse generation scheme. The
emittance of the electron bunch is spoiled as it passes through the foil along its whole

length, barring a short section in the centre that passes through a narrow vertical slot.

The minimum pulse duration achievable occurs for a slit half-width 4x of a few times

the betatron beam size, i.e. Ax = 3,/ f,&,. In the centre of the chicane, this half-width
will be much smaller than the projected r.m.s. electron beam size, o,. The minimum

pulse duration is therefore

Ax

X

where oy is the final electron bunch length after compression. Reducing the slit half

width to much below this value will reduce the current in the slice, preventing the
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FEL pulse from reaching saturation. Simulations carried out for the LCLS suggest
that an FEL pulse of 2fs FWHM can be produced using the standard machine
operating conditions and a foil with a 250pm slot-width. Further studies using a more
aggressive set of operating parameters suggest this pulse length can be brought down
to ~0.5fs FWHM, albeit with timing jitter of the order 100fs and fluctuations in the
electron bunch peak current (and hence FEL pulse energy) [89]. Initial trials of the

method on the LCLS suggest pulses <10fs have been produced [38].

The main advantage this scheme has over others is that it requires only minimal
changes the machine hardware and can be implemented on any existing design.
Variations on this scheme involve having a vertical taper in the slot width to allow the
pulse length to be controlled, or to use more than one slot to produce additional FEL
pulses with a time delay controlled by the slot separation. As an alternative to a
slotted foil the electron beam could be collimated (thereby removing the background
spontaneous emission signal from the remainder of the bunch), however, the
collimator wakefields could potentially degrade the brightness of the remaining
electron beam. Using a slotted foil also has the advantage of keeping the full beam

charge, improving the performance of machine diagnostics.

2.2.2.2 Wavelength Selection Schemes

There have been several proposals for short pulse generation based on resonant
wavelength selection. The first of these was proposed by A. Zholents and W. Fawley

[71], the layout for which is shown in Fig. 2.9.
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Figure 2.9: Schematic of the scheme proposed by Zholents and Fawley.

The scheme has many components, beginning with a harmonic-cascade (HC) FEL
[90]. This produces a 100fs long pulse of radiation at 2nm wavelength from a 2ps
long electron bunch, leaving the front of the electron bunch free from FEL interaction
(i.e. maintaining high beam quality, small energy spread). The unperturbed electrons
interact with a few-cycle (5fs FWHM) 800nm laser pulse inside an undulator, giving
a sinusoidal energy modulation to a short section at the front of the electron bunch
(c.f. Section 2.1.1). Following this, the electrons pass through a second undulator.
This undulator is set to be resonant at 2nm wavelength just for the electrons at the
very centre of the laser-modulated portion of the bunch (the electrons that acquired
the largest amplitude of energy modulation). The 2nm wavelength HC FEL pulse
created upstream can then be used as a seed for the second undulator section. Only
the electrons at the centre of the laser-modulated portion will have the correct energy-
offset to be resonant with the HC FEL pulse, meaning all other electrons will remain
largely unaffected. The electron bunch then passes through a magnetic chicane in
order to turn the 2nm energy modulation into a density modulation, and then through
an undulator resonant at 1nm (the 2™ harmonic of the density modulation). Only the
pre-bunched electrons will radiate strongly, as the radiator is kept short enough to
prevent SASE radiation from developing in the remainder of the bunch. This will
then generate a short, Inm radiation pulse which is inherently synchronised with the

initial, few-cycle 800nm laser pulse.
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Using this method, Zholents and Fawley predicted it should be possible to generate a
0.1fs FWHM long pulse at I1nm wavelength. The difficulty of producing such pulses
clearly lies in the complexity of the scheme, and ensuring good temporal overlap

between electrons and seed radiation fields.

A similar scheme was also proposed by Saldin et al. [72]. This time however, the
short FEL pulse is produced via the SASE mechanism rather than seeding with an HC
FEL pulse, allowing a conceptually simpler set-up. The main components of the

scheme are shown in Fig. 2.10.

The scheme requires a high-brightness source of electrons which can be made to
interact with a few-cycle laser pulse with carrier-envelope phase stabilisation inside
an undulator resonant at the laser wavelength (800nm in this case). As with the
Zholents scheme, this interaction leaves the electrons with an offset in energy several
times larger than the intrinsic energy spread (see Fig. 2.10). If this bunch is made to
pass through a long undulator, it will generate SASE radiation such that the radiation
produced by the electrons with the largest energy offset will be offset in frequency

from the main SASE pulse, and therefore can be separated using a monochromator.

For the scheme to work, the energy modulation given to the electrons by the few-
cycle optical laser pulse must be several times larger than the intrinsic SASE
bandwidth of the FEL in order to give sufficient separation in frequency space from
the main SASE pulse. The duration of the few-cycle laser pulse must also be short
enough that only the electrons interacting with the very centre of the laser pulse gain
the largest energy modulation. Using this scheme, Saldin et al. estimated that a 0.3fs
FWHM long pulse can be generated at 0.Inm wavelength with ~1GW peak power.

However, there will be significant shot-to-shot fluctuations in power level due to the
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fact that the process starts up from phase-noise in the electron distribution, and due to

jitter in the electron bunch characteristics caused by linac fluctuations.
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Figure 2.10: Schematic of the scheme proposed by Saldin, Schneidmiller and Yurkov.

A variation of this scheme is to split the long undulator into two sections, the first of
which acts in the way described above to create a long SASE radiation pulse at the
reference wavelength, with a short pulse centred at the point of maximum energy
modulation from the few-cycle laser and offset in frequency from the main pulse [73].
After passing through a magnetic chicane, the electron bunch can be delayed with
respect to the SASE pulse such that the portion that is offset in frequency now
overlaps with electrons at the reference (i.e. un-modulated) energy. The electron
bunch then travels along the second undulator, in which the short pulse acts as a seed
field and is amplified to saturation. The remainder of the initial SASE pulse is not
amplified as it lies outside the bandwidth of the second undulator. As such, in this

scheme the monochromator is no longer required.

Saldin et al. estimate that the output peak power can be increased from ~1GW using
the original set up to ~100GW assuming a taper for the second undulator. However,
this pulse will sit on top of a background SASE pulse generated by the remainder of
the bunch. It was estimated a contrast ratio of 400:1 in peak power can be achieved,

corresponding to 1.3:1 in energy for a 100fs long electron bunch.
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2.2.2.3 Short Pulses from Current Enhancement

For a SASE FEL, an increase in the peak current for the electron bunch will lead to a
reduction in gain length (meaning the radiation will reach saturation earlier) as well
as an increase in the radiation power at saturation [23]. This suggests that if the
current in a short section of the bunch can be significantly enhanced, the radiation
generated from this section will dominate over that from the remainder of the bunch,
particularly if the SASE process is stopped before the main pulse reaches saturation.

This is the basis for the short pulse scheme suggested by Zholents and Penn [74].

The method used to enhance the current in a short section of the bunch is similar to
standard bunch compression in a magnetic chicane. However, rather than creating an
energy-chirp across the whole bunch by accelerating it off crest in the main linac, an
energy chirp is created in a short section by energy modulation with one or more few-
cycle laser pulses inside an undulator. Two lasers are used for the example given in
[74], one 1200nm laser pulse of 7.5fs FWHM and one 1600nm laser pulse of 10fs
FWHM. Both lasers have carrier-envelope phase stabilisation, with the phase of the
lasers set to have zero electric field amplitude at the peak of the envelope waveform
and are timed to interact with the same group of electrons within the bunch. Since the
two lasers have different wavelengths, the combination acts to increase the gradient
of energy chirp in the centre of the modulated section, but suppress it from
developing elsewhere. Following the energy modulation, the energy chirp is
converted into a density modulation by passing the electron bunch through a magnetic
chicane. For the example analysed in [74], the peak current increases from 3.4kA to

19KA as a result of this interaction, reducing the gain length by a factor of two.
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The main components of the scheme are shown in Fig. 2.11, and the effect of the
laser modulation and bunch compression on the electron bunch parameters is shown

in Fig. 2.12.
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Figure 2.11: Layout of the enhanced-SASE short pulse scheme.
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Figure 2.12: Longitudinal phase space of the electron bunch after energy modulation
by two few-cycle lasers and compression in a magnetic chicane (left). Resulting

current distribution for the electron bunch (right).

In this scheme there is a trade off between having a large energy modulation in order
to keep the chicane as weak as possible (to avoid emittance growth from CSR) and
keeping the modulation small enough that the energy spread for the high current peak
is not too large. Since the FEL interaction grows from phase noise in the initial
electron distribution, the radiation pulses generated by this scheme suffer from large
shot-to-shot fluctuations of ~40% in peak power. However, using the baseline LCLS
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parameters it was estimated in [74] that radiation pulses of 40GW peak power, 0.25fs
FWHM could be created, with adjacent peaks of ~1GW peak power and a
background signal of 100MW average power from the remainder of the 100fs long
electron bunch. The main difficulties of this scheme lie in achieving a temporal
overlap of the 1200nm and 1600nm laser pulses with the centre of the electron bunch
distribution. However, this can be made easier by using a common source for the two

laser pulses.

This technique has also been recently revisited by Ding et al. [91]. The main
difference in this case was that the effects of longitudinal space charge on the electron
distribution were given more consideration. It was identified that because of the high
charge density in the current peaks, space-charge forces cause a secondary energy
chirp to develop in the electron distribution as it travels along the main undulator,
with a larger chirp developing with increasing peak current. For uniform undulator
gap this energy chirp is large enough to suppress the SASE gain for the peak current
spike, preventing the short radiation pulse from developing. However, the authors
found that by tapering the main undulator gap, the energy chirp could be compensated
allowing the pulse to grow for the current spike whilst simultaneously suppressing the
FEL gain in the remainder of the bunch [75]. As a result, the tolerances on the
modulating laser pulses could be relaxed, allowing pulses as long as 25fs FWHM (10

optical cycles) to be used.

Using a tapered undulator, simulations demonstrated it would be possible to generate
radiation pulses with peak power of 2.3GW of 0.1fs FWHM, twenty times larger than
the power generated by the adjacent current peaks and two hundred times larger than

the background SASE pulse from the main electron bunch.

57



2.2.2.4 Selected Amplification in Tapered Undulators

The compensation of a localised energy chirp in an electron bunch by tapering the
gap of the undulator in a SASE FEL mentioned in the previous section was examined
in detail by Saldin et al. [75]. The principle behind this compensation can be
understood by considering an electron bunch with a linear energy variation along its
length. At the entrance to the undulator, the resonant wavelength for electrons will be
different to that of the electrons at the front (as given by equation (2.23)). As the
bunch travels along the undulator, the radiation emitted by electrons at the back of the
bunch will gradually slip forward to electrons with a different energy and different
resonant wavelength. As such, the bunching efficiency and FEL gain will be degraded
or even strongly suppressed. However, if the gap of the undulator is altered in order
to compensate the change in electron energy to give a resonant wavelength that
equals the wavelength of the radiation emitted at an earlier time, efficient bunching
and strong FEL gain can be maintained. The required change to the undulator

parameter as a function of energy chirp can be calculated from

lda, A (+a?)1dy (2.26)
a, dz Ay ay?  cydt

Such a combination of undulator taper and energy-chirped electron bunch will
produce a frequency-chirped SASE radiation pulse whose central wavelength shifts
along the undulator length. Saldin et al. suggested this principle could be used as the

basis for a short pulse generation scheme [75].

The layout of the scheme is shown in Fig. 2.13 and bears close resemblance to the

second scheme outlined in Section 2.2.2.2. As in the earlier method, an energy
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modulation is given to a short section of the electron bunch through interaction with a
few-cycle laser, this time operated in sine-mode in order to give maximum energy
chirp in the centre of the distribution. Similar chirps will also develop at adjacent
laser periods, albeit with decreasing gradients. The undulator gap is then set to
compensate the strong energy chirp such that there is strong SASE gain for this
section, whilst the taper effectively suppresses the FEL gain in the remainder of the

bunch, leading to the development of a single, short SASE radiation pulse.
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Figure 2.13: Schematic of the tapered undulator scheme. The electron bunch interacts
with a 5fs FWHM, 800nm pulse with sine phase to create an energy chirp, and then

passes through a long undulator with tapered gap.

Taking the European XFEL parameters, simulations demonstrated that pulses of 0.2fs
FWHM, 100GW peak power could be created with a 95% contrast ratio in pulse
energy compared to the background signal from the remainder of the bunch. As such,
this scheme offers an improved contrast ratio compared to many of the other
proposed short pulse generation schemes, and does so with minimal hardware
changes from the baseline FEL facility. However, since the FEL emission is based on
the SASE mechanism, shot-to-shot fluctuations in peak power are expected to be

large.
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The method was also examined in detail by Fawley, who demonstrated the scheme
scales well to longer wavelengths [92]. In this paper both SASE and seeded
configurations were examined at a variety of resonant wavelengths. At 8nm, the
SASE scheme was able to produce 0.8GW pulses of 2fs FWHM and the seeded
scheme produced 1.5fs FWHM pulses of similar power with a short saturation length.
The effect of the frequency chirp was also examined in more detail, and it was
identified that both the sign and magnitude of the chirp could be controlled which is
potentially beneficial to some types of experiment. Alternatively the chirp could be

used to further compress the pulse using the method outlined in Section 2.2.1.3.

2.2.2.5 Selected Amplification Through Angular

Modulation

As an alternative to modulating the electron energies, an external modulating laser
pulse can also be used to give a transverse kick to the electrons when operated in the
TEM,p mode [76]. The angular modulation Ax’ given to the electrons at the exit of the

modulating undulator in this case can be calculated from

R 2\2a, |P £ § o

Ax,(q! v, O-‘L'; S) = 2 - \/z{ 0 <_) _]1 (_)}f(q, v, O-‘L'l S) Sln(kLS + (pL) (227)
Yo Py 2 2

where g = L,/zy, L, is the length of the undulator, z, is the laser Rayleigh length, v =

2Noy/y, is the undulator detuning parameter, 6; = o,/7 is the scaled bunch length, s is

the electron coordinate within the bunch, N is the number of undulator periods, Py is

the laser peak power, Py = IAmcz/e, 1, is the Alfven current, Jy and J; are Bessel
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functions of the first kind, & = auz/(1+ auz), ky is the laser wave-number and ¢, is a
phase offset. The integral f'is carried out over the modulating undulator length, and is

given by

0.5 5 _ 10,5 - 2
F(@0,6.5) = q.f cos(2mvz — 2tan"1(g2)) exp (_( 2 S ) )dé (2.28)

_05 1+qz 2_6} a 2co;

The effect of the angular kick is that the electrons will perform transverse oscillations
several times larger than the horizontal beam size along the FEL length, with the
result that these electrons will experience a larger slippage with respect to the SASE
radiation pulse compared to the on-axis electrons (i.e. a phase shift), and a reduced
FEL gain. However, if the electron bunch is sent along the main undulator at an angle
—Ax "mayx, only the electrons at the peak of the angular modulation will travel along the
main undulator on-axis and experience strong FEL gain, and it is the remainder of the
bunch that suffers from gain degradation. An example of the angular modulation of

such an electron bunch is given in Fig. 2.14.

AX'/o’

|
(o)

Figure 2.14: Angular modulation of the electron bunch after interaction with a few-
cycle laser pulse inside an undulator. All but the electrons at the peak of the
interaction region will suffer from gain degradation in the main undulator due to

slippage effects.
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The main difficulty with achieving this scheme lies in tuning the trajectory of the
electron bunch in the main undulator such that only the electrons at the peak of the
laser interaction region will travel on-axis. The efficiency with which this region
develops a short radiation pulse compared to the rest of the bunch depends on both
the properties of the modulating laser and the beta-functions in the main undulator.
Simulations for a hypothetical hard x-ray SASE FEL (4, = 0.15nm) demonstrated
pulses of 0.18fs FWHM duration, assuming a 2um wavelength modulating laser
pulse. In [76] it was also suggested that the scheme could be further improved by
combining the trajectory modulation with an energy modulation to enhance the
current in the central slice in the same way as described in Section 2.2.2.3. In this

case, the pulse duration was reduced to 0.11fs FWHM with a peak power of 100GW.

2.2.2.6 Echo-Enabled Harmonic Generation

In order to avoid the intrinsic shot-to-shot variability associated with SASE-based
short pulse schemes it is necessary to use either a seed laser pulse of sufficient power
to dominate the spontaneous emission from the electron bunch, or to pre-condition
the electron beam to have strong, uniform bunching at the resonant wavelength before
it enters the main undulator. Echo-Enabled Harmonic Generation (EEHG) is a scheme
that performs the latter [93]. The original concept was not specifically aimed towards
short pulse generation, but can easily be adapted for this task [77, 94-95]. The layout

for the most straight-forward configuration of this scheme is shown in Fig. 2.15.
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Figure 2.15: Machine layout required for the EEHG-based scheme.

The first stage involves adding a sinusoidal energy modulation to the electron bunch
via interaction with a long, external laser pulse of wavelength 4; inside an undulator
resonant at the same wavelength (see Fig. 2.16). This energy modulation needs to be a
few times larger than the intrinsic energy spread. The electron bunch is then made to
pass through a strong magnetic chicane which converts the sinusoidal energy
modulation into a series of energy bands at a given position within the electron

bunch. At this point there is no significant density modulation.

The next step adds a second energy modulation to the electrons, this time using a few-
cycle laser of wavelength 4, in a short (1 or 2 period) undulator, again resonant at the
external laser wavelength. A second magnetic chicane can then be used to convert the
few-cycle energy modulation into a density modulation in the same way as described
in Section 2.2.2.3. This time however, since the electron bunch retains the energy
bands imposed on the electrons by the interaction with the first laser, the central
current peak in fact contains a fine structure density modulation of a much shorter
wavelength than either of the modulating lasers. The longitudinal phase space at each

stage is shown in Fig. 2.16.
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Figure 2.16: Electron bunch longitudinal phase space at each point in the EEHG short
pulse scheme. Distribution before first laser modulator (top left). Energy modulation
acquired after modulator 1 (top right). Energy banding imposed after first chicane
(middle left). Energy modulation added on top of energy banding by few-cycle laser
(middle right). Central current peak after second chicane showing fine structure
density modulations (bottom left). Side current peak does not gain significant

bunching so will not radiate strongly (bottom right).
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After the initial beam-conditioning described above, the density modulations inside

central current peak have a wavelength /,,,; where

2TcC o 27C tm 21C (2.29)
Amod /11 /12

and m and » are integers. The bunching factor is found to be a maximum for n = +1,
and assuming correctly optimised chicane strengths, modulation amplitudes and for m

> 4, the maximum bunching factor is given by [98]

0.39

This is in contrast to high-gain harmonic generation (HGHG) schemes [90], in which
the maximum bunching factor tends towards |b;| ~ (0.68/k/3)exp(—k?/24?),

giving a much lower bunching efficiency at high harmonics of the modulating laser

frequencies compared to the EEHG scheme.

Upon entering the main radiator undulator, only the pre-bunched part of the electron
bunch will radiate strongly. The length of the radiator is kept relatively short to

prevent the SASE process from building up in the remainder of the bunch.

Simulations of this scheme are at an early stage, and there are several open questions
about the performance of the scheme at x-ray wavelengths, such as whether the
additional energy spread from incoherent synchrotron radiation emission in the first
chicane will blur out the energy bands, whether coherent synchrotron radiation in the
second chicane will distort the energy modulation given by the few-cycle laser and
whether longitudinal space charge has a significant effect on the micro-bunching.
However, initial studies suggest 1nm wavelength pulses of 100-200MW peak power

lasting 20as FWHM should be achievable [77, 95].
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2.2.2.7 Longitudinal Space Charge Amplifier

The most recent example of how a few-cycle optical laser pulse can be used to
generate short pulses of synchrotron radiation was outlined in [96]. This scheme
makes use of the longitudinal space charge (LSC) driven micro-bunching instability
which occurs in linacs with magnetic bunch compressors [97]. The instability arises
from small, random density fluctuations present in the electron beam, which when
combined with a source of impedance such as LSC or CSR lead to an energy
modulation at the same scale. If this bunch passes through a magnetic chicane the
energy modulations will be converted into a density modulation, enhancing the initial
fluctuations and resulting in the micro-bunching instability. For normal operation,

great care is taken to suppress this effect.

Rather than trying to avoid the LSC-driven micro-bunching instability, the proposed
scheme takes advantage of it by optimising the chicane strengths, lengths of drift
space and beta-functions in order to maximise the gain at a given wavelength of
interest (Azsc). Several stages of drift space and chicane can then be used to maximise

the bunching at the given wavelength and reach saturation.

In order to generate a short radiation pulse from the LSC-bunched electron beam, a
few-cycle optical laser pulse operated in sine-mode is used to give a linear energy-
chirp 4 in the centre of the laser modulated portion, the amplitude of which must be
significantly larger than the energy modulation acquired from the LSC instability.
The electron bunch is then passed through a final magnetic chicane of strength Rss.
As described in Section 2.2.1.1 this will compress the chirped region by a factor C

where
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C=——
1_hR56

(2.31)

such that the LSC-bunched wavelength becomes A = A;5¢/C and the peak current in
the compressed section is enhanced by a factor C. The end result is the majority of the
electron bunch is bunched at wavelength 4;5¢, with a short section in the centre of the
laser-modulated region with bunching at wavelength A. If the bunch then travels
through an undulator resonant at Ay significant FEL amplification will only occur in
the section of the electron distribution with bunching at wavelength 4, with negligible
gain elsewhere. No detailed simulations of the scheme were carried out in [96];
however it was estimated a 4nm wavelength pulse of 0.1fs FWHM and sub-GW peak

power could be generated. A layout of the scheme is shown in Fig. 2.17.

drift chicane drift chicane chicane
e modulator
£ - F=———%F»-
radiator
few—cycle laser —»— \ short
pulse

Figure 2.17: Layout for a LSC-amplifier based scheme. Several stages of drift and
magnetic chicane are used to amplify small-scale density fluctuations present in the
electron beam at a particular wavelength. A few-cycle laser adds an energy chirp to
the centre of the bunch, and a chicane compresses the chirped region thereby reducing

the wavelength of the bunching.
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2.2.3 Performance Summary

Estimated Background

Pulse Peak Power to Short Repetition Synchronised
. Rate
Duration Pulse
Bunch ~10 fs i No Linac No
Compressor
Single Spike ~1 fs ~1 GW No Linac No
Optlcal. ~1 fs - No Linac No
Compression
Slotted Foil  ~0.5-2 fs 5-10 GW Yes Linac No
Wavelength -, o0 5 10 mw Yes LASER Yes
Selection (1)
Wavelength 500 ) Gw Yes LASER Yes
Selection (2)
Wavelength 30000 gw Yes LASER Yes
Selection (3)
Current 160 Gw Yes LASER Yes
Enhancement
Tapered
~0.2 fs ~100 GW Yes LASER Yes
Undulator
Angular
Modulation ~0.2 fs - Yes LASER Yes
100-200
EEHG ~0.02 fs MW Yes LASER Yes
LSCA ~0.1 fs <1 GW Yes LASER Yes

Table 2.2: Summary of performance for 4™ generation light sources
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2.3 Summary

One of the goals of this thesis is to identify which short pulse generation schemes
would be suitable for use in a large-scale user facility. As such, the source of
radiation must be robust, practical and generate light with properties that are useful

for current research.

The review given in this Chapter has identified that, for third generation light sources
there is presently no stand-out scheme for the generation of short radiation pulses, but
rather each scheme has its own merits. For example, femto-slicing is capable of
generating the shortest pulses, but does so with a drastic reduction in photon flux.
Bunch deflection with crab-cavities can potentially operate with the full bunch charge
of standard operation, but requires the installation of substantial new hardware which
is both expensive and time consuming. Transient methods such as RF cavity
modulation or vertical kicking can also produce short pulses with a relatively high
photon flux, but there are concerns about how such pulses could be used in an
experiment due to the lack of predictability and stability of the short pulse. Low-alpha
operation has the benefit of being able to provide short pulses with a higher
brightness and repetition rate than some other schemes, provides good stability and
has the advantage that it does not require any additional hardware to be implemented
and in principle can be applied to any existing light source. The price to pay is a
reduction in bunch charge from that of standard user operation, and a marginal

increase in pulse duration over that which can be obtained with femto-slicing.

Short pulse schemes for fourth generation light sources can be split into two

categories, those that do and those that do not use an external few-cycle laser to
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modify the properties of a short section of the electron bunch. Schemes that do not
use an external laser all potentially suffer from large jitter in the arrival time of the
short pulse of a magnitude that is many times larger than the pulse duration itself. The
most straightforward of these schemes is the single-spike mode of operation which
can generate pulses of very high peak power thanks to the excellent electron beam
quality that is possible when the linac is operated with low bunch charge. Slicing
schemes using a few-cycle modulating laser vary in their complexity and in the
properties of the final pulse that is produced. Since they are all initiated by an external
laser pulse, the arrival time of the FEL pulse at the experiment can be controlled to a
very high precision; however, the background signal generated by the un-modulated
section of the electron bunch can be a significant fraction of the total pulse energy.
The tapered undulator scheme suppresses this background signal, resulting in an
improved contrast ratio over other schemes. The tapered undulator scheme requires
minimal additional hardware compared to other schemes, making it an attractive
proposition compared to other schemes when being considered for use in a user

facility.

Taking all potential strengths and weaknesses into account, the schemes that have
been selected for further study are therefore low-alpha operation of the Diamond
storage ring, single spike operation of the New Light Source and application of the
tapered undulator scheme to the New Light Source. Studies of low-alpha operation
are contained in Chapter 3, and studies of the two schemes for the New Light Source

are described in Chapter 4.
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Chapter 3

Short Pulse Generation from
a Quasi-Isochronous
Storage Ring

The review given in Chapter 2 highlighted the benefits of basing a short pulse
generation scheme on a low momentum compaction factor (low-alpha) lattice over
some of the other methods that have been proposed. Of these, the main advantage lies
in the ease with which it can be implemented, its reliability and the stability of the
(pico-second) radiation source. Other benefits include having a higher average
brightness and repetition rate than can be achieved using other schemes, along with

the fact it does not require costly new hardware to be installed.

In this Chapter, the development and implementation of two low-alpha lattices for the
Diamond storage ring is presented. The theory of operating with near-zero
momentum compaction factor (alpha) is reviewed in Section 3.1, examining in
particular the dependence of the longitudinal motion on the higher order terms in the
expansion of alpha with momentum deviation. Details of the two low-alpha lattice
solutions are discussed in Section 3.2, and various simulations made to characterise
the lattices are presented in Section 3.3. The final part of this Chapter is devoted to
the application of the two lattices to the Diamond storage ring, including details of

beam dynamics and bunch length measurements made under a variety of conditions.
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3.1 Theory of Low-Alpha Operation

3.1.1 Introduction

Electrons circulating in a storage ring have an intrinsic momentum spread due to the
stochastic emission of synchrotron radiation. This momentum spread results in a
finite electron bunch length, since in general the revolution time is dependent upon
the particle energy. By making the storage ring isochronous, all electrons will travel
the same distance in one revolution and the electron bunch length can be made, to a

first approximation, arbitrarily small.

The change in path length with momentum deviation is set by alpha, and in the
absence of collective effects it is this that determines the electron bunch length (along
with various RF cavity and lattice parameters). In the limit of zero bunch current, the
natural electron bunch length is given by the equation

_ (3.1)
Op = 21f, Og

where a. is the momentum compaction factor, f; is the synchrotron frequency and oz

is the natural energy spread. The synchrotron frequency is given by

h a.cos pseVrp
fs = f;‘ev\/ - 27TE§ (3.2)

where /4 is the harmonic number, Vzr is the cavity voltage, f., is the revolution
frequency, ¢, is the synchronous phase and Ej is the electron energy. Since f; also
depends upon alpha, oy scales with the square root of alpha. In order to reduce the

natural bunch length one can try to minimise oz (which is fixed by the beam energy
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and dipole bending radius), maximise f; (limited by the maximum RF cavity voltage)

or minimise alpha.

3.1.2 The Momentum Compaction Factor

Alpha is defined as the relative change in path length in one revolution of the storage

ring with respect to the relative particle momentum deviation, &

ALY/, (3.3)
TS

ac

where 6 = Ap/py, po is the nominal particle momentum and /y is the circumference.
Alpha is typically expanded as a power series in momentum deviation. Different

definitions exist for this expansion; in this thesis the definition

a.(8) = a; + a8 + a36% + 0(63) (3.4)

is used. The leading order terms in the expansion can be calculated using (see

Appendix A)
1 [(n:(s) (3.5)
a, =— ds
Lo P
1 '(s)? 3.6
«, :_fm (s) +772(S) ds (3.6)
ly 2 p
1 s)n.'(s)? s 3.7
@ =— [ 1/ (5)m,'(s) _771( )n,'(s) +773( )ds (3.7)
Lo 2p p

Here, p is the dipole bend radius, # is the dispersion, #'is its spatial derivative and the

subscripts 1, 2 and 3 refer to the order in the expansion with momentum deviation. In
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order to minimise o; the storage ring linear optics needs to be tuned such that the
integrated dispersion inside the bending magnets is close to zero. This can be done
with quadrupole magnets. The a, term has two components; the first is fixed by #,(s),
and the second depends upon the value of #,(s) in the bending magnets. The value of
72(s) can be controlled using sextupole magnets, and can in principle be tuned to set
o> to zero. An expression describing the way the sextupole magnet strength affects a,
was presented in [48], where it was shown that the change in a, depends upon only
the integrated sextupole strength (SL), the circumference of the ring and the

dispersion at the sextupole location.

SLI,

3.8
Aa, = _T(nx3 - 377x77y2) G8)

Clearly, an efficient reduction in a, requires focussing sextupoles in regions of high
horizontal positive dispersion. Good control of a; and above requires higher order

multipole magnets (octupoles to control a3, decapoles to control a4 and so on).

3.1.3 Longitudinal Motion

For highly relativistic electron beams and in the absence of quantum fluctuations, the

equations governing the longitudinal motion can be written as [48]:

AL

©'(8) = h (7 + oy + 6% + a383) (3.9)

ey _ EVRE . . (3.10)
5'(9) = 5 [sing —sing]
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where the term A¢/€ represents all momentum independent path lengthening effects
such as those due to betatron oscillations, closed orbit errors or a change in RF

frequency. Equations (3.9) and (3.10) can be derived from the following Hamiltonian.

A? Ay ., A2 5 A3,
H((,D,(S)—h 754‘75 +?5 +I5
(3.11)
eVrr .
* onE, [cos ¢ — cos @5 + (¢ — @5) sin @]

The longitudinal motion has stable and unstable fixed points which occur when both
@' =0 and 6’ = 0. The fixed points occur at phases ¢ = ¢, and ¢ = 7 - ¢, and the

momentum deviations are given by the roots of equation (3.9), i.e. by

AP
7+0(15+0(252+a353=0 (312)

The particle motion exhibits different behaviour depending upon the relative strength
of each term in alpha. For high-performing low-alpha lattices, effects up to third order
or even higher are relevant. The different regimes are discussed further in the

following sections.

3.1.3.1 First Order Approximation

Under normal operating conditions, a; is large and to a first approximation all higher
order terms in alpha can be neglected. In these conditions, there exists a single stable
region in longitudinal phase space, for which there is one stable fixed point (SFP) of
motion and one unstable fixed point (UFP). The boundary separating stable and
unstable motion (the separatrix) is determined by the value of the Hamiltonian at the

UFP, which from equation (3.12) is at the location ¢ = 7 - ¢, and 6 = -A4¢ / £a;. After
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substituting these values into equation (3.11), the maximum momentum deviation for

oscillations around the SFP is found to be

Af 1

H <7T - QPs, — 761_1) = H((psr 5max)

h (A#)Z eVrr

_le ? +2T[E0 [(r — 2¢5) sin g — 2 cos @]
(3.13)
A? o, )
=h [7 Omax + 7 Omax
which for the case 4¢/¢ = 0 reduces to the result
2eVrr [/ )
Smax = ERF = \/ﬂh(xlEo [(E — (ps) sin @5 — cos (ps] (3.14)

The seperatrix between stable and unstable motion in this regime is shown in Fig. 3.1.

In this plot, 4£/€ and ¢, have been assumed to be zero.
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Figure 3.1: Figure showing a typical separatrix between stable and unstable motion
for the case of £y = 3GeV, frr = 499.654GHz, ¢, = 0, Vgr = 3MV, a; = 4x10* and
neglecting all higher order terms in alpha (left). Corresponding value of a(d) (right).

The red dots show the positions of the stable and unstable fixed points of motion.
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3.1.3.2 Second Order Approximation

For the case where o, is small but non-negligible compared to a;, a, has a
perturbative effect on the particle motion. Two new fixed points appear in the
longitudinal phase space, with the momentum offsets given by the solutions of
equation (3.12) as

5, = a4 |1 22l (3.15)

' 2a, a? 4

There are now two stable RF buckets bounded by two separatrices. If a;>> a;, the
new stable region is far from the original RF bucket, with the shape of each separatrix
close to that of the linear case. Under these conditions equation (3.14) is still a good
approximation to the now asymmetric momentum acceptance. This regime is usually
described as the RF bucket regime. As the magnitude of a; is reduced relative to a,,
the two buckets are brought closer together and the shapes of the buckets are distorted
until they eventually merge and share the two UFPs. Further reduction of a; leads to
the two buckets exchanging UFPs and separating again. The motion is now operating
in the so-called alpha-bucket regime. Under these conditions the size of the stable
region reduces rapidly, with the maximum bucket height now defined by the distance
between the SFPs and UFPs.

a; 4a, A?

|8srp — Susrl = 1_a_127 (3.16)

2

In order to stay in the RF bucket regime and hence maintain good momentum

acceptance, the following condition should be met [99].
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4a, A ~/a

Q1 = Q1 transition = \/§€RFC(2 (1 - _2_) (3.17)
a? £

In practice, large momentum acceptance can be ensured by correcting o, to zero [48].

A plot illustrating how the size of the stable region in longitudinal phase space
rapidly shrinks when moving from the RF bucket regime through transition and into
the alpha-bucket regime is given in Fig. 3.2. For simplicity, o, has been assumed to
be constant as a; is decreased and A¢/€ has been set to zero. The contribution from

radiation losses has been neglected (¢, = 0).
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Figure 3.2: Figure showing how the seperatrices between stable and unstable motion
vary as a; is reduced for a fixed value of a, = 5x107 (left), with the corresponding
values for a(d) (right). The 3 regimes illustrated are the RF bucket regime (top),
transition (middle) and alpha-bucket regime (bottom). The red dots show the

positions of the stable and unstable fixed points of motion.
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3.1.3.3 Third Order Approximation

In order to gain an improved understanding of how a; influences the longitudinal
motion, both a, and 4¢/¢ can be neglected. This simplification is justified, as for all
practical lattices, a; is corrected to zero in order to maximise the momentum aperture.
Similarly, the momentum-independent path lengthening term 4¢/¢ can be considered
zero at low chromaticity [100], since the contribution from closed orbit distortions
can always be compensated by adjusting the central RF frequency. In the following
analysis, radiation losses are neglected (p; = 0) and to begin with only the case where

a3 < 0 1s considered.

For a comparatively large initial value of a;,, the longitudinal motion operates in the
standard RF-bucket regime. There are now three stable regions in the longitudinal

phase space, the on-momentum bucket centred at (0,0) plus two off-momentum

buckets centred at (7T, +/—a;/ a3). The separatrices for these buckets are shown in

Fig. 3.3. As a; is reduced, the three stable regions approach each other and the shapes
of the buckets are distorted until they eventually merge. This is the transition between
the conventional RF bucket regime into the alpha-bucket regime. As a; is further

reduced with respect to a3, the three buckets split again, this time with the UFPs
swapped such that the two buckets centred at (1, ++/—a, /a3) share the one at (1, 0),

and the bucket centred at (0,0) now has the two UFPs at (O, +/—a;/ a3). A further

reduction of a; from positive to negative values leads the off-momentum solutions to

equation (3.12) to become imaginary and the bucket centred at (0,0) disappears. At

the same time the two buckets centred at (n, +/—a;/ a3) merge to form a single on-

79



momentum bucket centred at (m,0); the momentum compaction factor is now

entirely negative and the stable RF phase has switched from ¢ =0 to ¢ = 7.

For the case of positive a3, the situation described above is reversed, i.e. as a; is made
to pass from positive to negative values it is the bucket centred at (0,0) that splits into
two, rather than the two off-momentum buckets that merge to form a single on-

momentum bucket. This transition can occur smoothly without loss of beam [101].

Transition between the RF and alpha bucket regimes occurs when the Hamiltonians

for the separatrices of the three buckets are equal, namely when

H(m, 0) = H(O, i\/_Ofl,transition/0‘3) (3.18)

which eventually reduces to

— 2
X1 transition = —2063 ERF (3-19)

As for the case of dominant a; this transition point can be used as a criterion for good
lifetime, i.e. to stay in the RF bucket regime a; > a;, yansiion- Once in the alpha-bucket
regime the maximum momentum deviation is fixed by the distance between SFP and
UFP, i.e. by

|8srp — Suppl = |—— (3.20)
Crucially however, if both a; and a3 have the same sign then the off-momentum fixed
points are imaginary and this condition no longer applies. In this case the a; term
creates a perturbation on the maximum stable momentum deviation of the linear RF

bucket. The momentum acceptance can be found by equating the value of the

Hamiltonian at the unstable fixed point to the value at the phase ¢ = ¢, i.c.
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H(0,0) = H(1t, 61y0x) (3.21)
which leads to the result

as
2 o 5max4 = SRFZ (3.22)
1

5max

In this regime, the o3 term serves to increase the momentum aperture above the one
found from the classical first order solution, and particles exhibit regular motion out

to large momentum and phase deviations.
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Figure 3.3: Figure showing the separatrices between stable and unstable motion and
alpha as a function of ¢ as a; is reduced from positive to negative values for a, = 0
and a3 = -0.08. The four stages illustrated are RF-bucket regime (top), transition
(middle top), alpha-bucket regime (middle bottom) and negative alpha (bottom). The

red dots show the positions of the stable and unstable fixed points of motion.
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3.2 Low-Alpha Lattices for the Diamond Storage
Ring

The vast majority of third generation synchrotron light sources are not optimised for
the production of short electron bunches, but rather a low emittance is targeted to
enable the generation of high brightness photon beams. However, as indicated by
equations (3.5) to (3.7), it is possible to minimise alpha by an appropriate tuning of
the lattice optical functions. This has been proposed or carried out at a number of
light-sources worldwide [see, for example, 99, 101-112], for diverse reasons such as
producing short x-ray pulses, generating coherent Far IR / THz radiation, operating a

storage ring FEL, or for fundamental beam-dynamics investigations.

In this section the development of two low-alpha lattices for the Diamond storage
ring is described. The first of these has a relatively high emittance in comparison to
the standard user lattice, but is less demanding in terms of the sextupole requirements.
The second lattice has a low emittance close to that of the standard user lattice, and its
development was motivated by the desire to increase the x-ray source brightness

above that of the first lattice [113, 114].

3.2.1 Practical Considerations for a Low-Alpha

Lattice

An ideal low-alpha lattice should have small, controllable a;, sufficient on-

momentum dynamic aperture to be able to inject directly into the lattice without
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shifting the working point or changing the optics, sufficient off-momentum dynamic
aperture for good lifetime and injection, and small, controllable @, and transverse
chromaticity. In addition it is desirable to have small vertical beta function in the ID
straight sections and large horizontal beta function in the injection straight to ease the

injection process.

In order to reduce a;, equation (3.5) states that the integrated dispersion inside the
bending magnets should be minimised. The way that this has been achieved in
double-bend achromat (DBA) lattices elsewhere is to introduce negative dispersion in
the straight sections [99, 101-102, 105-109], crossing from positive values between
the bending magnets to negative values in the straight sections. The downside of this
approach is that the horizontal emittance is significantly increased, as whilst the
integrated dispersion inside the bending magnets is reduced, the chromatic invariant
Hy =y + 2oma,’ + " is found to increase. The increase in horizontal emittance
(&) follows directly from this.

_ 55 my? I
N 32\/§meC12 - 14_

(3.23)

Ex

where

1 T](S) Hx(s)
I=f—ds; I, = | —=ds; I=j—ds
27 ) p(s)? Y ) p(s)? > ] p(s)3
An alternative solution is to keep the dispersion positive everywhere except within
the bending magnets [115, 116]. This allows both a; and & to be minimised
simultaneously. The variation of the dispersion through the bending magnets for these

two options is illustrated in Fig. 3.4.
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Figure 3.4: Variation of dispersion through a bending magnet for the case of a; = 0.

Left: High emittance solution. Right: Low emittance solution.

The goal of the nonlinear lattice optimisation is to correct the natural chromaticity
and a, with minimal impact on the on and off momentum dynamic aperture. The
success of this depends in part on the linear lattice [117, 118], and so the combined

optimisation is by necessity an iterative process.

The interconnection between the linear and non-linear lattice optimisation can be

clearly seen from the definition of the horizontal and vertical chromaticity (& and &,):

$x = de = —j [25(s)n(s) — K(s)] Bx(s)ds (3.24)

d
$y = & = —f —25(s)n(s) + K(s)] B, (s)ds (3.25)

Here, K and § are the strengths of the quadrupole and sextupole magnets. Efficient
correction of the two natural chromaticities requires sextupoles located in regions of
high dispersion, and in order to minimise the cross-talk between the two variables the
focussing sextupoles should be placed in regions of large S, and small S, and vice
versa for the defocusing sextupoles. Efficient control of a, requires focussing

sextupoles in regions of high horizontal dispersion, as shown by equation (3.8).
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Optimisation of the linear lattice for Diamond was performed using Elegant [119] and
various methods for the nonlinear lattice optimisation were tested using Matlab-based
scripts linked to Elegant. For the nonlinear optimisation, rather than determining the
on and off momentum dynamic apertures for each combination of sextupole strengths
tested (a computationally expensive process), various proxies were calculated, such as
the tune-shifts with amplitude, chromaticity, a,, stability of a limited number of
tracked particles etc. Using these parameters, a quantitive assessment could be made
as to how well each solution met the requirements outlined above and could then used

within the optimisation algorithms.

The first method tested involved calculating a response matrix to determine how
small changes in sextupole strength affected tune-shifts with amplitude, linear and
higher order chromaticities and a;,. This response matrix could then be inverted using
singular value decomposition and used to iteratively act on the various parameters

until an optimum final solution was found.

In the second method investigated an objective function was built based on the
amplitude of the same parameters targeted in the first method, with different
weighting factors applied according to the relative importance. Using this objective
function, a simplex optimisation algorithm could be used to determine the optimum

sextupole configuration.

A final method that targeted the horizontal dynamic aperture directly by maximising
the survival rate for particles tracked at increasing amplitudes proved to be
prohibitively slow for any meaningful number of particles and amplitude steps and

was abandoned.
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3.2.2 Low Alpha Lattice Solutions

The two solutions for low alpha lattices (namely the relaxed, high emittance lattice
and the more demanding, low emittance lattice) have both been developed and
implemented at Diamond. A summary of the main storage ring parameters in each
case is given in Table 3.1, and the Twiss parameters for one super-period of the
lattices are shown in Fig. 3.5. In each case, a comparison is also made to the standard

(high-alpha) user lattice.

There are several key differences between the two solutions. Firstly, the horizontal
integer tune point for the low emittance lattice is much larger than for the high
emittance lattice at 29 compared to 21 (the standard user optics has an integer tune
point of 27). This increase in horizontal focussing leads to an increase of the natural
chromaticity, which combined with the reduction in dispersion at the sextupole
locations results in a marked increase in the required sextupole strengths. This
problem is exacerbated by the need to minimise a;, (predominantly controlled by the
focussing sextupoles in the centre of the arcs), as the peak dispersion is considerably
reduced in the low emittance lattice. Peak sextupole strengths for the low emittance
lattice are therefore unavoidably stronger than those required for the high emittance
lattice (31.3m™ compared to 23.3 m>, respectively), increasing the nonlinearity of
longitudinal and transverse beam motion and thus shrinking the region of stable

motion.

86



Parameter Standard User High Emittance =~ Low Emittance
Lattice Lattice Lattice
Emittance 2.7nm.rad 35.2nm.rad 4.4nm.rad
a 1.7x10™* -3x10° -1x107
a, (with/without 1.7x107 / s s
sextupoles) 5 1x107 -6x10™/0.012 -2x10™ / 0.005
o (with/without 1.4x107/0.051  -0.043/-0.193  0.004/0.008
sextupoles)
Tune point (O / Oy) 27.205/12.360  21.150/12.397 29.390/ 8.284
Nat. chromaticity (&vo / &0) -79/-35 -37/-26 -66 / -43
Max. beta (B max / Bymax) 22.6m/27.0m 20.2m/22.7m 26.2m/40.3m
Beta functions at IDs (B /- 4 5 /1 5y 8.2m /2.4m 1.Im/5.7m
)
Max. dispersion (7,) 0.31m 0.45m 0.28m
Dispersion at IDs () 5.3cm -9.7cm 5.6cm
Beam size at IDs (o, / ;)
(0.2% coup.) 124pm /2.9um  545um/ 12.9um  94pum/ 7.0pum
Energy Spread 9.62x10™ 9.62x10™* 9.62x10™*
Damping Times (Hor. / 11.2ms / 5.6ms 11.2ms / 5.6ms 11.2ms / 5.6ms
Long.)
Natural bunch length
(3MV) 10.0ps 1.3ps 2.4ps
Synchrotron frequency
(3MV) 2608Hz 346Hz 629Hz
Synchronous phase (3MV) 0.34rad 2.80rad 2.80rad

Table 3.1:

87

Main storage ring parameters for the standard and low-alpha lattices



E 5 €
C =
o c
: 3
L o
© k2
o A
0
0
0 10 20 30 40 50 60 70 80 90
S (m)

- O NN
o o1 o O

Beta Function (m)
o
Dispersion (m)

= 30 .
E 1S
5 <
g 20 _g
L 8
c 10 X%
= o
m

0

0 10 20 30 40 50 60 70 80 90

S (m)

Figure 3.5: Optical functions for the standard user (top), high-emittance, low-alpha

(middle) and low-emittance, low-alpha (bottom) lattices.
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Based on experience gained during machine trials for the high emittance lattice, a
larger absolute value for a; was targeted for the low emittance solution from the
beginning. There are two main reasons for this decision. Firstly, whilst the larger o,
gives a longer natural (zero-current) bunch length, the bunch length at moderate
bunch currents rapidly becomes independent of a;, i.e. there is no benefit in further
reducing o, once a minimum bunch length has been achieved at any given current.
Secondly, the horizontal closed orbit stability of the electron beam is found to be
inversely proportional to ;. This reduced closed orbit stability becomes important to
users when the emittance of the beam is reduced. Selecting a slightly larger a; helps
to reduce the impact of this increased sensitivity to transverse motion, without
increasing the bunch length at the given operating current. Both these features are

discussed in more detail in the following sections.

The final difference to note is that the sign of a; is positive for the low emittance and
negative for the high emittance lattice. The results from Section 3.1.3.3 would suggest
it is better to operate the low emittance lattice at positive a; in order to benefit from
the removal of the off-momentum fixed points of motion and hence improved
momentum aperture; however, when switching to positive a; the sign of a3 is also
found to reverse. As such, operation with negative a; is still preferred in order to
benefit from the reduced bunch-lengthening with current compared to operating with

positive a; (see Section 3.4.7.6).
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3.3 Lattice Characterisation through Simulation

Before testing the low alpha lattices on Diamond, extensive simulations were carried
out in order to determine their expected performance, particularly in terms of the on
and off momentum dynamic aperture and hence injection efficiency and lifetime.
These simulations provide a benchmark against which the measured machine

performance can be assessed.

3.3.1 Longitudinal Motion

The momentum compaction factor for the two lattices was determined by tracking
off-momentum particles through one turn of the storage ring model and calculating
the distance travelled in one revolution. From this, a polynomial fit allows the
individual terms in the expansion of alpha to be extracted. After assuming Vip =
3MV, equations (3.9) and (3.10) were used to calculate the longitudinal phase space
for the two lattices. These are shown in Fig. 3.6 along with the numerically

determined values for alpha in each case.

Both high and low emittance lattices operate with negative alpha for small
momentum deviations. Alpha is entirely negative for the high emittance lattice and is
dominated by a strong a; component, and as such the only solution to equation (3.12)
is 0 = 0. This lattice operates in the RF bucket regime with the stable phase shifted to
@ = 7 — @, and the longitudinal particle motion is well described by the analysis given

in Section 3.1.3.3.
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Figure 3.6: Longitudinal phase space plots (left) and corresponding alphas (right) for
the high (top) and low (bottom) emittance low alpha lattices. Terms up to as have
been included in the fit, and the separatrices between stable and unstable motion have
been highlighted in red. In the calculations, the main parameters were Ey = 3GeV, fzr

=499.654GHz, U, =1.005MeV/turn and Vzr=3MV.

For the low emittance lattice the longitudinal dynamics is much more complicated
and many more terms in the expansion of alpha are required for an accurate
description to be made. Alpha crosses from negative to positive values at 0 = +4%,
meaning that equation (3.12) now has two solutions and two stable regions appear
(one on-momentum bucket centred at ¢ = 7 — ¢, and one off-momentum centred at ¢
= @,). From the resulting phase-space plot, the low-emittance lattice can be seen to

operate in the alpha-bucket regime.
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3.3.2 Dynamic Aperture

In order to prevent particle loss when crossing resonances, part of the nonlinear lattice
optimisation is to ensure that the tune-shifts with amplitude and momentum deviation
are constrained to regions of tune-space that are relatively resonance-free. This
process serves to increase the dynamic aperture (DA) for the ideal lattice, and also
makes it more robust to the introduction of magnet field errors. The end goal in
maximising the DA is to achieve good injection efficiency and long lifetime for the
stored beam. Injection into the Diamond storage ring is carried out off-axis, with the
injected bunches entering at a distance of -8.3mm from the stored beam [120], and so

the DA must exceed this value.

Tune shifts with momentum deviation and amplitude have been determined for both
lattices via particle tracking using the Accelerator Toolbox (AT) tracking code [121],
with the tune values calculated using the NAFF algorithm [122]. The results of this
are shown in Figs. 3.7 and 3.8 respectively. Following this, particle tracking was
again carried out in order to determine the DA in each case, this time using the Tracy-
IT tracking code [123] with realistic magnet field and alignment errors and physical
apertures added to the lattice [124]. The resulting on-momentum DAs are shown in
Figs. 3.9 and 3.10. To assist in interpreting the results, the frequency maps for each

case are also given [125].

The calculated DA for the high emittance lattice comfortably exceeds the -8.3mm
requirement for on-axis injection, even when realistic magnetic field and alignment
errors and physical apertures are included in the tracking. It is the Qy + 2Qy sextupole

resonance and 6Qy resonance that appear most harmful to the on-momentum DA.
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Figure 3.7: Variation of horizontal and vertical tune with momentum deviation for the
high emittance (top) and low emittance (bottom) low alpha lattices. In each case, the
left hand plot shows variation in tune with momentum deviation and the right hand
plots show the same data in tune space. Resonance lines up to 5™ order superimposed

for reference.

Lowering the horizontal tune may help to reduce the sensitivity to these resonances;
however, this may lead to problems during injection, as a significant phase advance is
required for the injected beam to clear the septum plate whilst the injection bump is
active [120]. As Fig. 3.7 shows, lowering the vertical tune would bring the off-
momentum tune close to the 3Q, skew-sextupole resonance and reduce the off-

momentum DA (limiting the lifetime).

As expected, the increase in sextupole strengths for the low emittance lattice has led
to a decrease in the size of the on-momentum DA; however, the -8.3mm aperture

requirement has again been met. As with the high emittance lattice, it is the Qy + 2Qy
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sextupole resonance that appears most harmful to the on-momentum DA, particularly

when physical apertures are included in the tracking. Although lowering the vertical

tune away from this resonance may benefit the on-momentum DA, Fig. 3.7 shows

that this would lead to the off-momentum tune crossing the 4Q, octupole resonance

earlier, known to be excited by insertion devices [126].
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Figure 3.9: This figure shows the on-momentum dynamic apertures (left) for the high
emittance low alpha lattice and corresponding frequency maps (right). The top plot
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in the tracking. Particles were tracked for 1024 turns, with longitudinal motion
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Figure 3.10: This figure shows the on-momentum dynamic apertures (left) for the low
emittance low alpha lattice and corresponding frequency maps (right). The top plot
shows the results for the ideal lattice, the middle plots were produced including
magnet field and alignment errors and the lower plots also included physical apertures
in the tracking. Particles were tracked for 1024 turns, with longitudinal motion

neglected.
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3.3.3 Momentum Acceptance

Accurate determination of the momentum acceptance is a key step to calculating the
expected beam lifetime in the storage ring. For modern light sources, the dominant
component to the overall lifetime [127] is the Touschek lifetime, an effect first
observed in the AdA storage ring by B. Touschek [128]. In this effect, two electrons
in the circulating bunch scatter from each other, transferring their transverse momenta
into large longitudinal momentum deviations and ending up outside the momentum
acceptance of the ring. An expected value for the Touschek lifetime can be calculated

from the momentum acceptance using the Briick formula [129].

The analysis given in Section 3.3.1 showed the 1D longitudinal momentum
acceptance provided by the RF bucket exceeds £3.5% for both lattices. However, the
final momentum acceptance for the lattice is a combination of both the momentum
acceptance of the RF bucket and the off-momentum DA provided by the sextupoles.
This is a property that can only be found through full 6D particle tracking [130], is
asymmetric in energy and varies around the ring. The reason for this can be
understood as follows. Before a scattering event, both particles are assumed to lie on
the on-momentum closed orbit. The sudden change in particle momentum means that
after the scattering event the electrons will perform betatron oscillations around the
on-momentum closed orbit of amplitude ay(s,0) determined by the nonlinear

dispersion 7(s,0) and chromatic invariant H,(s,0) at the point of scatter [131].

a,(s,8) = \/n(s,8)2 + B(s, 8)Hy (50, 8)8 (3.26)

If H,(s9,0) is small at the point of scatter, then for a given ¢ the amplitude of betatron

oscillation will be small and the particle is more likely to survive and damp down to
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the original conditions. Conversely, a large value of H.(s)d) results in large

amplitude betatron oscillations, increasing the likelihood that the particle will be lost.

The procedure used for determining the momentum acceptance was to track a single
particle for 512 turns in the storage ring at increasingly large momentum deviations,
recording the value at which the particle is lost, and repeating this for different
starting locations in the ring. For this task, the Tracy-II tracking code was used, with
an assessment again made for the likely impact of magnetic field and alignment errors
and the inclusion of physical apertures. The results for one super-period of the ring
are shown in Fig. 3.11 for the high emittance lattices and Fig. 3.12 for the low

emittance lattice.

The momentum acceptance for the high emittance lattices is strongly limited in the
regions between the bending magnets in each arc where the dispersion is large, with
minimum values of +0.6% recorded for the ideal lattice. The introduction of magnet
field and alignment errors modifies the H,(syd) function slightly, leading to a
marginal improvement in the momentum acceptance between the bending magnets to

+1%. Elsewhere in the ring, the momentum acceptance varies between 2% to 4%.

Despite the fact that the on-momentum DA is smaller for the low emittance lattice,
the momentum acceptance is generally larger due in part to the smaller dispersion and
H.(s0,0) function. The minimum value for the momentum acceptance in this case is -

1.7%, with 2% to 4% more typical for the majority of the ring.

Touschek lifetime values for both high and low emittance lattices are summarised in
Section 3.3.5. The calculated lifetime is always above 10h for both lattices, thanks in
part to the assumed low bunch current of 50puA, and is sufficient to give adequate

time between storage ring refills for user experiments to be carried out.
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Figure 3.11: Calculated Momentum acceptance for the high emittance lattice.

Particles were tracked for a maximum of 512 turns, and included longitudinal motion.
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Figure 3.12: Calculated Momentum acceptance for the low emittance lattice. Particles

were tracked for a maximum of 512 turns, and included longitudinal motion.
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3.3.4 Injection Efficiency

The DAs and FMs calculated in Section 3.3.2 provide valuable information about the
on-momentum transverse dynamics of the storage ring, but neglect the longitudinal
motion. To understand the injection process properly, full 6D tracking simulations
must be carried out using an electron bunch with the expected characteristics of the
booster at extraction. This bunch can be up to 2 orders of magnitude longer than the
natural bunch length in the storage ring when operated in low alpha conditions, and
due to synchrotron motion, particles at the head and tail of the bunch can reach large

values of 0 before damping down to the equilibrium storage ring conditions.

Simulations of the injection process were carried out for both lattices using the Tracy
IT tracking code, with realistic magnetic field and alignment errors and physical
apertures included in the simulations. The tracking was carried out for 12000 turns,
corresponding to 4 longitudinal or 2 transverse damping times. The transverse and
longitudinal phase space distributions of the bunch after various numbers of turns are
shown in Figs. 3.13 and 3.14 for the high and low emittance lattices respectively, and

the properties of the electron bunch at injection are listed in Table 3.2.

In both cases, after 1/4 of a synchrotron period particles at the head and tail of the
electron bunch reach momentum deviations of up to +4%. This is the stage at which
the particle loss rate is highest. Those particles which survive beyond the first
synchrotron period quickly damp down to the natural storage ring conditions and are
more likely to survive the injection process. An examination of the final distributions
shows that it is overwhelmingly particles at the head and tail of the bunch which are
lost, with particles at the core of the bunch surviving to the end. Predicted injection

efficiencies for each lattice are summarised in Section 3.3.5.
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Figure 3.13: Simulation of injection into the high emittance low alpha lattice. The
horizontal (left) and longitudinal (right) phase space distributions are shown at
various stages, and show how the electron bunch distribution damps down to the
natural storage ring conditions after a few damping times. The two plots in the bottom
row show the initial phase space distributions, in which the particles which are
eventually lost are highlighted in red.
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horizontal (left) and longitudinal (right) phase space distributions are shown at
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Parameter Value

Horizontal emittance 225nm.rad
Vertical emittance 15nm.rad
Energy spread 7.3x10™
Bunch length 26mm
P 3.18m
By 5.99m
Olx -0.095
ay -0.162
Nx 0.072m
My Om
Phase 2.800rad
Distance from stored beam -8.3mm

Table 3.2: Properties of electron beam at injection into the Diamond storage ring

3.3.5 Summary of Simulations

A summary of the expected performance of each lattice is given in Table 3.3. For the
Touschek lifetime calculation, the bunch current was assumed to be 50upA, the
coupling was assumed to be 0.2% and no account was taken of the expected bunch
lengthening with current. The cavity voltage has been assumed to be 3MV

throughout.
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High emittance

Low emittance

On-momentum
dynamic aperture

Bare lattice

Field errors

Errors / apertures

-12.1mm /
+16.8mm

-11.0mm /
+15.3mm

-10.7mm /
+15.2mm

-12.1mm / +9.8mm

-10.8mm / +8.8mm

-10.8mm / +8.8mm

Momentum

Bare lattice

Field errors

5.1%/0.6% /2.4%

3.9%/1.0% /2.6%

3.8%/2.3%/3.0%

4.4% /1.7% /3.2%

aperture (max / min

/ mean)

Errors / apertures  3.9%/1.0%/2.6% 4.4%/1.7% /2.8%

Bare lattice 12.7h 23.0h

Touschek lifetime Field errors 26.4h 25.8h
Errors / apertures 24.7h 16.3h

Bare lattice 52.3% 55.5%

Injection efficiency Field errors 36.4% 44.9%
Errors / apertures 31.4% 22.6%

Table 3.3: Summary of expected machine performance based on simulations of the

high and low emittance low alpha lattices

3.4 Implementation of Low Alpha Lattices

Machine trials for the high emittance lattice began in September 2008, followed by a
period of characterisation and optimisation. Once this stage was complete, the
Diamond storage ring was run in low alpha mode for external users for four days in
April 2009. As a result of this trial period, it was identified that the quality of
experimental data taken in low alpha mode would be considerably enhanced if the

emittance of the electron beam could be brought closer to the nominal beam
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emittance of 2.7nm.rad. This prompted the development of the more demanding low
emittance lattice. Once the numerical studies of this lattice were complete, the low
emittance, low alpha lattice was implemented on the machine and optimised during
February 2010, and was available for external users in April of the same year and

again in February / March 2011.

In this section, the various measurements taken to characterise the high and low
emittance lattices are presented. The section begins with emittance and beam
dynamics measurements taken to confirm the model predictions and understand the
practical limitations, before moving on to measurements of the bunch length taken
under a variety of conditions. Preliminary measurements of coherent emission at mm-
wavelengths are presented, as this provides confirmation of the short bunch lengths

achieved. The section concludes with a summary of the lattice performances.

3.4.1 Emittance Measurement

The method used at Diamond to measure emittance (¢), coupling (y) and energy
spread (o) involves fitting a Gaussian curve to the measured transverse beam profiles
from two x-ray pinhole cameras [132], and using the known Twiss parameters at the

image source point to extract the desired electron beam parameters using:

/O-xlz\ /ﬁxl 0 T’xlz\
gy, 2 0 By, my,°

Ex
3’12 |= 3’12 | &,
O, / Bx, 0 1y, / o (3.27)
UJ’zz 0 Byz 773’22

where the subscripts x and y refer to the horizontal and vertical planes, 1 and 2 refer

to pinhole cameras 1 and 2 and o, and o, are the fitted x-ray beam sizes.
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The horizontal and vertical emittances are defined as:

;g = (3.28)

The results of these measurements are summarised in Table 3.4. Note that because of
the large contribution of the emittance to the beam size for the high emittance lattice,
it was not possible to extract a reliable value of the energy spread for this lattice.
Images of the electron beam taken from the first pinhole camera are shown in Fig.

3.15 for the high emittance lattice and in Fig. 3.16 for the low emittance lattice.

Parameter High Emittance Lattice Low Emittance Lattice
Oyl 302.1 £ 1 um 73.1+1 um
Oyl 151+ 1 pm 12.6 £ 1 um
Oy2 2302+ 1 um 57.8+ 1 um
02 147+ 1 um 179+ 1 pm
P 24+0.1m 1.38 0.1 m
Nxi -0.036 £ 0.001 m 0.002 +£0.001 m
Byi 183+0.1m 37.3+0.1m
Nyi 0.001 £0.001 m 0.001 £0.001 m
P2 1.44£0.1m 0.67+0.1 m
Nx2 0.031 £0.001 m 0.008 £ 0.001 m
B2 1547+0.1 m 38.5+0.1m
Ny2 -0.001 £ 0.001 m 0.001 £0.001 m
&y 37.2 £ 1.6 nm.rad 3.7+ 0.3 nm.rad
OE - 04+03%

Coupling 0.035+0.01 % 0.15+0.03 %

Table 3.4: Emittance, energy spread and coupling for the low alpha lattices
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Camera Image |

0.72 mm—

0.00 mm—

-0.72 mm

-0.96 mm 0.00 mm 0.96 mm

Figure 3.15: Image of the electron beam for the high emittance lattice. The beam is
imaged using an x-ray pinhole camera system consisting of a 25%25um pinhole

aperture, a Spum thick P43 scintillating screen and a CCD camera.

Figure 3.16: Image of the electron beam for the low emittance lattice. The beam is
imaged using an x-ray pinhole camera system consisting of a 25X25um pinhole

aperture, a Sum thick P43 scintillating screen and a CCD camera.
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3.4.2 Momentum Compaction Factor Measurement

Alpha can be inferred from measurements of the synchrotron frequency, as given by
equation (3.2). These measurements are subject to some uncertainty due to imprecise
knowledge of the electron beam energy, energy loss per turn and RF cavity voltage.
However, since a; is known to a high level of confidence for the standard user lattice,
the value for any other lattice can be extracted by simply comparing the measured

synchrotron frequencies in each case.

_ fs,latl
a1 1at1 = f—l a1,1at2 (3.29)
s,lat2 *

The synchrotron frequency is measured at Diamond by modulating the phase of the
RF cavities, which in turn excites synchrotron oscillations in the beam. These
oscillations can then be observed with a beam position monitor at a location of high
transverse dispersion. Taking the Fourier transform of this data then allows the
synchrotron frequency to be extracted with a high degree of precision. An example of

such a measurement is given in Fig. 3.17.

The synchrotron frequency can also be used to extract information about the higher
order terms in alpha by recording it as a function of RF frequency. Changing the RF
frequency is equivalent to changing the momentum-independent path lengthening
term A¢/€ in equation (3.11), and has the effect of shifting the stable fixed point of
motion to higher or lower beam energies. Strictly speaking, this is not the same as
exploring the off-momentum behaviour of the lattice since the whole RF bucket is
shifted, changing the reference beam energy for the longitudinal beam motion.
However, in the transverse planes the off-momentum dynamics are still explored, as

magnet strengths remain valid for the original reference beam energy.
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Figure 3.17: Comparison of synchrotron frequency measurements made with and
without RF cavity phase modulation. Beam motion was recorded at a BPM with 7, =

0.28m. In this case, the RF cavity voltage was 1.5MV, giving a |a;| = 1x107.

The variation of synchrotron frequency with RF frequency for the low emittance
lattice is shown in Fig. 3.18, where an equivalent simulation made using Elegant is
overlaid for reference. In the simulation, a small adjustment of a, from 0 to 1.5x10°
was made in order to produce the closest match to the machine data. During the
measurement the RF cavity voltage was set to 1.8MV and a; = -1x10”. As can be
seen, the agreement between the machine and model is very close, with the
contribution of the higher order momentum compaction factor terms identified in

Section 3.3.1 clearly evident.

109



470

460 [ I’l‘z\ 1

450

440} \ ]

430

420 \ 1

Synchrotron frequency (Hz)

410 \ R

400

measured \
— — — ELEGANT =

390 Il Il Il Il Il Il
-120 -100 -80 -60 -40 -20 0 20 40 60
RF frequency offset (Hz)

Figure 3.18: Machine to model comparison of synchrotron frequency vs. RF
frequency measurements made for the low emittance lattice. The RF cavity voltage

was set to 1.8MYV, and «; was set to -1x107.

3.4.3 Nonlinear Chromaticity Measurement

Measurements of the horizontal and vertical betatron tunes as a function of RF
frequency were taken for the low emittance lattice at the same time as the synchrotron
frequency measurements. These data sets give a measure of the nonlinear
chromaticity in the machine, for which a comparison to the model can again be made.
For this measurement, the linear horizontal and vertical chromaticities were set to
+0.55 and -0.50 respectively. The results of the measurement are shown in Fig. 3.19.
There is reasonable qualitative agreement between the model and machine in this
case; however, both horizontal and vertical tunes begin to diverge from the model

predictions at large momentum deviations, and particularly so in the vertical plane.
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Figure 3.19: Comparison between machine measurements and model values for the

betatron tunes vs. RF frequency (made for the low emittance lattice).

3.4.4 Dynamic Aperture and Frequency Map

Measurement

The DA of the machine can be measured directly using two independent “pinger”
magnets. These magnets can be used to excite large amplitude betatron oscillations in
each plane, and the oscillation amplitude can be recorded at each turn using the
electron beam position monitors (BPMs) installed in the storage ring. These data sets
can then be processed to extract both the maximum oscillation amplitude (for the DA)
and the betatron tunes as a function of the strength of the pinger magnets (for the

frequency map (FM)).
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The pinger magnets deliver a half-sine pulse with a total length of between 3.0us
(strong pulses) and 3.4us (weak pulses), and are sufficiently strong to deflect the
electron beam across the full range of available space inside the storage ring vacuum
chamber. Since the revolution time for the storage ring is 1.87us, only a small
fraction of the storage ring can be filled with electron bunches if the pinger magnets
are to provide a single impulse to the beam. This also helps to ensure that the strength
of kick is as uniform as possible across the train of bunches. Ideally only a single
electron bunch should be used for such experiments, but in this case the stored charge

would be too low to be observable by the BPM system.

Once acquired from the BPM system, a number of corrections have to be applied to
the turn-by-turn data in order to correctly reconstruct the betatron oscillation
amplitudes [133]. These corrections include accounting for filtering within the BPM
electronics (which results in a change in reported amplitude with oscillation
frequency), correcting for geometrical non-linearities from the way the beam position
is calculated from the BPM button response, and finally in compensating for linear
gain and roll errors in the BPMs. Once this has been carried out, the turn-by-turn
position signal can be used to extract both the amplitude and frequency of oscillations
as a function of the pinger magnet strengths, which can then be used to reconstruct

the DA and FM for the machine.

Using this procedure, the DA and FM was measured for the low emittance lattice. For
this measurement, a; = -1><10’5, Vrr = 1.8MV and the linear coupling of the machine
was set to 0.2%. The resulting DA is shown in Fig. 3.20, and the corresponding FM is
in Fig. 3.21. For convenience, the equivalent DA and FM from the model are also

given.
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Figure 3.20: Measured (top) and simulated (bottom) dynamic apertures for the low
emittance lattice. Realistic field errors and physical apertures were included in the

simulation.
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simulation.
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The measured DA shows good agreement with that predicted from the model, albeit
marginally smaller in both planes. There are several possible reasons for this
discrepancy. The first is that physical apertures in the machine may be slightly
misaligned, leading to earlier particle loss than has been assumed in the model. The
second is that the model does not correctly reproduce the real dynamics in the
machine, either through incorrect magnet field strengths or an incomplete model. This
possibility is supported by the different tune footprints shown in Fig. 3.21. The third
possibility is that the BPM data sets were not correctly processed due to timing errors,
gain errors etc. Lastly, the measured DA could be an underestimate of what exists in
the machine, as due to the half-sine pulse, some parts of the bunch train will oscillate
by a larger amount than others and be lost earlier, whilst the BPMs only report the
centre of mass for the whole train. The measured FM is in qualitative agreement with
the simulation, although the detuning with horizontal amplitude appears substantially
reduced in the machine than predicted by the model. However, in both cases the
region of tune space covered by the FMs is free from strong resonances, and the DA
is sufficient to allow injection directly into the low-alpha lattice. As such, the

discrepancies have had no apparent impact on the operational performance.

3.4.5 Orbit Stability Measurement

Increased transverse beam motion is a known problem for low-alpha lattices,
particularly in the horizontal plane [107, 134]. Measurements taken with both low
alpha lattices have shown this tendency, with the motion measured to be greater than
that of the standard user lattice by up to two orders of magnitude. The beam motion is

always dominated by a dispersive orbit pattern, implying the root cause of the
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increase in horizontal motion is related to an increase in the amplitude of fluctuations
in beam energy. The vertical motion also increases as a; is reduced, but this is less

apparent due to the smaller dispersion in the vertical plane.

Shown in Fig. 3.22 are measurements of the horizontal electron beam displacement
power spectral density (PSD) for 4 different values of a; for the high emittance
lattice. The profile of the vibrations remains constant in each case, with only the
amplitude of motion and the location of the synchrotron frequency peak changing as
alpha is altered. The PSD profiles closely match the measured ground motion
spectrum, suggesting it is primarily ground vibrations that are driving the horizontal

electron beam motion.

Ground vibrations are the main cause of electron beam motion for the normal storage
ring lattice [135], but the way they affect the electron beam in the low alpha optics is
subtly different. In this case, rather than simply altering the closed orbit and causing
the electron beam to move, quadrupole displacements cause the electron beam energy
to change by creating small fluctuations in the electron path length for each
revolution. Since the average circumference of the storage ring is fixed by the RF
frequency, small changes to the electron path length will translate directly into
changes in electron energy in inverse proportion to alpha, as can be seen from

equation (3.3).

An estimate for the magnitude of path length fluctuations caused by ground motion
can be made by considering quadrupole vibrations in regions of non-zero dispersion.

In this case, the change in path length is given by

A = Z KnLun (Uquad) (3.30)
n
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Figure 3.22: Measured horizontal displacement power spectral density as a function
of alpha for the high emittance lattice (top). Integrated displacement as a function of

frequency and alpha (bottom).
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where K, is the quadrupole strength, L, is the magnet length, 7, is the dispersion at
the magnet location and <o,..s> is the average transverse vibration amplitude for the
magnets. For Diamond, the average amplitude of quadrupole vibrations is ~ 40nm,
which in turn gives path length fluctuations of ~ 0.24um. For the case of a; = -5x107,
the resulting energy fluctuations are 6 ~ 0.085%, and for #zpy = 0.45m this would

result in ~380um horizontal motion, consistent with the measured value.

3.4.6 Two Stored Beams

Along with the emittance and energy spread measurements, the x-ray pinhole cameras
have also been used to confirm the existence of two stable regions in the longitudinal
phase space for the low emittance lattice (see Section 3.3.1, Fig. 3.6). For this
measurement, electrons were injected into the storage ring at ¢ = 7 — @, before slowly
shifting the RF cavity phase to ¢ = ¢, and re-injecting without losing the original
stored beam. In order to separate the two beams on the pinhole camera screens, the
vertical dispersion was artificially enhanced by increasing the skew-quadrupole
strengths. The pinhole camera image shown in Fig. 3.23 clearly shows the existence
of two stored beams separated in space due to the different beam energies and finite

vertical dispersion at the pinhole camera source points.
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Figure 3.23: Image for the low emittance lattices showing two stored electron beams
at phases ¢ = = — ¢, and ¢ = @,. The vertical dispersion has been artificially enhanced

to provide separation between the on- and off momentum beams.

3.4.7 Bunch Length Measurements

Equations (3.1) and (3.2) can be used to determine how the natural electron bunch
length scales with different parameters such as alpha and RF cavity voltage. In
addition, there are a number of current-related effects which alter the equilibrium

electron bunch shape and therefore the length of the bunch.

For very low bunch currents (i.e. in the zero-current limit), the longitudinal bunch
profile and energy distribution are Gaussian, resulting from the effects of radiation
damping and excitation. As the current is increased, interaction of the electrons either
with their surrounding environment (i.e. the vacuum chamber) or with the

synchrotron radiation wakefield starts to become significant, leading to a potential
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well distortion and a change in the equilibrium distribution and the electron bunch
length [21, 59, 136-137]. At this stage, the energy spread remains unchanged. Above
a threshold current longitudinal micro-bunching or microwave instabilities start to
appear, increasing the energy spread and leading to a turbulent bunch lengthening
above that of a pure potential well distortion [58, 60]. For low alpha operation, recent
theoretical studies and experimental evidence indicate that both the potential well
distortion and micro-bunching instabilities are driven primarily by interaction of the
electron bunch with its own coherent synchrotron radiation (CSR) wakefield [58,

138-141].

In the next section, measurements of the electron bunch length are presented. The
techniques used to measure the electron bunch length are described, follow by details
of how the electron bunch length varies as a function of bunch current, synchrotron

frequency, RF cavity voltage, emittance and sign of alpha.

3.4.7.1 Measurement Techniques

Electron bunch lengths have been measured using two complementary techniques.
The first is a direct measurement using an Optronis dual-sweep streak camera [142].
The streak camera works by focussing the time-dependent photon distribution emitted
by the electron bunch onto a photocathode, which in turn generates a secondary
electron distribution which can be transversely deflected onto a phosphorous screen.
The deflection takes place both horizontally and vertically; one axis is a fast sweep to
image the individual bunch length, the second axis is a slow sweep to image
successive bunches or successive turns in the storage ring. Although streak cameras

with a resolution of 300fs are available, the resolution for this camera is estimated to
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be in the range 1.5-3ps depending upon the details of the set-up. This makes bunch
length measurements in low alpha mode extremely challenging at the shorter end of

the scale, where the predicted bunch lengths are less than the camera resolution [143].

The second method is an indirect measurement in which the natural bunch length is

inferred from the synchrotron frequency measurement.

cEyog

h cos (PseVRFfrevz

Op

fs (3.31)

As with the measurement of alpha, this method requires some assumptions to be
made about the operating machine conditions, but for the shortest electron bunches
and for low bunch currents this method is judged to be the most accurate form of
bunch length measurement presently available. Measurements of this type provide a

useful independent cross-check for measurements made with the streak camera.

3.4.7.2 Bunch Length vs. Current

The variation in bunch length with current is shown in Fig. 3.24 for a broad range of
cavity voltages and alphas. In general, the electron bunch length is observed to grow
as the bunch current increases. The exception to this is for lower cavity voltages and
negative a;, in which an initial bunch shorting is evident before the onset of bunch
lengthening (discussed further in Section 3.4.7.6). At very low currents, the main
trends evident in Fig. 3.24 are, as expected from equations (3.1) and (3.2), an increase
in bunch length with increasing a; and an increase in bunch length with decreasing
cavity voltage. As the current increases the dependence of the bunch length on alpha
quickly breaks down, and above ~20-30uA the bunch length becomes independent of

o; and converges to a common value for each cavity voltage.
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Figure 3.24: Bunch length as a function of current under a variety of conditions. Data
was measured at 3.4MV (red), 2.2MV (green) and 1.5MV (blue), all using the low
emittance lattice. The continuous lines are intended to guide the eye for each data set,
and were calculated using a least-squares fit of the function (0,/0;0)* = (f/fs0)* +

(Ip/Ipo)™ + exp (=1, /1,0) — 1, where oy, fs0, Ino and n are all fit parameters.

3.4.7.3 Bunch Length vs. Synchrotron Frequency

The natural electron bunch length is expected to vary linearly with the synchrotron
frequency. This was tested by comparing the measurements taken using the streak
camera to that inferred from the synchrotron frequency. For this measurement, the
machine was operated in the high emittance lattice, the bunch current was held fixed
at 4.2pA per bunch and the cavity voltage was set to 3MV. The results are shown in

Fig. 3.25. Whilst the general trend of a shorter bunch length at lower synchrotron
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frequency is evident, there is a clear discrepancy between the bunch lengths measured
using the two different methods. The origin of this discrepancy is likely to be due to
the non-zero bunch current used to acquire the data. The data shown in Fig. 3.24
shows that at 4.2pA and 3.4MV the bunch length is already above the zero-current
value, and that at the given current the bunch-lengthening is more significant for
smaller alpha. One further possibility is the resolution of the camera is larger than had
been assumed, thus leading to an increasingly large over-estimate of the measured

bunch length as alpha is reduced.
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Figure 3.25: Comparison of bunch length measurements taken using the streak
camera to those calculated from measurements of the synchrotron frequency. Error
bars for the streak camera data indicate the standard deviation in measured bunch
length divided by the square root of the number of samples. Error bars for the f; data
indicate the error on the calculated value assuming estimated errors for the f;
measurements and for the systematic errors introduced by equation (3.31).
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3.4.7.4 Bunch Length vs. Cavity Voltage

According to equations (3.1) and (3.2), the natural bunch length is expected to vary

with 1/4/cos(@,)Vgr. This was investigated for the high emittance lattice for a fixed
value of a; = -2.8x10°°, holding the bunch current fixed at 4.2uA and varying the

cavity voltage from 1.4MV to 3.0MV. The results are shown in Fig. 3.26.
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Figure 3.26: Comparison of bunch length vs. RF voltage measurements taken using
the streak camera to those calculated from synchrotron tune measurements. Error bars
for the streak camera data indicate the standard deviation in measured bunch length
divided by the square root of the number of samples. Error bars for the synchrotron
frequency data indicate the error on the calculated value assuming estimated errors
for the synchrotron frequency measurements and for the systematic errors introduced
by equation (3.31).
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Similar to the results of Section 3.4.7.3, there is a clear discrepancy between the
bunch lengths found using the two methods. This again likely to be due to the finite
bunch currents used to take the measurements, or possibly an underestimate of the
resolution of the streak camera. However, the expected scaling of the bunch length

with cavity voltage is clearly evident.

3.4.7.5 Bunch Length vs. Emittance

The possibility to operate the Diamond storage ring in high and low emittance low
alpha modes allows the bunch lengthening with current to be directly compared for
the two cases. For this measurement, «; was held fixed at -6x10° and the cavity
voltage was varied between 1.5MV and 2.2MV. The results are shown in Fig. 3.27.
There is good agreement between the data-sets up to a bunch current of 42pA;
however for the data taken at 62pA the measured bunch length for the low emittance
was longer and was observed to emit “bursting” radiation due to micro-bunching
[58]. This earlier onset of bursting radiation for the low emittance lattice can be

explained as a direct consequence of the increase in electron density.
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Figure 3.27: Comparison between bunch length measurements made for the high and
low emittance lattices at a; = -6x107. The cavity voltage was varied between 1.5MV
(blue) and 2.2MV (red). The natural bunch lengths given by equation (3.31) are
marked as large dots at zero current. Error bars indicate the standard deviation in

measured bunch length divided by the square root of the number of samples.

3.4.7.6 Bunch Length for Positive/Negative Alpha

For both lattices, a; can be varied within certain bounds without significantly
impacting upon the machine performance. This allows comparisons to be made for
the bunch lengthening variation with current depending upon the sign of alpha.

Measurements of this type are shown in Fig. 3.28. The measurements were carried
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out for the low emittance lattice, in which the magnitude of alpha was held fixed at
la;] = 1x107 and the cavity voltage was set to 1.5SMV. An initial reduction in bunch
length with increasing current due to potential well distortion was observed for a; = -
1x10” before starting to grow again. In contrast to this, for a; = +1x10~ the bunch

length grows immediately from the same initial zero-current bunch length.
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Figure 3.28: Comparison between bunch length measurements made for the low
emittance lattice at |a;| = 1x10™ and Vg = 1.5MV. The bunch length given by eq.
(3.31) is also given. Error bars indicate the standard deviation in measured bunch

length divided by the square root of the number of samples.
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3.4.8 CSR Measurements

A further confirmation of the short bunch lengths achieved with the low alpha lattices
can be found by observing the emission at wavelengths comparable to or longer than
the bunch length, at which point the bunch is expected to emit coherently. The total
power radiated by the electron bunch at a given wavelength can be derived from the
power emitted by a single electron (P.(4)), the number of electrons in the bunch (#,)

and a form factor (f,) [144].

PA) = Pe(/l) [ne + ne(ne - 1)f/1] (3.32)

The form factor f, as defined in equation (1.19) is given by the square of the Fourier
transform of the charge distribution and varies between 0 for an infinitely long bunch
(incoherent emission) and 1 for a point-source (coherent emission). For large n, (as is
the case in electron storage rings), a clear indication that the emitted radiation is

coherent is given if P(4) is proportional to ne.

To detect coherent emission the Diamond storage ring is equipped with a Schottky
Barrier Diode sensitive to the 60-90GHz bandwidth [145]. This detector has a
response time of 250ps allowing the structure and evolution of the coherent emission
to be studied on a turn-by-turn basis, albeit restricted to measuring mm-wave

radiation longer than the expected bunch length.

The emitted radiation in this bandwidth is shown in Fig. 3.29 for a variety of machine
conditions for the low emittance lattice. The radiation was emitted in a steady-state,
i.e. the bunch current was kept below the bursting instability threshold (found to be in
the range 50-55pA for these measurements). The data show that the power emitted in

this bandwidth at a given RF voltage is initially higher for a reduced value of a;
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(when the bunch length is shorter), but as the current is increased and the bunch
length becomes independent of a; the emitted power also becomes independent of «;.
As the RF voltage is increased, the bunch length is shortened and again the emitted

power increases.

Further analysis of these data sets show that the differences in emitted power can be
explained purely by the form factor f, for each data point. The form factors are
extracted from streak camera images recorded at the same time as the mm-wave data,
and show both a bunch lengthening and bunch distortion as the bunch current is
increased. If the measured power is normalised to the numerically calculated form
factor for 4 = 5mm, then the power emitted becomes independent of machine
parameters and proportional to 7,°, as predicted by equation (3.32) for the case of fin,
>> . The power normalised to f;—s,, is shown in Fig. 3.30, and a selection of bunch
profiles for increasing bunch current are shown in Fig. 3.31. Normalising the mm-
wave data to a form factor calculated using a Gaussian bunch of equal FWHM
significantly underestimates the power emitted at higher bunch currents; it is
necessary to consider both a bunch lengthening and a bunch shape distortion to

explain the measured data.
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Figure 3.29: Power emitted in the 60-90GHz bandwidth as a function of current for

two values of a;. Data was measured at 1.5MV and 2.2MV.
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Figure 3.30: Power measured with the Schottky Barrier Diode normalised to the form

factor calculated using the measured bunch profile.
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Figure 3.31: Bunch profiles recorded for a; = -1x 107 and Verp=1.5MV.

3.4.9 Summary of Lattice Performance

A comparison between the predicted and measured performance for the two low
alpha lattices is given in Table 3.5. The quoted lifetime values for the model and
machine are not strictly speaking comparable, as the values for the model only
include the Touschek component and neglect all other contributions. There is
reasonable agreement for the majority of other parameters, with the injection
efficiency for the high emittance lattice a notable exception. The injection efficiency
for this lattice has always been very poor, and substantially below what had been
expected from the model. The injection efficiencies for both lattices are somewhat

variable, and strongly depend upon how well the machine has been set up.

Overall, both high and low emittance lattices have performed close to their expected

values, with both capable of delivering variable short-pulses in the 1-5ps range.
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High Emittance Lattice Low Emittance Lattice

Model Machine Model Machine
Emittance
35.2 372+1.6 4.4 37403
(nm.rad)
Dynamic
Aperture -10.7/+15.2 - -10.8 / +8.8 +8.1
(mm)
Lifetime 12.3 9.0 18.2 13.0
(h) (3.0MV/100pA) (3.0MV/100pA) (2.2MV/38uA) (2.2MV/38uA)
Injection
Efficiency 31.4 1-10 22.6 20-40
(%)

Table 3.5: Comparison between model and machine performance for some key

parameters
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Chapter 4

Short Pulse Generation from
a Linac-Based Light Source

Section 2 described the different schemes that have been proposed to generate ultra-
short radiation pulses using high-gain, single pass free-electron lasers (FELs). From
an experimental perspective, an ideal radiation source would produce an isolated
radiation pulse of femto-second duration and high peak power, synchronised to an
external trigger, with high repetition rate and equi-spaced pulses also desirable. None
of the schemes are able to meet this objective in entirety; however, the two which
appear best suited are single spike (Section 2.2.1.2) and the tapered undulator scheme
(Section 2.2.2.4). Single spike operation has the potential to produce isolated
radiation pulses but lacks a tight synchronisation trigger. Conversely, the tapered
undulator scheme is triggered by (and hence synchronised with) a modulating laser
beam, but the fs-pulse contains a background signal generated by the remainder of the
bunch. This scheme does however offer an improved contrast ratio between the fs

pulse and background radiation compared to other laser slicing schemes.

In this Chapter both schemes are examined from a theoretical perspective and with
extensive numerical simulations. The Chapter begins in Section 4.1 with a discussion
on the need for numerical simulations and an overview of the model used during
these studies. Single spike operation is discussed in Sections 4.2 and 4.3, and the

tapered undulator scheme is presented in Sections 4.4 and 4.5.
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4.1 Numerical Simulation Details

4.1.1 Requirement for Numerical Simulations

The 1D theory of a SASE-FEL presented in Section 1.2.4 neglects a number of
effects which can degrade the performance of an FEL, such as the emittance and
energy spread of the electron beam, diffraction of the radiation field and variation of
the electron bunch parameters along its length. In order to account for these effects
correctly it is necessary to use 3D, time-dependent numerical simulation codes such
as Ginger [146], Genesis [147] or to a less extent Perseo [148], Similarly, the
simulated electron bunches used to drive the FEL should be as realistic as possible.
This is particularly true when high peak currents and low emittance beams are
concerned, as collective effects such as coherent synchrotron radiation (CSR) [149,
150], longitudinal and transverse space charge forces (LSC, TSC) [151, 152] and
wakefields can have a strong influence on the electron beam properties. Realistic
values of the peak current and electron bunch slice parameters can only be arrived at
through particle tracking studies using codes which take into account all collective
effects such as Elegant [119] or IMPACT-T [153]. These codes use a simplified 1D
model for the CSR forces to improve the speed of calculation; for a more detailed
study of CSR effects a 3D code such as CSRtrack [154] should be used. At low (non-
relativistic) energies, space charge effects are dominant and codes such as ASTRA
[155] or Parmela [156] are more appropriate, as these include a full 3D description of

the space charge forces.
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4.1.2 The New Light Source

In order to carry out detailed studies of single spike operation and the tapered
undulator scheme, the New Light Source (NLS) facility has been taken as the
practical example [7]. This conceptual design describes a facility with a suite of three
seeded FELs driven by a 2.25GeV superconducting linac, and operates with photon

energies from 50eV to 1keV in the fundamental.

The main components of the NLS are:

Normal conducting L-Band photocathode RF gun [157]

e 18 superconducting 1.3GHz TESLA-type RF cavity modules [158]

e Laser heater [159]

e 3.9 GHz superconducting XFEL type 3" harmonic cavity (3HC) [160]

e 1 C-type (low energy) and 2 S-type bunch compressors (medium and high
energy)

e Collimation and beam spreader section

e Three FEL lines

An image showing the location of the main components is shown in Fig. 4.1.
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Figure 4.1: Schematic of the NLS facility layout.
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The evolution of the electron bunch in the standard mode of operation along the
length of the NLS facility is as follows. The electron bunch is first generated by the
L-band electron gun and accelerated to ~120MeV by the first superconducting RF
cavity module. This injector section was designed to provide electron bunches at
1kHz repetition rate with a charge in the range 1pC to 200pC and with low
normalised emittance and low energy spread [161]. In the standard operating mode,

the injector is tuned to operate with 200pC bunch charge.

Following the injector is a laser heater (laser beam and undulator section). Interaction
with the laser heater increases the uncorrelated energy spread in the electron beam
and has been included to suppress the gain of the micro-bunching instability [151,
152]. After the laser heater is a third harmonic cavity, whose purpose is to control the
longitudinal phase space curvature of the bunch (see Section 2.2.1.1). The main linac
takes the electron bunch from ~120MeV up to 2.25GeV by acceleration in the
remaining RF cavities. During the acceleration, the electron bunch is gradually
compressed from ~15ps FWHM to ~180fs FWHM in three magnetic chicanes. The
bunch length compression factors for the three chicanes are ~2, ~4 and ~10.4
respectively. Following the main linac is a collimation section (designed to remove
the beam halo and off-energy particles) and three spreader sections which distribute
the beam to the FELs. The optical functions for the main linac are shown in Fig. 4.2,

and the electron bunch properties at the exit of the spreader are shown in Fig. 4.3.

The FEL section consists of a series of undulator modules interleaved in a focussing-
defocusing (FODO) structure quadrupole array. The standard operating mode of the
NLS is to seed each of the FELs with a 20fs laser pulse at 50-100eV, with the desired

FEL radiation wavelength reached by multiplying the seed laser frequency in a
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cascaded harmonic generation scheme. To accommodate the expected arrival time
jitter between the electrons and seed laser, the linac was optimised to provide electron
bunches with roughly constant parameters in a 100fs long section. The undulator
modules differ for each of the three FELs in that they are each optimised for different
photon energy ranges. Studies of the single spike and tapered undulator schemes have
all assumed the highest photon energy of lkeV (4, = 1.24nm), as this places the

highest demands on the required electron bunch parameters.

From a modelling perspective, the facility can be conveniently broken down into
three parts, namely the injector, main linac (from laser heater through to the end of
the spreader) and the undulator section. The injector has been modelled using
ASTRA, simulations of the main linac have been carried out using Elegant and the

FEL section has been modelled with Genesis.

7, (m)

50 100 150 200 250 300 350 400

s (m)

Figure 4.2: Twiss parameters for the NLS linac optimised for standard operation.
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Figure 4.3: NLS °‘standard bunch’ at the exit of the spreader section. Normalised
horizontal emittance (top left), energy spread (top right), longitudinal phase space
(bottom left) and current profile (bottom right) are shown. Particle tracking was

carried out in Elegant for 2M particles, and included CSR, LSC and wakefield effects.

4.2 Theory of Single-Spike Operation

The single-spike regime is a special case of a SASE-FEL. In this regime, the electron
bunch length is tailored to match the cooperation length of the FEL such that it is
possible for all electrons in the bunch to interact with each other through the radiation
field. This leads to the development of a single, fully coherent SASE radiation spike

[27, 68, 87].

For the FEL to be operating in the single spike regime the electron bunch length (L.)
must satisfy the condition
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Previous studies of this mode of operation for x-ray FELs have concentrated on using
electron bunches with very low charges to drive the FEL (typically ~1-10pC) [87,
162-164]. There are several reasons for this choice. Firstly, at low charges the
emittance from the electron gun is expected to be very low, since the contribution
from space-charge effects will be small and the beam will be dominated by the
thermal emittance [162]. Secondly, during the beam transport and acceleration from
the electron gun to the undulator the collective effects are much reduced. This means
that the electron bunch can be compressed to a much larger degree than is the case for
200pC operation, without the associated degradation in beam quality. The final
electron beam brightness (defined as //oy0,) in this case can be comparable to or even
higher than that achieved for standard FEL operation, with the reduction in gain

length that this implies.

An order of magnitude estimate can be made for the required electron bunch length
based upon the 1D theory. Typical parameters for the electron bunch at the entrance
to an undulator are a peak current of 1 to 2kA and a normalised slice emittance of 0.1
to 0.5mm.mrad. Assuming an electron energy of 2.25GeV and an undulator period of
0.032m, the Pierce parameter lies in the range 1x10° to 2x10” which gives a
cooperation length of 0.1-0.2fs for a resonant wavelength of 1.24nm (1keV photon
energy). According to equation (4.1), the required electron bunch length should

therefore be approximately 0.6 to 1.2fs long.

Whilst it is necessary to carry out full start-to-end tracking simulations to accurately

study the single spike mode of operation, it is worthwhile to consider if the
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limitations of the 1D theory can be improved upon. The simplest way to do this is to
make use of the Xie-scaling described in Section 1.2.4.2. By doing so the gain
degradation effects can be partially accounted for by the A parameter, which from
equations (1.25) and (1.27) will lead to an increase in the expected cooperation
length, relaxing the constraint on the required bunch length for single spike operation

given by equation (4.1).

Further insight into the workings of the scheme can also be gained by deriving an
effective value for the Pierce parameter retrospectively from the results of the start-to-
end simulations, as this implicitly includes all 3D degrading effects and the fast
variation in properties along the bunch length. This effective value can be found by
combining equations (1.21) and (1.24) to give

A, 1 dP

Pl = 3P s 2

where both P(z) and dP/dz are extracted from the simulation results. This approach
was suggested in [87] using steady-state Genesis calculations; however, this can

easily be extended for full time-dependant calculations.

4.3 Numerical Study of Single-Spike Operation

4.3.1 Linac Optimisation

In order to generate a compressed electron bunch suitable for single spike operation,
the charge from the electron gun was reduced to 2pC and the linac working point was

re-optimised using the maximum peak current and electron bunch length as target
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parameters. During the optimisation, limits were placed on the maximum chicane
magnet bend angles in order to keep timing jitter as low as possible, and on the
phases of the accelerating modules in order to minimise the final energy chirp on the
electron bunch. The main parameters for the linac following this optimisation are

given in Table 4.1.

Parameter Value
RF Phase (modules 2-3) 17° off crest
RF Phase (modules 5-12) 5° off crest
RF Phase (modules 13-18) 0°
Bunch Compressor 1 Rsg -62.4 mm (10.9° bend angle)
Bunch Compressor 2 Rsg -97.9 mm (9.6° bend angle)
Bunch Compressor 3 Rsg -52.9 mm (5.65° bend angle)
RF Phase (third harmonic cavity) 174° off crest
RF Voltage (third harmonic cavity) 10.1 MV/m

Table 4.1: Linac parameters for maximum bunch compression (2pC bunch charge)

The current profiles and longitudinal phase space distributions for the electron bunch
at various stages along the linac are shown in Figs. 4.4a and 4.4b below. The
compression in the main linac takes the electron bunch from a peak current of 0.55A
and 3.8ps FWHM at the exit of the injector to a peak current of 1.9kA and 0.7fs
FWHM at the undulator entrance. The compression after the third bunch compressor
(BC) is strong enough to re-introduce significant space charge effects, as can been
seen by comparing the third and fourth phase space plots in Fig. 4.4b. Also, the final
phase space plot in Fig. 4.4b shows that CSR in the spreader section leads to

significant energy loss for the electrons in the core of the bunch.
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The slice emittance and energy spread of the electron bunch at the entrance to the
undulator are shown in Figs. 4.5 and 4.6, along with the current profile in the central
region for reference. The normalised emittance in the centre of the bunch is
0.065mm.mrad, highlighting the excellent beam brightness that is possible when the
gun charge is reduced. Whilst it remains challenging to produce such a beam, the
value used here is consistent with values found in other studies and with operational
experience at LCLS during low charge operation [86, 87]. The energy spread in the
centre of the bunch is relatively high at 470keV, primarily due to the chirp given to

the electron bunch during acceleration and compression.
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Figure 4.4a: Current profile and longitudinal phase space at exit of the injector.
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Figure 4.5: Hor. (left) and vert. (right) slice emittance at the undulator entrance.
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Figure 4.6: Energy spread (left) and current profile (right) at the undulator entrance.

4.3.2 Identification of Optimum Compression

Whilst the initial optimisation of the linac for operation in the single spike regime

gives a high peak current and short bunch length, the relatively high energy spread

caused by the energy chirp could prove to be detrimental for the FEL process. In

order to determine whether operating slightly above or below maximum compression

is more beneficial, a scan was carried out varying the electron bunch length from an

under-compressed 4fs FWHM, through maximum compression (0.7fs FWHM) to an

over-compressed 4fs FWHM. Reducing the energy spread in this way comes at the

expense of lengthening the electron bunch and lowering the peak current; however,
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the cooperation length is also increased, relaxing the bunch length constraint given by
equation (4.1). This process also allows a numerical test of equation (4.1), explicitly
identifying which bunch lengths will allow the FEL to operate in the single spike

regime.

During the bunch length scan, all linac parameters were kept constant except for the
strength of the chicane magnets in the third bunch compressor. A selection of the
resulting current profiles and longitudinal phase space plots are shown in Fig. 4.7,
and show a double-peak current profile for the under-compressed bunches and a
single peak current profile for the bunch at maximum and over-compression. Note

that the current profiles for the electron bunches are in general non-Gaussian.

Figure 4.8 shows how both the electron bunch length FWHM and standard deviation
vary as a function of the strength of the third bunch compressor, and the values for
the calculated cooperation length using the 1D theory, Xie-scaling and extracted from
the numerical simulations are overlaid for reference. Assuming the electron bunch
length standard deviation and numerically-extracted cooperation lengths are the key
parameters, theory predicts electron bunch lengths between 4fs FWHM under-

compressed to 1fs FWHM over-compressed will produce single-spike emission.
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for reference.

For each electron bunch, 40 separate simulations were carried out using Genesis in
time-dependant mode, each time using a different random seed for the starting shot-
noise in the electron distribution (this initial shot-noise seed was varied to account for
statistical fluctuations in the SASE process). For each case, the FEL saturation length,
peak power and spectrum at saturation, pulse duration and line-width were calculated.
The power growth along the undulator axis as a function of electron bunch length

averaged over the 40 shot-noise seeds is shown in Fig. 4.9.
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Figure 4.9:  Mean power growth along the undulator axis as a function of electron
bunch length (FWHM) over 40 samples. The error bars are calculated as the standard
deviation divided by the square root of the number of samples. Shortest gain length

and highest saturation power occurs for maximum bunch compression.

An examination of the resulting radiation pulses showed that only the bunch lengths
between 1fs under-compressed and 3fs over-compressed showed single spike
behaviour in the output, although there is no clear boundary separating the single
spike regime. As the length of the electron bunch increased, the number of seeds
giving rise to more than one radiation spike was also found to increase. The reason
under-compressed electron bunches were less likely to produce single spike radiation
than theory predicts was primarily due to their longitudinal profiles containing two
current peaks, with each peak likely to generate its own FEL pulse. Clearly, the
simple relation given by equation (4.1) is only sufficient to provide an initial estimate,

and full numerical simulations are required to predict the FEL output accurately.
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The average FEL peak power, total pulse energy, pulse duration and spectral line-
width at saturation are shown in Fig. 4.10 as a function of the third bunch compressor
strength. In this figure, data for bunches which produce single spike radiation for the
majority of seeds have been highlighted in green, with data for maximum

compression shown in red.
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Figure 4.10: FEL pulse properties as a function of bunch compressor strength taken
as averages over 40 shot-noise seeds. Shown are plots of peak power at saturation
(top left), total pulse energy (top right), x-ray pulse duration (bottom left) and spectral
line-width (bottom right). The results at maximum compression are plotted in red,
and those which give single spike output for the majority of seeds have been
highlighted in green. Bold error bars show the error on the mean value, and faint error
bars show the standard deviation over 40 seeds.

149



From the bunch length scan it is apparent that operating just under maximum
compression offers the best results in terms of peak power at saturation and total
pulse energy. However, operating at over compression has a larger tolerance in terms
of which bunch length will still produce single spike radiation. As expected, the
shortest X-ray pulse occurs when the electron bunch is at maximum compression, at
which point the line-width of the pulse is at a maximum. The time-bandwidth product
remained approximately constant for all FEL pulses shown in Fig. 4.10, within the

error bars of the simulations.

4.3.3 FEL Output at Maximum Bunch Compression

Under the assumption that the primary goal of the scheme is to optimise for minimum
pulse duration rather than maximum pulse energy, the bunch length scans confirm
that maximum compression of the electron bunch provides optimal performance of
the scheme. Typical FEL pulse temporal profiles and spectra generated using this

bunch are given in Fig. 4.11.
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Figure 4.11:  Selection of FEL temporal (left) and spectral (right) profiles at 17.7m

along the undulator axis calculated using different shot-noise seeds.
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The vast majority of radiation pulses show a clear single spike in both the temporal
and spectral domains; however, occasional seeds produce a somewhat lower power
with two spikes appearing. Further simulations were carried out using this electron
bunch for 100 different shot-noise seeds. The mean power growth along the undulator
is shown in Fig. 4.12, along with the variation in radiation beam size. If saturation is
taken to occur at 22.2m, the x-ray temporal profiles are frequently found to be
distorted or to have more than one radiation spike in the output. However, taking the
radiation output one undulator module earlier at 17.7m, the pulse profiles are found to
be much cleaner, consisting of a single radiation spike and to have a smaller pulse
length (albeit with lower peak power). Note that 17.7m corresponds to 15.3m of
active undulator length. Mean and standard deviation values of the x-ray pulse
temporal and spectral profiles at 17.7m are shown in Fig. 4.13. The pulse properties

averaged over the 100 shot-noise seeds are summarised later in Table 4.3.
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Figure 4.12: Mean power growth (top left) and radiation beam size (top right) along
the undulator axis. Bold error bars show the error on the mean value, and faint error

bars show the standard deviation over 100 seeds.
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Figure 4.13: Mean FEL temporal (left) and spectral (right) power at 17.7m along
the undulator axis. Bold error bars show the error on the mean value, and faint error

bars show the standard deviation over 100 seeds.

The variation in gain length along the bunch length calculated from the electron
bunch properties using the 1D analytic theory and adjusted using the Xie-scaling for
the case of maximum bunch compression are shown in Fig. 4.14, along with the
numerically calculated values extracted from the Genesis simulations. The
numerically determined gain length is found to be ~Im at the peak of the current
distributions and is lower for the head of the bunch than the tail. This is due to fact
the radiation field slips forward over the bunch, meaning the front and centre

experience exponential gain, whilst the tail remains in the lethargy region.

Fig. 4.15 shows the corresponding FEL cooperation lengths found by scaling each of
the gain lengths using the relation L. = (4. / 4,) Lg. At the peak of the current
distribution the 1D, Xie-scaled and numerically calculated values are 0.07fs, 0.09fs
and 0.13fs respectively. The discrepancy between these three values again
demonstrates that full, numerical simulations are required to account to predict the

FEL output accurately.
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Figure 4.14: Comparison of gain lengths using the 1D theory, Xie parameterisation
and the extracted numerical values. The current distribution is overlaid for reference.

Error bars give the standard deviation divided by square root of number of samples.
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Figure 4.15: Comparison of cooperation lengths using the 1D theory, Xie
parameterisation and the extracted numerical values. Error bars give the standard

deviation divided by square root of number of samples.
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4.3.4 Tolerance Studies

In the previous sections, the electron bunch distribution used was the result of a
single, error-free start-to-end tracking simulation. A real accelerator suffers from shot-
to-shot fluctuations, and any practical short pulse generation scheme must be able to
cope with these changes. To investigate the sensitivity of single spike operation to
these jitter sources, 100 start-to-end simulations using a combination of ASTRA,
Elegant and Genesis were carried out after applying the jitter values detailed in Table
4.2. These jitter values were applied in Gaussian distributions truncated at 3 sigma,
and were arrived at considering operational experience at FLASH (or modest
improvement on these values) [165, 166]. When adding jitter values, the bunch
compressors were assumed to be powered in series and each RF cavity in the

cryomodules was modelled as being fed independently.

Source Value
Solenoid field 0.01%
Gun RF phase 0.1°
Gun voltage 0.1%
Charge 1%
Gun laser spot offset 0.025mm
Linac cavity RF phase 0.01°
Linac cavity relative voltage 10"
3" harmonic cavity RF phase 0.03°
3" harmonic cavity relative voltage 3x10™
Bunch compressor power supply 107

Table 4.2: Jitter sources included in the start-to-end simulations (r.m.s. values)
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The mean power growth along the undulator and x-ray pulse profiles as a function of
time are shown in Fig. 4.16, with a summary of pulse parameters given in Table 4.3.
Somewhat surprisingly the majority of FEL pulse parameters are largely unaffected
by the introduction of gun and linac jitter, with the most significant contribution to

the shot-to-shot fluctuations still coming from the intrinsic SASE variability.

The one parameter which is affected is the r.m.s. arrival time of the x-ray pulse,
which increases from 0.1fs to 12.7fs. This increase in arrival time jitter is
overwhelmingly due to the arrival time jitter of the electron bunch. The root cause of
this lies with small fluctuations in the mean energy of the electrons caused by linac
RF fluctuations. When the off-energy electron bunches pass through a bunch
compressor, the same effect that allows the tail of the electron bunch to catch up with

the head also causes the whole bunch to arrive earlier or later than it would otherwise.

Ideal 2pC Bunch 2pC with Jitter Sources

Mean peak power (GW) 171 +0.11 2.16£0.16
Mean pulse length, FWHM (fs) 0.44 +0.01 0.46 +0.02
Mean line-width (pm) 6.3+0.14 5.8+0.1
Mean time-bandwidth product 0.53 +£0.02 0.50 +0.01
Mean radiation beam size (um) 29+0.3 29+£0.3
Arrival time jitter (fS) 0.09 12.68

Table 4.3: Table of FEL pulse properties taken as averages over 100 shot-noise seeds
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Figure 4.16: Mean power growth along the undulator (left) and power at saturation
for 100 different random seeds. Bold error bars show the error on the mean value, and
faint error bars show the standard deviation over 100 seeds. Calculations are

performed including realistic gun and linac errors.

4.4 Theory of the Tapered Undulator Scheme

The tapered undulator scheme proposed by Saldin et al. makes use of a few-cycle
laser pulse to produce an energy modulation in a short section of an electron bunch,
and compensates for the resulting time-dependent energy chirp by tapering the gap of
the main radiator undulator [75]. This restricts the exponential growth of the SASE
process to the part of the bunch with the correct value of energy chirp to be matched
to the taper. The rest of the bunch suffers from strong gain degradation, leading to an
excellent contrast ratio between the short pulse radiation and the background from the

remainder of the bunch.

The underlying physics of the scheme can be understood by considering an electron

bunch with a constant gradient energy chirp. The radiation emitted by an electron
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towards the back of the bunch will have a wavelength set by the undulator resonance
condition for the given energy. As the bunch moves along the undulator, this
radiation will gradually slip forwards to particles with a different energy. In order for
the resonant wavelength to remain unchanged for the new energy of electrons, the a,
parameter for the undulator must be adjusted accordingly. By keeping the electrons in
resonance with the radiation field, efficient bunching can be maintained and

exponential growth will occur.

Aside from restricting the exponential growth to a small section of the bunch,
tapering the undulator has two additional effects on the emitted radiation. Firstly,
since the radiating part of the bunch has an energy gradient, the emitted radiation also
has a frequency gradient which is maintained along the undulator. Secondly, in order
for the resonant wavelength of each part of the radiation field to remain unchanged as
it slips through the bunch, the overall FEL pulse must gradually shift towards red or
blue as the bunch moves through the different gaps of undulators, with the direction

of the shift depending upon the sign of the energy gradient and undulator taper.

4.4.1 Detailed Description

The main components of the scheme are shown in Fig. 4.17 below. These are a source
of high-brightness, high energy electron bunches, a few-cycle carrier-envelope phase
(CEP) stabilised laser, a short undulator to act as energy modulator and a long

radiator undulator, in which the short FEL pulse develops due to the SASE process.
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Figure 4.17: Main components of the tapered undulator scheme proposed by Saldin

et al.

The slicing laser is focussed in the centre of the short (two period) modulator resonant
at the external laser wavelength. The arrival of the laser pulse is timed to coincide
with the peak of the electron bunch current distribution, the result of which is to
modulate the energy of the electrons in the centre of the bunch. The (approximately
linear) energy chirp at the centre of this modulation will be at a maximum when the
phase of the laser is set to /2 (sine mode), and depending upon the wavelength of the
laser, can be of the order 1fs in duration. Additional linear energy chirps of
diminishing gradient also appear at points separated by the laser period. An example

of an energy-modulated electron bunch is shown in Fig. 4.18.

Once the energy of the electrons has been modulated by the external laser-undulator
interaction, the electron beam is focussed along the main radiator undulator. A SASE
FEL pulse will develop in the portion of the bunch with the correct gradient of energy
chirp matched to the undulator taper. Where the energy gradient is wrong, the
radiation field will quickly move out of resonance with the electrons and the gain is

suppressed.
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Figure 4.18:  Energy modulation acquired by the NLS ‘standard bunch’ for a 0.4mlJ,

5fs FWHM, 800nm laser pulse (see Section 4.1.2).

According to the work detailed in [75], the required undulator taper to compensate

any given energy chirp can be calculated from the formula

lda, A (1+a,®) 1 dy 43)
a, dz = A, a,® cypdt '

where z is the distance through the undulator, a, is the r.m.s. strength parameter of the
undulator, 4, and A, are the resonant and undulator wavelengths and y, is the
relativistic parameter for the reference particle. Whilst this equation gives an ‘exact’
value for the undulator taper, it was noted in [75] that a mild, net positive energy
chirp is actually beneficial to the SASE process, and that the performance of the
scheme can be improved by introducing a slight mismatch between the energy chirp

applied by the modulating laser and the taper in the undulator.
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In analogy to single spike operation, for the FEL pulse to consist of a single SASE
radiation spike and to reach saturation, the portion of the bunch with linear energy

chirp must have a length matched to the cooperation length of the FEL. i.e.

Llinear chirp = 27TLC (4-4)

For the electron bunch parameters given in Section 4.2, pp = 1x 10~ to 2x107, and so

the optimal linear energy chirp duration is again estimated to be ~0.6fs to ~1.2fs.

4.4.2 Energy Modulation by External Laser

The energy modulation given to the electrons by the external laser when passing

through the short undulator can be calculated analytically using [20, 76, 167]

d]/ _ ay PL A
e y_o\/P:quWOU]]f(Z' s) (4.5)

where

1 Z s \2
,5) = ——— cos(2mv3 — tan"1(q2 _ (— - ) 4.6
f(z,s) 1+ (g cos(2mvZ + ks — tan~'(qZ))exp ( 26 2co, > (4.6)

In equation (4.5), Py is the laser peak power, Py = Lymc’/e, L is the Alfvén current, k
is the laser wavenumber, g = L,/zg, zg is the laser Rayleigh length, L, is the length of
the undulator, wy is the laser waist size (assumed to be at the centre of the undulator),
the scaled position in the undulator is Z = c#/L,, s is the electron position within the

bunch, o7 is the r.m.s. duration of the laser intensity and o7 = kcor /(2zN) with N the
number of undulator periods. The total energy modulation acquired by the electrons

at position s within the bunch is therefore
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As an alternative to an analytical calculation, the energy modulation can also be
calculated numerically by directly integrating the Lorentz equation after substituting
the required electric field from the laser and the local magnetic field from the
undulator. This has been implemented in Elegant, with the two methods providing a

valuable cross-check.

4.5 Numerical Study of the Tapered Undulator

Scheme

As with the studies of the single spike scheme, a proper assessment of the tapered
undulator scheme can only be made through numerical start-to-end simulations.
However, for this scheme it was not necessary to re-optimise the injector and linac
working point, as the required electron bunch parameters for the tapered undulator
scheme are the same as for standard, seeded operation of the NLS; a key advantage of
this technique. The NLS °‘standard bunch’ described in Section 4.1.2 has a peak
current of 1120A (0.2nC total charge), 2.25GeV energy, 0.29nm slice emittance and
160keV energy spread. There is a ~50fs long region in the bunch with constant slice
parameters, large enough to accommodate the expected jitter between slicing laser
and electron bunch arrival times. Plots of the main bunch parameters at the entrance

to the modulator were given in Fig. 4.3.

The energy modulator used in this study consists of a two-period planar undulator of

A, = 140mm set to be resonant at the slicing laser wavelength. The main radiator
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consists of APPLE-II helical undulator modules with 4, = 32.2mm interleaved in a
FODO focussing lattice, set to be resonant at 1.24nm in the first module. The start-to-
end simulations were carried out using the codes ASTRA, Elegant and Genesis, with
the effect of the energy modulator calculated using Elegant and the FEL interaction

simulated with Genesis.

4.5.1 Performance Studies

Initial studies of the tapered undulator scheme concentrated on determining how each
of the laser parameters affects the final properties of the FEL pulse. The parameters
which were varied are the laser wavelength, laser pulse energy, pulse duration and
undulator taper. The results of the parameter investigation are summarised in Figs.

20-23.

The general form of the FEL pulse produced by the scheme was found to be
independent of the laser parameters. The pulse consists of a dominant, central
radiation peak, with two or more satellite peaks separated from the central peak by
the laser period. The satellite peaks are progressively reduced in amplitude due to the
smaller gradient energy chirp and hence poorer match to the undulator taper. This
general structure can be altered only within certain bounds by varying the modulating
laser and undulator taper parameters. An example of a typical FEL pulse generated
with this scheme is shown in Fig. 4.19, and was created using a 1600nm, 10fs

FWHM, 0.4mJ laser pulse.
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Figure 4.19: Typical temporal (left) and spectral (right) profiles for an FEL pulse

generated with a tapered undulator and a 1600nm, 10fs FWHM, 0.4mlJ laser pulse.

The effect of varying the laser wavelength from 800nm to 1600nm is shown in Fig.
4.20, and it was found to have a strong influence on the FEL output. Increasing the
wavelength of the modulating laser leads to a higher power at saturation for the FEL
pulse, a longer pulse duration, a narrower spectral line-width and a poorer contrast
ratio between the main and the satellite radiation peaks. From equation (4.4) it was
expected that, for the scheme to work efficiently, the length of the linear energy chirp
should be well matched to the cooperation length of the FEL (i.e. ~1fs for the electron
bunch investigated here). If it is too long then the FEL pulse will also be long,
defeating the main goal of the scheme and potentially allowing more than one SASE
radiation spike to develop. If it is too short then the FEL pulse saturates at a lower
value than would otherwise be the case, and the pulse does not develop into a clean
single spike. Of the laser wavelengths investigated here, only the 1600nm laser was
able to provide a long enough linear energy chirp in the electron bunch, and it is this

that resulted in the increasing peak power at saturation with laser wavelength.

163



= %
(0]

5 15 o S 30
N T E
) S35

g 1 5% 20
a % g
X —

S 05 < 10
o ©
E

0

800 1200 1600 800 1200 1600
Laser Wavelength (nm) Laser Wavelength (nm)

1.5 15

0 €
[22]

= <10
; 5
- =

& 0.5 g' 5
2 g

0 0

800 1200 1600 800 1200 1600
Laser Wavelength (nm) Laser Wavelength (nm)

Figure 4.20: FEL pulse properties as a function of modulating laser wavelength.

Error bars give the standard deviation divided by square root of number of samples.

The effect of varying the modulating laser pulse energy from 0.1mJ to 0.8mJ whist
keeping the number of laser cycles fixed at 1.9 is shown in Fig. 4.21. Increasing the
energy of the laser leads to a larger energy chirp developing in the bunch which in
turn requires a stronger undulator taper to compensate. This has the effect of
improving the contrast ratio between the main peak, satellite peaks and background
radiation. The FEL pulse width is also marginally shortened and the line-width
broadened. However, this comes at the expense of a decrease in saturation power. The
best compromise between the different effects was judged to occur for a laser pulse

energy of 0.4mJ.
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Figure 4.21: FEL pulse properties as a function of modulating laser pulse energy.

Error bars give the standard deviation divided by square root of number of samples.

The effect of varying the number of optical cycles in the modulating laser pulse is
shown in Fig. 4.22. The numbers of cycles investigated correspond to 5fs to 9fs long
pulses for the 800nm laser and 10fs to 15fs long pulses for the 1600nm laser. The
pulse energy was kept constant at 0.4mJ. The main result was found to be in changing
the relative amplitude of the satellite peaks in the FEL pulse to the central one; the
greater the number of cycles in the laser, the greater the number of sections in the
electron bunch with energy chirp matched to the undulator taper. In the limit of a
continuous modulating laser, a train of equi-spaced radiation pulses would be
produced. The FEL pulse duration, line-width and peak power at saturation are only
weakly affected by the number of laser cycles, with the variation mainly due to the

stronger taper required for shorter laser pulses at fixed pulse energy.
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Figure 4.22: FEL pulse properties as a function of number of laser cycles. Error

bars give the standard deviation divided by square root of number of samples.

The final parameter in the scheme that was investigated is the undulator taper, the
results of which are shown in Fig. 4.23. In these plots, a taper depth of 100% refers to
the value of undulator taper given by equation (4.3). For this part of the investigation,
the laser pulse was set to contain 1.9 cycles and the energy was kept fixed at 0.4mJ
per pulse. As expected, reducing the undulator taper was found to result in higher
power at saturation. However, by having a smaller undulator taper, the gain for the
rest of the bunch increases and so the contrast ratio is decreased. As with the number
of laser cycles, the FEL pulse length and line-width are only weakly affected by the
undulator taper mismatch. From these results, a taper of 90% of the value given by

equation (4.3) appears to be optimal.
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Figure 4.23: FEL pulse properties as a function of undulator taper. Error bars give

the standard deviation divided by square root of number of samples.

4.5.2 Performance of Optimised Set-up

The results of the parameter study identified two possible operating scenarios. The
first solution is based around using a 1600nm, 10fs long laser pulse with 0.4mJ pulse
energy. The second one uses an 800nm, 5fs laser pulse, again with a pulse energy of
0.4mlJ. This second solution has the advantage that the laser is technically feasible
with current technology [168-170], and produces shorter FEL pulses on average. The
10fs duration for the 1600nm laser option was selected in order to keep the relative
bandwidth between the two lasers constant, and is assumed to be the minimum value
that is practically achievable. In both cases, the optimum taper was judged to be 90%

of the value found using equation (4.3).
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Shown in Fig. 4.24 is a comparison between the FEL outputs for the two options.
Calculations were carried out based on a single electron bunch tracked from the gun
to the main undulator and averaging the FEL output over 100 different shot-noise
seeds. Pulse properties are summarised in Table 4.4. On average, saturation is found

to occur after 34.4m which corresponds to 25.1m of active undulator length.

From the values given in Table 4.4, the benefits of using a longer modulating laser
wavelength are clear; there is a four-fold increase in saturation power, which comes at
the expense of an increase in FEL pulse duration. This increase in power is due to the
1600nm laser having a better match to the FEL cooperation length than the 800nm
laser. The temporal profile and spectrum at saturation for a single shot-noise seed
using the 800nm option is shown in Fig. 4.25. The temporal profile shows that in this
case, rather than consisting of a single spike, the central radiation peak is in fact a
series of sub-spikes. Each of these sub-spikes is predominantly the emission from the
chirped region of the electron pulse within a single undulator module and is separated
in time from the previous one by the slippage that occurs between each module. This
behaviour is again a direct result of having too short a region of linear energy chirp
compared to the cooperation length of the FEL, and is not observed when using a
1600nm modulating laser (where a better match is achieved, see Fig. 4.19). The
radiation spectrum for both the 1600nm and 800nm cases show some fringing due to
interference between the radiation emitted by the main peak and by the satellite
peaks, with the separation of the fringes given by

A1

=22 (4.8)

A
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where At is the time separation between central and satellite radiation peaks. To
remove these fringes from the spectrum, the modulating laser would need to consist
of a true single cycle, or the amplitude of the satellite FEL radiation peaks would

need to be negligibly small.
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Figure 4.24: Peak power growth along the undulator (left) and power at saturation
(right) for the 1600nm and 800nm modulating laser wavelength options. Bold error
bars show the error on the mean value, and faint error bars show the standard

deviation over 100 seeds.
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Figure 4.25: Typical temporal (left) and spectral (right) profiles for an FEL pulse

generated with an 800nm, 5fs FWHM, 0.4mlJ laser pulse.
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4.5.3 Tolerance Studies

As with the single spike mode of operation, the final radiation pulse properties are
expected to suffer from shot-to-shot fluctuations in electron gun, linac and
modulating laser parameters. This has been studied using 100 different start-to-end
simulations for the 800nm modulating laser option, in each case applying Gaussian-
distributed realistic jitter values to each component. The jitter distributions used are
the same as those listed in Table 4.2 with the addition of 0.2rad phase jitter for the

modulating laser, and the resulting FEL pulse properties are summarised in Table 4.4.

The results of the jitter studies show that, whilst there is a small degradation in the
majority of FEL pulse parameters, the power at saturation is largely unaffected by the
introduction of realistic jitter sources and it is the intrinsic variability of the SASE

process due to shot-noise in the electron distribution that still dominates.

4.5.4 Manipulation of the FEL Pulse

The properties of the FEL pulse produced by the scheme can be examined in more
depth by taking a Wigner transform of the radiation field [92]. A Wigner transform of
a signal gives a projection of the signal’s energy distribution on the time-frequency
plane, and is defined as

W(w,t) = foo E(t- %) E (e + %) elwTdr (4.9)

The Wigner transform can be considered as the Fourier transform of the auto-

correlation function of the input signal. The temporal and spectral profiles for the
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example radiation pulse used for this part of the investigation is shown in Fig. 4.25,
and were calculated by integrating the radiation field across a 1.4mmx1.4mm
aperture at the observation point (34.4m along the undulator axis). This pulse was
generated using an 800nm laser, for which the central, dominant radiation peak shows

the sub-peaks from emission in each undulator module.

The Wigner transform of the FEL pulse is shown in Fig. 4.26. The first point to note
is that, as mentioned in Section 4.4, the central wavelength has shifted from 1.24nm
after the first undulator module to 1.30nm at saturation due to the taper in undulator
gap. This shift in central wavelength after each undulator module suggests that the
unwanted radiation emitted upstream of the final undulator can be filtered out with a
relatively wide acceptance monochromator, restoring the central radiation peak to a

clean single spike rather than a series of sub-spikes.

In addition to the shift in central wavelength there is a frequency chirp of ~0.01nm/fs
across the radiation pulse. As noted in [92], this can be used to compress further the
radiation pulse using a grating compressor [69]. The Wigner transform for the
radiation pulse after filtering, compression and a combination of both processes is
shown in Fig. 4.26 along with the unmodified pulse. The filter used for this was set to

a pass bandwidth of 1x107%.

The filtering and compression of the radiation pulse can be carried out after the
nominal saturation point thanks to the wavelength shift after each undulator, allowing
a greater fraction of pulses to reach saturation. This is demonstrated in Fig. 4.27, in
which the average over 100 unmodified radiation pulse at 37.7m is compared to that
of 100 pulses which have been filtered and compressed. As a final point to note,

although the cooperation length places a lower limit on the FEL pulse duration under
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normal circumstances, filtering and compressing the radiation has effectively side-
stepped this constraint and led to a reduction in pulse length to 0.42fs compared to the
~1fs predicted from the cooperation length; a significant improvement in the potential
performance of the scheme. The main properties of the 100 filtered and compressed

pulses are summarised in Table 4.4.

1600nm Laser 800nm Laser 800nm Laser 800nm Laser
Filtering and  Jitter Sources
Compression
Distance in
undulator (m) 34.4 34.4 37.7 344
Peak Power 2.31+0.08 0.59 + 0.04 0.76 £ 0.05 0.66 = 0.04
(GW)
Energy in main 2.36+0.10 0.35 + 0.03 0.37 + 0.02 0.42 £ 0.03
peak (u)

Pulse length,

FWHM (fs) 1.07 £0.02 0.45+0.01 0.49 +£0.01 0.52+0.02
Line-width (pm) 4.65+0.17 8.8+0.2 9.0+0.2 89+0.3
Time-bandwidth 50 04 0784003 0854003 0914005

product
Radiation beam 38403 38405 35403 44417
size (um)

Arrival time

jitter (f5) 0.23 0.06 0.13 0.11
Av. Background 7.5+0.3 0.7+ 0.01 0.1 £0.07 1.9 +0.07

power (MW)

Table 4.4: Summary of FEL pulse properties taken as averages over 100 seeds
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Figure 4.26: Wigner transform of the radiation field at 34.4m. The images show the
unmodified (top left), filtered (top right), compressed (bottom left) and filtered and

compressed pulses (bottom right).
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Figure 4.27: Comparison of unmodified to filtered and compressed radiation pulses
at 37.7m along the undulator axis. Bold error bars show the error on the mean value,

and faint error bars show the standard deviation over 100 seeds.
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Chapter 5

Conclusions

New and brighter sources of short x-ray pulses will be required to facilitate areas of
science that require imaging of dynamical processes (such as energy transfer in
crystalline solids, chemical bond making and breaking, electron-electron scattering in
solids, etc.). In order to meet the needs of these scientific communities, large scale
short-pulse user facilities must be provided. The source of radiation must be reliable,
practical to operate and generate light with properties that are required for current
research. In recent years many schemes have been proposed for generating such
pulses from existing or future synchrotron radiation sources. Pulse durations below
150fs FWHM have already been demonstrated in storage ring based light sources
using femto-slicing, and more recently ~10fs FWHM on a linac-based light source

using a low-charge electron bunch.

The work contained in this thesis aimed to investigate different methods of generating
short pulses from synchrotron radiation sources, and identify which schemes are most
suitable for use in a large-scale user facility. A review was made of the different
schemes that have been proposed for both third and fourth generation synchrotron
light sources, and the strengths and weaknesses of each scheme have been discussed.

For third generation light sources, the scheme selected for in-depth investigation was
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low-alpha operation, as this scheme provides moderately short pulses of radiation
with a higher brightness, higher repetition rate and improved transverse stability than
can be produced using some of the other schemes. In addition, low alpha operation
does not require any additional hardware to be implemented and in principle can be
applied to any existing light source. For fourth generation light sources, two schemes
were chosen for further study, namely single spike operation and the tapered
undulator scheme. Single spike operation has the potential to generate background-
free, ultra short pulses of extremely high peak brightness thanks to the excellent
electron beam properties that are possible with low-charge operation. The tapered
undulator scheme can provide similarly short pulses with an improved contrast ratio
over the background signal compared to other slicing schemes, and has the advantage

that the pulses are synchronised to an external trigger.

5.1 Low Alpha Operation of the Diamond Light
Source

Investigations into low alpha operation of the Diamond Light Source have
highlighted the importance of higher order terms in alpha in the longitudinal beam
dynamics. It is well known that as a; is reduced, a, must also be minimised in order
to ensure that adequate momentum aperture is maintained. Studies at Diamond [39]
and MLS [101] have shown that once a, has been minimised, a; quickly becomes
dominant and must be taken into consideration. Depending upon the sign of a;, a3 can
have either a beneficial or detrimental effect on the phase and momentum acceptance
of the storage ring, and expressions for the momentum acceptance in each case have

been presented.
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From a practical point of view, a; is adjusted by varying the dispersion in the bending
magnets. If a; is to be minimised, then the integrated dispersion in the bending
magnets should be close to zero. The way in which this is achieved can have a big
influence on the storage ring emittance (and hence photon beam brightness), and two
different solutions were developed for the Diamond storage ring (one high emittance
and one low emittance). Adjustment of the dispersion also has a big influence on the
sextupole optimisation. For example, in the low emittance solution the dispersion at
the central focussing sextupoles is much reduced, meaning the sextupole strengths
must be greatly increased in order to correct both the horizontal chromaticity and a,.
This increases the nonlinearity of particle motion and reduces the size of the dynamic
aperture. Similarly, dispersion in the insertion device straight sections is negative for
the high emittance lattice, meaning the polarity of the sextupoles must be reversed in

order for them to remain effective.

Extensive simulations were carried out on both lattices in order to determine the
expected machine performance. During this it was identified that, for both lattices, the
injection efficiency is likely to be limited by synchrotron motion of the electron
bunch at injection. This process converts the long electron bunch length from the
booster into a large energy spread, taking the injected electrons at the head and the
tail of the bunch outside the momentum acceptance of the storage ring. The main
limitation to the lifetime is expected to be from the off-momentum dynamic aperture
provided by the sextupoles rather than the size of the RF bucket momentum

acceptance (which is controlled by alpha).

Once the numerical simulations were complete, both lattices were tested on the

Diamond storage ring with numerous measurements taken in order to characterise
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their performance. Good agreement was found between the expected and measured
emittance, and for the low emittance lattice the measured variation of betatron and
synchrotron tunes with RF frequency is close to that predicted by simulation. Whilst
the measured dynamic aperture for the low emittance lattice is in remarkable
agreement with the one calculated from the model, frequency map analysis has
highlighted that significant differences exist between the predicted and measured

tune-shifts with amplitude.

In the limit of zero current, good agreement is found between the bunch length
measured by the streak camera and that derived from the synchrotron frequency. As
expected, a reduction in bunch length is observed with decreasing a; and with
increasing RF cavity voltage. However, due to collective effects, the measured bunch
length quickly deviates from its initial value as the current is increased. If a; is
positive, the bunch length increases rapidly with current until the bunch becomes
unstable. If a; is negative, an initial reduction in bunch length is observed before the
bunch length begins to grow again (albeit at a lower rate than for positive a;) before
again becoming unstable. Observations of CSR at mm wavelengths have confirmed
the short bunch lengths achieved in low alpha operation, and it was possible to
understand the variation in power emitted as a function of current, voltage and a;

purely in terms of the longitudinal form factor of the electron bunch.

Aside from the bunch current, the main limitation to the minimisation of the pulse
duration is the increase in transverse beam motion as a; is reduced. Careful
measurements of the horizontal displacement power spectral density have
demonstrated that the increase in transverse motion is related to fluctuations in the

electron path length altering the mean energy of the electron beam. These changes are
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driven by vibrations of the quadrupole magnets and are inversely proportional to a;.
The optimal value for a; is therefore a compromise between minimising the bunch
length and limiting the transverse beam motion. Similarly, the optimal bunch charge
is the one that maximises the photon beam brightness for minimal pulse duration.
Overall, for stable machine conditions, the photon pulse duration is found to lie in the
range 1-5ps and the bunch current lies between 10-50pA. These values represent a
factor 10 reduction in pulse duration and a factor of 100 reduction in current

compared to standard machine operation.

There are many areas in which this work could be developed. In terms of a further
reduction in pulse duration, the possibility of combining low alpha operation with one
of the other schemes could be investigated. For example, if a higher harmonic cavity
could be installed, this could give a substantial reduction in pulse length at a fixed
bunch current. Alternatively, a fixed bunch length could be maintained with increased
bunch charge and therefore increased photon beam brightness. Similarly, combining
low alpha operation with RF cavity modulation could give a transient reduction in
pulse length, although careful synchronisation between RF cavity modulation and
experiment would be required. The possibility of tailoring the beta functions in a
single straight could be investigated in order to reduce the sensitivity of a given
beamline to transverse beam motion. Further work can be carried out in modelling
and understanding the influence of collective effects in low alpha. For example, it
would be of great benefit if the observed bunch lengthening with current could be
reproduced for different values of a; and RF cavity voltage. This could potentially
also lead to an improved understanding of the onset of instabilities in low alpha and

how they relate to CSR emission in stable and bursting modes.
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5.2 Single Spike Operation of the New Light Source

Studies of the single spike mode of operation began by considering what range of
electron bunch lengths would be required in order to operate in this regime based
upon the 1D analytic theory. This simple estimate predicted a bunch length in the
range of 0.6fs to 1.2fs would be needed. In order to achieve this level of bunch
compression, the model was adjusted to operate with very low bunch charge in order
to avoid the severe degradation in beam quality from collective effects that would
otherwise occur. Simulations of FEL pulse properties as a function of bunch length
demonstrated that electron bunches between 1fs FWHM under-compressed to 3fs
FWHM over-compressed showed single-spike behaviour in the output, in contrast to
the 4fs FWHM under-compressed to 1fs over-compressed that had been predicted by
theory using the cooperation lengths extracted from the numerical simulations. The
reason for this discrepancy was the double-peak current profile of under-compressed
electron bunches which led to two separate FEL pulses developing. The shorter FEL
pulse was generated by the shorter electron bunches, although operating at slight
under-compression was found to lead to higher peak-power and pulse energy at

saturation.

Following this initial optimisation phase, extensive start-to-end simulations were
carried out to assess the predicted FEL pulse properties both with and without sources
of jitter in the electron gun and linac hardware. It was found that the performance of
the scheme is largely insensitive to the introduction of jitter sources in terms of peak
power and pulse duration, with the intrinsic variability of the SASE process found to
dominate. The major difference between the two cases was the increase in arrival

time jitter for the FEL pulse from 0.1fs to 12.7fs, primarily due to fluctuations in the
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electron bunch arrival time caused by energy fluctuations combined with magnetic

chicanes.

Overall, single spike operation of the New Light Source is expected to deliver pulses
of ~2GW peak power with 0.5fs FWHM pulse duration and with negligible
background signal. The work contained in this thesis has illustrated that the scheme is
sufficiently robust to be able to cope with realistic machine jitter levels, and has
confirmed that an accurate prediction of the final FEL pulse properties can only be

achieved through extensive and detailed start-to-end simulations.

Future work on this topic should investigate whether it is possible to increase the
operating bunch charge to aid the operation of machine diagnostics. The 2pC used in
these studies was selected in order to avoid degradation in electron beam properties
from collective effects. Even at this level of bunch charge, simulations demonstrated
significant space-charge and CSR effects exist for present design. One way of
achieving an increase in bunch charge would be to add an additional bunch
compressor in the design immediately after the spreader section and before the main
undulators in order to avoid having to transport an electron bunch with high peak

current for long distances.

The main drawback for this scheme is the large arrival time jitter in the FEL pulse
and lack of tight synchronisation control for the experiments. Future work should
consider whether this jitter can be reduced either through improvements to the
machine hardware or through re-optimising the operating conditions for the linac and
bunch compressors. It is important to understand exactly how the FEL pulse is to be
used in an experiment. For example, if it is to be used in pump-probe experiments it

may be possible to use the electron bunch to produce both pump and probe signals, or
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to use the radiation emitted by the electron bunch in a bending magnet to give a time-

stamp for the FEL pulse.

A final topic to investigate is whether using shorter undulator modules would allow a
greater degree of flexibility in selecting when to extract the FEL pulse from the
undulator channel, potentially allowing a higher peak power and / or shorter pulse to

develop before the pulse begins to become distorted.

5.3 Tapered Undulator Scheme for the New Light

Source

The first part of the investigation into the tapered undulator short pulse scheme
focussed on determining the optimal modulating laser pulse parameters. During this
investigation it was identified that the modulating laser pulse should induce an
approximately linear energy chirp in the electron bunch distribution that was well
matched to the cooperation length of the FEL, or ~1fs in duration for the NLS
electron bunch parameters. If the linear energy chirp is shorter than this, then the FEL
pulse will saturate with a lower peak power and the main radiation peak will consist
of a series of sub-peaks rather than a clean single spike. Two possible solutions were
identified; one based around an 800nm laser pulse and one using a 1600nm pulse.
The 800nm laser solution produces FEL pulses of a shorter duration and can be built
using current technology; the 1600nm solution is well matched to the cooperation
length of the FEL and provides a higher peak power, but has the drawback that these

laser parameters are yet to be demonstrated experimentally.
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Once the optimal laser and undulator taper parameters had been identified, extensive
start-to-end simulations were carried out using both sets of modulating laser
parameters to determine the predicted FEL pulse properties in each case. For the
800nm laser option, further studies were also carried out in which sources of error
were applied to the machine model. This work demonstrated that the scheme was
sufficiently robust to be able to cope in a realistic user facility environment, and as
with the single spike scheme the dominant contribution to the shot-to-shot variability

comes from the SASE process.

As a follow-up to this study, the possibility of improving the FEL pulse
characteristics through filtering and pulse compression has also been investigated.
The work contained in this thesis demonstrated that the shift in central wavelength of
the FEL pulse after each undulator module allows the unwanted radiation emitted
upstream of the final undulator to be removed with a relatively wide acceptance
monochromator, improving the contrast ratio between the central radiation peak and
the background signal from the main bunch. For the case of an 800nm laser, this filter
also removes the sub-peaks from the temporal distribution, restoring the pulse to a
clean single spike. The frequency chirp across the FEL pulse allows further pulse
compression using a double-grating compressor, with the final pulse duration below
that predicted by the cooperation length. Filtering and compressing the pulse can also
be carried out after the nominal saturation point, allowing a greater fraction of FEL

pulses to reach saturation.

Overall, this work has demonstrated the scheme is well-suited to application in a user-
facility environment, is robust to realistic sources of jitter and can be implemented

with minimal additional infrastructure. For the case of a 1600nm modulating laser,
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the scheme is expected to deliver pulses of ~2GW peak power and ~1fs FWHM
duration. For an 800nm laser the FEL pulse peak power is expected to be ~0.6GW
with ~0.5fs pulse duration, improving to ~0.7GW with filtering and pulse

compression.

Future studies of this scheme should concentrate on developing a practical layout that
fits with the baseline NLS facility design. For example, space needs to be reserved
before the main undulators for the energy modulator, and a path for the few-cycle
laser beam needs to be incorporated. Matching quadrupoles need to be included to
ensure the electron beam is focussed to a waist in the centre of the modulator. A
decision also needs to be made as to which set of laser parameters should be pursued,

and whether those parameters can be reliably achieved in practice.

5.4 Conclusions

The topic of short pulse generation in synchrotron radiation sources is a rapidly
developing field, and particularly so for fourth generation light sources. Indications
are that to go much below 1 ps is very challenging for third generation facilities,
without suffering from a large reduction in photon flux. Fourth generation facilities
are more naturally suited to the production of short pulses, but of the proposed
schemes only single spike operation and the slotted foil method have been tested
experimentally. All schemes that have been proposed for these facilities will benefit

greatly from further experimental studies.

When considered purely in terms of the radiation pulse properties, the schemes that

have been proposed for fourth generation light sources vastly out-perform storage
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ring based methods. This gain in performance stems from the coherence properties of
FEL radiation, in which the peak power can potentially scale with the square of the
number of electrons involved in the interaction, compared to the linear dependence of
spontaneous radiation sources used in third generation facilities. For the two fourth-
generation light source schemes discussed in this thesis it was demonstrated that GW-
level pulses lasting below 1fs can be generated with close to full temporal and
transverse coherence. The repetition rate at which these pulses can be delivered to an
experiment is dependent upon the repetition rate of the electron gun and main linac,
and for the tapered undulator scheme on the repetition rate of the modulating few-
cycle laser pulse. For the New Light Source baseline proposal, the FEL pulse

repetition rate is therefore limited to a maximum of 1kHz.

Whilst third generation light sources cannot compete in terms of peak power, pulse
duration or coherence, the areas in which they gain are in their excellent transverse
stability, high repetition rate and hence high average brightness. A diverse range of
schemes have been proposed for these facilities, with each scheme delivering
radiation pulses of differing strengths and weaknesses. Pulse durations ranging from
several tens of picoseconds down to hundreds of femtoseconds or below have been
demonstrated with repetition rates of up to several hundred MHz. For Diamond, the
work presented in this thesis has demonstrated that a storage ring lattice can provide
low emittance and low alpha simultaneously. This combination has already proven to
be a powerful tool for scientific research, enabling world-class science to be

performed [171].
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Appendix A

Derivation of Leading
Order Terms in the
Expansion of Alpha

In this section, analytic expressions for the leading order terms in the expansion of the

momentum compaction factor with momentum deviation are derived.

The change in path length for an electron in a single revolution of the storage ring

with respect to the central orbit can be calculated using the formula [21, 99]

s+4g 2
al_1 f j(1 + %?) +x'(s)2 +y'(s)? — 1| ds (A1)

L o

where [, is the circumference of the storage ring, p is the bending radius of the
dipoles and x and y are the transverse particle coordinates with respect to the central
orbit. Expanding this equation and keeping terms to third order, the change in path
length becomes

s+4g 1 )2 1 )2 1 )2 1 )2
Al 1 x(s) N x'(s) N y'(s) B x(s)x'(s) 3 x(s)y'(s) ds

i (A2)
lo o) p 2 2 2p 2p
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Neglecting vertical dispersion contributions, the particle displacement coordinates
can be expanded and expressed in terms of the betatron oscillation, closed orbit and

momentum deviation amplitudes [98].
X = Xg + Xco + 116 + 1,62 + 1367

Y =Yg+ Yo
(A3)
x'=xp"+ Xeo + 118 +1,'6% + 1383

Y =yp"+ Yo

where 7 is the dispersion function, 7’ is its spatial derivative and the subscripts 1, 2
and 3 refer to the order in the expansion with momentum deviation. Note the s
argument has been dropped for conciseness. After noting that terms linear in the
betatron amplitudes are oscillatory in nature, are independent of close orbit distortion
and will average to zero, and that the closed orbit distortions are statistical quantities
for which the linear terms will again average to zero, substituting A3 into A2 leads to
the equation

al_a, llf”“ﬁdsl 5 + [lf”"ﬂﬂ_zdsl 52

b ¢ s s p

Ly p lo 2
(A4)

1 [Stho mm”  ns
+ |- o — + B gs| 63
Ilofs UERIY) 2p P Sl

The first term in A4 represents all momentum independent path lengthening,
including those due to betatron oscillations, closed orbit distortions and changes to
the central RF frequency. The integrals enclosed in square brackets can easily be

identified as a;, a; and a;.
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