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Summary

The storage ring at the Australian Synchrotron Light Source (ASLS) is an

intense source of radiation that is used in applications such as spectroscopy

and imaging. The source of the radiation comes from individual electrons

that are grouped in bunches and confined in the storage ring. The observed

radiation is usually temporally incoherent and the radiation power scales lin-

early with the number of electrons, N. If all the electrons have a longitudinal

distribution of σz, the degree of temporal coherence of the emitted radia-

tion increases and the power of the radiation will scale as N2 for radiated

wavelengths, λ, that are longer than 2πσz. Using this property of coherent

synchrotron radiation (CSR), the intensity of the observed radiation at wave-

lengths longer than λ can be increased by a factor of N above that of the

incoherent radiation. With typical values of N around 109, the potential

enhancement of the radiation power is significant.

This property of CSR is used to enhance the radiation in the Far-IR1

spectrum between the wavelengths of 0.3 mm (1 THz) and 3 mm (100 GHz).

This region of the radiation spectrum is used by the Far-IR beamline at the

ASLS for absorption spectroscopy. The increase in the radiation power will

benefit the beamline by increasing the signal-to-noise ratio of the beamline’s

detector, thereby enabling the measurement of spectra for weakly absorbing

materials and providing the capacity to measure spectra at longer wave-

lengths.

To generate CSR, the bunch length in the storage ring is shortened by re-

ducing the momentum compaction factor, αc, using the negative dispersion

technique. When αc is reduced by a factor of 100, the storage ring becomes

sensitive to perturbations introduced by the accelerator subsystems (e.g.,

RF system, magnet power supplies and stray electromagnetic fields). An in-

vestigation of the various accelerator subsystems showed that the strongest

perturbation is at the mains AC frequency of 50 Hz and is caused by currents

conducted through the metallic elements of the storage ring. These pertur-

bations limit the shortest achievable bunch length to 1 ps at an electron

energy of 3 GeV. A bunch length of 1 ps is not short enough to enhance the

radiation power at wavelengths less than 0.3 mm (1 THz). A reduction in the

electron beam energy is required to achieve shorter bunch lengths.

1Far Infrared.
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viii SUMMARY

An alternative method for generating CSR is to excite a longitudinal single

bunch instability. The instability that modulates the charge density can be

utilised to create periodic bursts of CSR. The onset of the instability creates

quasi-periodic bursts of CSR. For CSR to be used as a source of IR radiation,

the frequency and the intensity of the bursts of radiation must be constant.

Any fluctuation in the frequency or intensity reduces the signal-to-noise

ratio (SNR) of any measurements using the CSR. In this thesis a method is

developed for optimising the SNR using a microwave diode detector.

A microwave diode detector with a fast response time of 1 ns is used

to characterise the temporal profile of the CSR bursts. The measurements

show a temporal profile with growth and damping rates of 20 kHz which

far exceed the natural damping rate expected for the storage ring. Moreover,

the results show small oscillations that are believed to be the result of the

filamentation of the electron bunch. The observed features of the growth

rate, decay rate and small oscillations closely resemble the behaviour seen

in numerical simulations by Venturini and Warnock [2], which show a CSR

driven microbunching instability. This model provides a framework for

describing the process leading to bursts of CSR.

The microwave diode detector is also used to measure the temporal pro-

file’s dependence on N. The data collected was used to calculate the change

in the SNR to find the optimal working current where the SNR is maximised.

The results show that the SNR depends on the burst frequency; in particular

when a harmonic of the burst frequency is the same as the characteristic

longitudinal oscillation frequency (synchrotron frequency). Measurements

were also conducted on the beamline, and the results agree with the obser-

vations made using the diode detector. These observations were used to

define a low alpha lattice configuration to generate CSR. The CSR created

from this configuration was used to measure the absorption spectrum of

a sample of N2O with a spectral resolution of 0.025 cm−1 (750 MHz). For

these measurements a Bruker IFS125HR spectrometer was utilised on the IR

beamline. This is a challenging measurement as the scan takes 15 minutes

to complete, during which the intensity of the source must remain constant.

Any fluctuation in the intensity will introduce noise into the spectrum. The

results of 20 scans show good agreement between our measurements and

previously documented absorption lines for N2O. The outcome shows that

the quasi-periodic bursts of CSR can be used to extend the utility of the IR

beamline into the Far-IR spectrum.

In summary we have used a diode detector to characterise the burst of

CSR at the onset of the microwave instability. We have shown that the mea-

surements with a microwave diode detector are in agreement with numerical

simulations carried out for this form of instability. A method has also been



ix

developed to create a low alpha operational mode that generates bursts of

CSR optimised for the IR beamline.
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Introduction 1

This thesis reports on work carried out to create a mode of operation for

the ASLS that enhances the intensity of the radiation in the Far-IR spectrum

beyond what is currently available for users on the IR beamline. The research

focuses on using single bunch instabilities as the method of forming density

modulations that create bursts of coherent synchrotron radiation (CSR),

which give the desired enhancement of the radiation intensity. The key is

the ability to control the parameters of the storage ring, such that the bursts

of CSR are periodic in time and have constant intensity. We shall begin by

giving a brief overview of CSR and how it is generated at the ASLS.

1.1 Coherent Synchrotron Radiation (CSR)

Synchrotron radiation refers to electromagnetic radiation that is generated

by the transverse acceleration of relativistic charged particles moving in

a magnetic field. This form of radiation was first observed at a prototype

synchrotron particle accelerator1 [3], hence its name. In the years after

the discovery, the use of synchrotron radiation as a source for spectroscopy,

diffraction and imaging has grown significantly. First generation synchrotron

radiation sources extracted the radiation parasitically from synchrotron

accelerators that were used as colliders. Second and third generation sources,

commonly called light sources, were dedicated facilities created for the sole

purpose of generating synchrotron radiation for scientific research. The

properties of the radiation that make it unique are a broad photon spectrum

ranging from λ = 1 mm down to λ = 1 Å, and a spectral brilliance2 that is

orders of magnitude above conventional laboratory sources, such as x-ray

tubes.

1Around the same time man-made sources were discovered, astrophysical sources were
also found to generate synchrotron radiation.

2Brilliance refers to spectral brilliance and is defined as the number of photons per
second per rad2 per 0.1%BW where BW (bandwidth) is ∆ω/ω.

1
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Figure 1.1: Top down view of the storage ring at the ASLS with dipoles
(yellow rectangular elements), quadrupoles (red rectangular elements) and
sextupoles (pentagons). The inset shows a single sector of magnets (of
which there are 14) that make up the storage ring. The electrons travel in
straight lines until they are bent by the vertical magnetic field of the dipole
magnets.

The Australian Synchrotron Light Source (ASLS), where the work reported

in this thesis was conducted, is a third generation light source and we shall

briefly introduce some of its features [4]. The ASLS uses a linear accelera-

tor and booster synchrotron to accelerate electrons to a kinetic energy of 3

GeV3. These electrons are accumulated and stored in a specially designed

“storage ring” that confines the motion of the electrons in a circular path on

the horizontal plane using electromagnets. To ensure a long lifetime in the

storage ring, the electrons are kept in an ultra-high vacuum within stainless

steel chambers threaded through electromagnets. The main electromagnets

(dipoles) that create vertical magnetic fields ensure that the electrons are on

a circular path by creating a radial Lorentz force. It is the centripetal acceler-

ation due to the Lorentz force (as observed in the laboratory frame) that is

responsible for the generation of synchrotron radiation. The arrangement of

the dipoles, and other magnets such as quadrupoles for focusing the elec-

tron beam4, is called the lattice design. At the ASLS the lattice is based on a

Chasman-Green [5] unit cell replicated 14 times to form a 14-fold symmetric

ring, as shown in Figure 1.1. The Chasman-Green lattice is an optimised

design based on second generation light sources with the emphasis on long

straight sections between unit cells for insertion devices and RF cavities.

3Gigaelectron volt.
4The quadrupoles are analogous to concave and convex lenses in optics.



1.1 COHERENT SYNCHROTRON RADIATION (CSR) 3

Figure 1.2: Curvilinear coordinate system with axes x (radially outwards),
y (vertically up) and s that is collinear with the ideal electron path. ρ is
the bending radius of the electron traversing the magnetic field of a dipole
magnet.

The properties that describe the behaviour of particles in the storage ring,

such as the beam size, are given by lattice functions and are defined in a

curvilinear coordinate system x, y, and s as shown in Figure 1.2. These lattice

functions come from solutions to the equations of motion for particles in

the storage ring. The details of the derivation are not relevant to this brief

overview and the reader is referred to Reference [6]. For the ASLS the lattice

functions are shown in Figure 1.3, where βx,y(s) is a position dependent

scaling factor that is a measure of the beam size and ηx(s) is the horizontal

dispersion giving the change in the horizontal position as a function of

energy perturbations. Vertical dispersion is zero everywhere because the

deflection of the ideal electron is only in the horizontal plane. Therefore a

change in the energy will only result in a change in the horizontal position

(finite dispersion) and not in the vertical direction (zero dispersion). These

lattice functions can be used to describe the beam size, σ, according to

σu(s) =

√
βu(s)εu + ηu(s)2δ2, (1.1)

where u = x, y are the transverse coordinates perpendicular to the direc-

tion of motion of the electron beam, δ = ∆p/p is the relative longitudinal

momentum spread and εu is the equilibrium transverse emittance5.

In addition to the magnets that guide and confine the electron beam,

the storage ring is designed to keep the energy, E0, constant and any losses

in energy through the emission of synchrotron radiation are compensated

by using radio frequency (RF) cavities. The electric fields in these cavities

oscillate at a frequency of 499.667 MHz and create accelerating fields for

half of the cycle and decelerating fields for the other half. As there is a net

5Emittance is a measure of the area of the horizontal and vertical phase space with
conjugate pairs, (x, px) and (y, py), where px,y is the momentum in the x and y direction,
respectively. For example, the area is πεx = πσxσpx .
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Figure 1.3: Lattice functions for a unit cell are shown along with the ar-
rangement of the magnets at the bottom of the plot. Dipoles (long yellow
rectangles), Quadrupoles (short red rectangles), Sextupoles (short green
pentagons) and correctors (blue vertical lines). Beam position monitors are
marked with crosses.

loss in energy from the emission of synchrotron radiation, acceleration is

required to restore the energy lost to keep the energy, E0, constant. The elec-

trons remain at a particular phase of the RF cycle, called the synchronous

phase, so that the accelerating fields gives the electrons just enough energy

to compensate for the energy lost to synchrotron radiation. This results in

the electrons forming discrete bunches that are spaced one RF period (2 ns)

apart and depending on the circumference of the storage ring, there will

be an integer number of bunches. The gradient of the accelerating field

provides longitudinal focusing so that particles that experience a perturba-

tion will experience a longitudinal restoring force to keep the particles on

the synchronous phase. The damping effect arising from the energy loss

to synchrotron radiation ensures that particles scattering off residual gas

molecules in the vacuum chamber will oscillate about and converge towards

the synchronous phase. The characteristic frequency of the oscillation about

the synchronous phase is called the synchrotron frequency. A more detailed

mathematical description of the dynamics is given in Chapter 2.

The ASLS shares similarities with many other third generation light

sources. For the next generation of light sources (fourth generation), the

temporal coherence of the synchrotron radiation is exploited to improve the

brightness beyond what is achievable at third generation light sources. The

temporal coherence of the the emission of radiation from a group of elec-

trons means the electromagnetic waves constructively interfere, resulting in

a photon flux which is proportional to the square of the number of electrons,
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Ṅph ∝ Ne−
2. This is in contrast to incoherent radiation, where the photon

flux is linearly proportional to the number of electrons, i.e. Ṅph ∝ Ne− . This

is the principle behind free electron lasers (FELs), which have a potential

peak brightness as much as 109 times greater than storage ring sources [7–9].

Such an enhancement of the peak brightness is attractive for experiments

with small sample sizes (e.g., individual molecules), or in the study of atomic

or molecular processes on time-scales of less than 1 ps.

Exploiting the benefits of CSR is also possible with a storage ring. At the

ASLS the electron density can be manipulated by operating in a particular

mode, such that the radiation is temporally coherent over a limited spectral

range in the Far-IR. In what follows we will discuss how the coherence of

the radiation depends on the charge distribution of the electron bunch.

Further, we will describe the Low Alpha technique used to manipulate that

distribution. Finally, we will briefly discuss the two modes of operation that

are used at light sources to generate CSR.

1.2 CSR from Short Electron Bunches

The temporal coherence of the emitted electromagnetic wave for a given

wavelength, λ, means the radiation from the individual sources are in phase.

If z is the longitudinal coordinate relative to the centre of mass of a bunch

of electrons in the the storage ring, then a longitudinal distribution with

σz << λ implies that radiation with wavelength, λ, would be in phase and

temporally coherent. This also means that the coherence is a function of the

distribution of the electrons.

To find the relationship between coherence and the charge distribution,

we define the electric field of the radiation as proportional to exp i
(

2π
λ z + ωt

)
.

The total power, P(λ), emitted by the N electrons in a single group at wave-

length, λ, is given by [10]:

P(λ) = p(λ)
N∑

m,n

e+i( 2π
λ zm+ωt)e−i( 2π

λ zn+ωt)

= p(λ)
[
N + N(N − 1)g(λ)

]
, (1.2)

where p(λ) is the power emitted by a single electron and g(λ) is a form factor

defined as

g(λ) =

∣∣∣∣∣∣
∫ +∞

−∞

n(z)ei 2π
λ zdz

∣∣∣∣∣∣2 . (1.3)

Here n(z) is the normalised charge density distribution function6. The first

part of Equation 1.2 refers to the incoherent contribution that scales as N,

6Normalisation requires that
∫ +∞

−∞
n(z)dz = 1.
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while the coherent contribution scales as N(N−1)g(λ), where g(λ) is a measure

of the coherence at wavelength, λ, for an arbitrary charge distribution, n(z).
When N >> 1, P(λ) is enhanced by a factor of Ng(λ). With typical populations

around N = 109, even small values of g(λ) can enhance the power by many

orders of magnitude above the incoherent radiation.

It is useful to note that the coherence function g(λ) is essentially a Fourier

transform of n(z). Therefore the frequency components that form the shape

of the distribution determine the frequencies that will radiate coherently. For

example, if the charge distribution is Gaussian, n(z) = exp(−z2/2σ2
z )/(σz

√
2π),

a Fourier transform will also be Gaussian, whence Equation 1.3 adopts the

form [11]:

g(λ) = exp
−4π2σ2

z

λ2

. (1.4)

To illustrate the expected enhancement for different wavelengths, a plot

of the factor Ng(λ) is shown in Figure 1.4 for 2 × 109 electrons for different

Gaussian distributions. Due to the large value of N, the power at a wavelength

10
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Figure 1.4: Comparison of the gain expected for 2 × 109 electrons in a
Gaussian distribution withσz = 0.60 mm andσz = 0.54 mm. This shows that
a 10% change in the bunch length can affect the enhancement by a factor
of 10. Enhancements at shorter wavelengths (i.e. higher frequencies) can
occur with a skewed Gaussian distribution (see inset) as its spectral content
has higher frequency components compared to an unskewed Gaussian.

of λ = 1.1 mm (0.5 THz) can be enhanced by as much as 104 when σz =

0.6 mm. Conversely the large value of N also means a greater sensitivity to the

bunch length as seen in Figure 1.4 when comparing a Gaussian bunch with

σz = 0.6 mm and σz = 0.54 mm. A reduction of the bunch length by 10% can

increase the enhancement by a factor of 10. To achieve coherence at shorter

wavelengths, either the bunch length has to be shorter, or the distribution

needs to contain higher frequency components. An example simulated in

Figure 1.4 (inset) is a skewed Gaussian distribution with a steeper rising
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(falling) edge. Simulations show that with a skewed distribution the power at

a wavelength of λ = 0.65 mm can be enhanced by a factor of 104, compared to

λ = 1.1 mm with an unskewed Gaussian distribution. Using Equation 1.4 we

can define λcoh = 2πσz, so that wavelengths longer than λcoh are considered

coherent.

This enhancement of the radiation power is not normally observed in

storage rings due to the shielding effects of the metallic vacuum chamber.

The metallic chamber forms a waveguide-like structure for the emitted elec-

tromagnetic (EM) waves with a defined cut-off wavelength for propagation

within the vacuum chamber [10, 12]. For a rectangular vacuum chamber,

where the width is larger than the height, the cut-off wavelength is given

by [13, 14]

λc ≈ 2b3/2ρ−1/2, (1.5)

where b is the vertical full height of the chamber and ρ is the bending radius of

the dipole magnet. For the ASLS λc = 2(0.032)3/2(7.7)−1/2 = 4.1 mm. This is the

longest wavelength that can be supported and propagated by the vacuum

chamber. This limit is plotted in Figure 1.5 against the dipole radiation
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Figure 1.5: Dipole radiation spectrum calculated with the enhancement
effect shown for the nominal bunch lengths σz = 7 mm, σz = 3.0 mm and
at σz = 0.6 mm. The vacuum chamber threshold (4.1 mm) must be greater
than the response of the detector (0.7 mm). We assume 2 × 109 electrons.

spectrum with CSR enhancement for the nominal bunch length of σz = 7.0
mm, σz = 3.0 mm and for a shorter bunch with σz = 0.6 mm. The chamber

cut-off at 4.1 mm shows why at nominal bunch lengths CSR is not produced.

The response of the detector itself has to be taken into consideration as well.

Although CSR is enhancing the longer wavelengths of the spectrum when

the bunch length is 3.0 mm, the detector cannot measure the enhancement.

To take advantage of the increased intensity of CSR, σz needs to be set such

that λcoh < λc and within the response of the detector.
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As Figure 1.5 shows, the advantage of the increased intensity from CSR in

the Far-Infrared (IR) and microwave spectrum (millimetre waves) is very sig-

nificant. The enhancement in this spectral range will increase the sensitivity

and reduce measurement times for users that exploit radiation in the Far-IR

spectrum.

1.3 Coherent Far-IR Synchrotron Radiation

The use of storage rings as an IR source was greatly influenced by the analysis

of Duncan and Williams [15, 16], who showed that despite similar or larger

photon flux from thermal sources, the small source size and collimated

nature of synchrotron radiation meant that it is a brighter source [17]. Such

a source is ideally suited to applications such as IR micro-spectroscopy for

surface science [17], as well as time resolved experiments that investigate

the properties of superconductors [18]. Experimental stations, commonly

referred to as beamlines, that utilise the IR spectrum are now found at many

third generation light sources [17].

In IR science there is a region of the electromagnetic spectrum between

microwaves and IR (0.1 to 30 THz), that is difficult to generate and is com-

monly referred to as the THz gap. The most common source of radiation

in this spectral range is a Mercury lamp in the form of black body radia-

tion. However, the integrated power in the THz spectrum is of the order of

nanowatts. The generation and application of THz radiation is an active area

of research, finding new applications in materials science and biology [19,20].

There are now various laboratory instruments that exploit THz radiation by

using the technique of THz Time Domain Spectroscopy (THZ-TDS); these

use femtosecond laser pulses to produce ultra-short electromagnetic (EM)

waves on a semiconductor emitter (or crystal) to generate THz radiation [21].

This method is not dissimilar to what is achieved with short electron bunches

in a storage ring, except that the charge density for a storage ring is greater.

THz-TDS techniques can generate an average power in the order of mW

in narrow bandwidths that is tunable from 0.1 to 3.0 THz. There are also

semiconductor based sources, such as GUNN and IMPATT diodes [21], that

can generate radiation with power on the order of mW in a relatively broad

bandwidth up to 1 THz. For high powered sources there are THz Free Elec-

tron Lasers (FELs), such as FELIX and the Electron Recirculation Linac (ERL)

facility at the Jefferson Laboratory [22], which can generate average power

on the order of 100 W [23].

The idea of using electron storage rings as a source of THz radiation was

suggested by Duncan in 1983 [15]. Measurements by Yarwood et al. [24]
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and Schweizer et al. [25] verified that the incoherent radiation in the THz

spectrum at a storage ring light source was superior to the standard Mercury

lamp source used in most laboratories. In 2003 at the Berlin Electron Storage

Synchrotron (BESSY) an improvement in the radiation was achieved by using

short electron bunches in a storage ring to increase the coherence in the

THz spectrum. An average power of 1 mW was detected in the spectral

region spanning 0.3 to 1.6 THz [26]; this represents a factor of 106 more

than the incoherent radiation [27]. The most recent measurement at a light

source came out of the Metrology Light Source (MLS), which demonstrated

that an average power of 60 mW and peak powers of 35 W can be achieved

[28]. Such enhancements with coherent Far-IR radiation were realised by

reconfiguring the parameters of the storage ring to operate with a low alpha,

where the bunch length can be decreased by a factor of 10. By operating with

a low alpha, existing synchrotrons designed for high energy photons, can be

configured to increase the emission of photons in the Far-IR spectrum.

Light sources such as BESSY, ANKA, MLS, Diamond, Soleil and Elettra,

have dedicated time for researchers to use coherent Far-IR synchrotron

radiation. Some of the operating parameters of these light sources are listed

in Appendix A. To produce THz radiation for many users it has been proposed

to build dedicated storage ring sources, such as CIRCLE [29], where 10 W can

be generated in a broadband spectrum spanning 0.1 to 2 THz.

1.4 Low Alpha Operation

The low alpha method refers to minimising the momentum compaction

factor, αc, to reduce bunch lengths. The momentum compaction factor is a

measure of the change in the longitudinal path length (relative to an ideal

particle) as a function of energy deviation from the ideal particle. It is defined

by

αc =
∆L0/L0

∆p/p
, (1.6)

where L0 is the distance travelled by an ideal particle in one revolution of the

storage ring and p is the momentum of the ideal particle. The bunch length

will therefore be a function of the equilibrium energy spread and αc. The

idea of controlling and reducing the electron bunch length was proposed

by Bruck [30] for electron-positron colliders in order to increase the lumi-

nosity7. The application to a storage ring was initially attempted at BESSY

in 1985 [31], and showed the practical application of this technique. A few

years later in 1989 the first observation of CSR from short electron bunches

7Luminosity is a measure of the interaction rate between two colliding beams per unit
cross section (in units of particles/m2s)
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was observed at the Tohoku 300 MeV Linac [32], confirming the principles

described in Section 1.2 in which short electron bunches radiate coherently

with intensities many orders of magnitude greater than the incoherent ra-

diation. Detailed theoretical investigations to understand the dynamics of

low alpha operation in storage rings started in 1991. These studies showed

that it was possible to generate short x-ray pulses for time resolved beam

line experiments (incoherent radiation) and to generate coherent THz ra-

diation [33–35]. In 1993 at the Ultraviolet Synchrotron Orbital Radiation

Facility (UVSOR) and Super-ACO in 1996 [36–38], the Low Alpha technique

was applied to reduce the bunch length and confirm the generation of CSR

in storage rings. Since then many other synchrotron light sources have been

able to generate CSR [26, 39–44], including preliminary work at the ASLS by

this author [45] (see Appendix D).

For the storage ring to be an intense source of radiation, the charge per

electron bunch should be maximised. However, there is an upper limit, as

charge dependent longitudinal instabilities have to be considered. An elec-

tron travelling relativistically within a metallic vacuum chamber will have

electric fields that extend radially outwards towards the chamber wall. This is

accompanied by a ring of mirror charges that travel with the electrons. Due

to the finite resistance of the chamber and changing geometry of the cham-

ber walls, the mirror charges can generate trailing electromagnetic fields

that act back on the electrons. These fields are known as wakefields and

are illustrated in Figure 1.6. The longitudinal component of the wakefields

Figure 1.6: Relativistic electrons will only have radial electric fields, ~E, with
corresponding mirror charges on the chamber wall. As the mirror charges
encounter changes in the longitudinal geometry of the chamber, wakefields
are generated that have an effect on the electron bunch that created them.
In some cases, cavity-like structures are encountered and the resonant
mode of the cavity can be excited leading to long lasting oscillating fields
called trapped modes.

created by an electron can be described by a wake function, W ||(t), measured
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in units of V C−1 s−1, where the convention is t < 0 for particles at the front

of the bunch. The Fourier transform of the wake function in the frequency

domain is called the impedance and is given by Z ||(ω) = F(W ||(t))(ω). Wake-

fields that last longer than the RF period of 2 ns can result in a bunch of

electrons affecting trailing bunches of electrons, leading to coupled bunch

longitudinal motion. If the motion is positively reinforced, sustained cou-

pled motion will give rise to a longitudinal instability. For wakefields that

are short lived, affecting only the electron bunch that created them, single

bunch longitudinal instabilities can arise. In this thesis the focus will be on

the effects of single bunch longitudinal instabilities and how it generates

CSR.

The commonly observed effect of the short range self-interaction is an

elongation of the bunch length with increasing charge, called the potential

well distortion effect (PWD). The equilibrium solution to this non-linear

problem was given by Haissinski in 1973 [46], who showed analytically

how equilibrium distribution is perturbed by the wakefields. As the charge

increases, the wakefields become stronger and eventually a threshold is

reached where no equilibrium solutions are found.

This limit is known as the microwave instability threshold, named for the

microwave signals generated when the threshold is exceeded [47]. First ob-

served in proton synchrotrons, the instability is associated with a rapidly in-

creasing bunch length not attributable to PWD [48]. In electron synchrotrons,

where radiation effects are important, the instability has been observed as

the sawtooth instability [49], where the emission of microwaves occur quasi-

periodically. The threshold at which this instability occurs is usually calcu-

lated from the Boussard criterion for the stability of bunched beams [47]:

Z ||(ω)
n
≤ F′

E0|ηc|γσt
√

2πIbT0
δ2

FWHM, (1.7)

where Z ||(ω)
n is the longitudinal impedance normalised to n = 2π/σtωrev, ωrev

is the revolution frequency, E0 is the electron energy in units of electron

volts (eV), ηc is the phase slip8, γ is the relativistic gamma factor, σt is the

bunch length in units of seconds, δFWHM is the full width at half maximum

of the relative momentum spread, Ib is the total bunch current in ampere,

T0 is the revolution period, and F′ is a form factor determined by the bunch

distribution.

Using Equation 1.7, Boussard showed that knowing the charge distribu-

tion of the electron bunch is critical in determining the instability threshold.

The criterion also shows that with a decreasing bunch length (reduction in

8Defined later in Equation 2.5 as ηc = γ−2 − αc.
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ηc), there is a reduction in the threshold current, Ib, at which the instability

occurs, as the impedance Z ||(ω)
n does not change. Therefore with the short

bunches required to generate CSR, the maximum current in a single bunch

is limited by the instability threshold that is dependent on the environment

of the electron beam. Exceeding the threshold also generates CSR, but in this

scenario the CSR is generated in quasi-periodic bursts. This phenomenon

has been observed at many light sources when operating with high current

short bunches [50–54].

A description of the microwave instability was given by Sacherer in 1977

[55] in terms of longitudinal modes along the charge distribution that are

excited by wakefields. This was used by Oide, Bane, Chao and Mosnier

[56–59] to describe the periodic lengthening and relaxation of the bunch

that results in quasi-periodic bursts of CSR. However, the model requires a

high frequency resonator as a driving force that excites the mode and does

not give a good explanation of what the source might be. Taking a different

approach, Stupokov and Heifets [60] postulated that the instability is driven

by CSR rather than vacuum chamber induced wakefields. This approach

proposes that small random density modulations in the bunch distribution

generate CSR that, like wakefields, is self interacting and modulates the

bunch density to form microbunches. As the microbunches grow so does

the intensity of the CSR, leading to an exponential growth of the instability,

before Landau damping causes the growth to reverse. The analytic model

of Stupakov and Heifets [60] only describes the initial conditions giving

equations for the wavenumber of the fastest growing instability. To model

the non-linear dynamics as the instability grows, the Vlasov-Focker-Planck

(VFP) equation is used [61–63]. In Chapter 4 we present results that support

the VFP simulations in Reference [62].

1.5 Stable and Bursting Emission of CSR

The stable emission of CSR relies on the principles outlined in Section 1.2,

in which the bunch length in the storage ring is reduced to σz ≈ 0.3 mm. To

ensure that the electron bunch is stable, the charge needs to be below the

single bunch instability threshold. When this is achieved the bunch density

spectrum that determines the coherence factor, g(λ), in Equation 1.3 dictates

the spectral range of the coherence. A successful example of this stable mode

was demonstrated at BESSY II [26], where at σz = 1 mm, enhancements of

up to 104 were achieved for wavelengths as short as λ = 0.25 mm (1.2 THz or

40 cm−1). Theoretically a Gaussian distributed bunch of σz = 1 mm should

not show enhancements at wavelengths shorter than λ = 0.50 mm (0.6 THz
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or 20 cm−1). The observed enhancement at shorter wavelengths has been

shown to be the result of the deformation of the Gaussian distribution from

the PWD [64, 65] (see also Figure 1.4). To achieve this, αc needs to be reduced

by a factor of 100 and the control of higher order components in ∆p/p are

required for beam stability. The significant reduction in αc also makes the

storage ring sensitive to perturbations due to various accelerator subsystems,

such as the magnets and RF systems [40, 66]. The challenges of reducing the

bunch lengths in storage rings is discussed in Chapter 2.

When the threshold of the electron beam current for the microwave

instability is exceeded, the emission of CSR occurs in bursts. The bursts are

initially quasi-periodic, eventually becoming stochastic at higher currents

[51,53,67]. To utilise bursts of CSR on a beamline, the longitudinal instability

needs to be characterised and this is the focus of Chapter 3, 4 and 5.

In Chapter 3 we discuss bunch length measurements, which characterise

the wakefield structure of the vacuum chamber for different machine config-

urations. The description of the wakefield will then be used to model the ex-

pected instability threshold and the current dependence of the bursts of CSR.

The bursts are also characterised using the IR beamline’s detectors, showing

the intensity, spectral range and stability of the generated CSR. Chapter 4

relates the observed bursts of CSR with a model, which uses measurements

of the time structure of the bursts and parameters, such as the beam current

and momentum compaction factor. Analysis of the time structure data of the

bursts gives an estimate of which configuration of the storage ring is optimal

for the IR beamline. Chapter 5 presents results of experiments conducted

on the IR beamline, which demonstrate the enhancement of the intensity

at long wavelengths and confirms the stability of operation. The working

configuration is then used to collect high resolution absorption spectra of

N2O as a proof of principle application. Finally, in Chapter 6 a summary of

what has been learnt and future research directions are presented.
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The momentum compaction factor, αc, gives the relationship between the

change in the path length, L0, as a function of the particle’s momentum, p.

The relationship to the bunch length and how higher orders of αc affect the

longitudinal stability will be discussed in Section 2.1. After introducing the

theory relevant to this thesis, Section 2.2 introduces the negative dispersion

technique to control αc for the ASLS lattice. The practical application of

controlling αc is highlighted in Section 2.3, where we show that the successful

reduction in the bunch length has associated problems with the positional

stability of the electron beam.

2.1 Longitudinal Dynamics

The longitudinal dynamics and bunch length in a storage ring are deter-

mined by the interaction of the electrons with the RF fields in a metallic

cavity structure. The effective cavity voltage experienced by an electron is

defined by1

V = V0 sin(ψ) = V0 sin(ω0t − k0s), (2.1)

where V0 is the peak cavity voltage, ψ is the phase in the frequency cycle, ω0

is the RF frequency and k0 is the RF wavenumber. The change in the energy

of the particle, E, is then given by

∆E = qV(ψ) − U(E), (2.2)

where U(E) is the energy lost by the particle to synchrotron radiation and

q is the electron charge. In a storage ring the energy imparted by the RF

system equals the energy lost to synchrotron radiation. Therefore ∆E0 = 0
and qV(ψs) = U0 for particles with the ideal energy E0. The phase at which

1The definition ψ = ω0t − k0 s is used rather than ψ = k0 s − ω0t. This maintains the
conventional definition of Equation 2.3.

15
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this occurs is called the synchronous phase. There are two definitions of the

synchronous phase given by:

ψs = π − sin−1(U0/qV0) for ηc < 0 (2.3)

ψs = sin−1(U0/qV0) for ηc > 0, (2.4)

where ηc is called the phase slip and is defined as

ηc = γ−2 − αc, (2.5)

where γ is the relativistic gamma factor and αc is the momentum compaction

factor. During normal operation of the ASLS storage ring, ηc < 0, and is

constrained by the requirement that ηcq[d V/ dψ]ψs > 0. The phase slip can

also be expressed as the change in the revolution period as a function of

energy, so that:
∆T0

T0
= ηc

∆p
p
, (2.6)

where T0 is the revolution period.

Electrons with the ideal energy will be at a constant phase at every revo-

lution period T0; therefore the time derivative ψ̇s = 0. To study the evolution

of ψ about ψs for small changes in particle momentum, ∆p, a variation of the

phase term in Equation 2.1 is used, i.e.,

∆(ψ̇s) = −∆ (kcβ − ω)

= −ck
∂β

∂p
∆p − cβ

∂k
∂p

∆p, (2.7)

where β = v/c and ω do not change with time. The momentum defined as

p = mcβγ can be rearranged to give2

∂β

∂p
=

β

pγ2 , (2.8)

and the equation k = 2πh/L0 can be rearranged to give

∂k
∂p

=
∂k
∂L0

∂L0

∂p
= −

k
L0

∂L0

∂p
, (2.9)

where h is the harmonic number and L0 is the storage ring circumference.

Equations 2.8 and 2.9 can be used to simplify Equation 2.7, i.e.,

∆(ψ̇s) = −
ckβ
γ2

∆p
p

+ ckβ
p ∂L0

L0 ∂p
∆p
p

= −ckβ
(
γ−2 − αc

) ∆p
p

= −ckβηc
∆p
p
. (2.10)

2The derivative dp/dβ = mcγ3 = pγ2/β.
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Equation 2.10 exhibits the phase focusing effect that ensures that particles

with the same energy arrive in phase after travelling a distance L0. Differenti-

ating Equation 2.10 with respect to time and assuming that β, k and p change

slowly with time, compared to the change in ψ, we arrive at the following

approximation:

ψ̈s + ckβηc
d
d t

∆p
p

= 0. (2.11)

Equation 2.11 gives the equation of motion of the synchronous phase ψs in

terms of the change in the electron beam momentum, p.

To recast Equation 2.11 in terms of V and U0, the change in the energy

with time is determined by differentiating Equation 2.2 with respect to time

giving:

d
d t

∆E(ψ) =
1

T0

[
qV(ψ) − U(E)

]
≈

1
T0

[
qV(ψs) + q

d V
dψ

∣∣∣∣∣
ψs

(ψ − ψs) − U(E0) −
d U
d E

∣∣∣∣∣
E0

∆E
]

≈
1

T0

[
q

d V
dψ

∣∣∣∣∣
ψs

(ψ − ψs) −
d U
d E

∣∣∣∣∣
E0

∆E
]
, (2.12)

where a first order Taylor expansion about the synchronous phase, ψs, is ap-

plied and the condition qV(ψs)+U(E0) = 0 is used. The smallest relevant time

interval for the ideal particle is one revolution period, T0, as the observation

point is at one point in the storage ring. Using ∆E = βc∆p and Equation 2.10,

Equation 2.12 can be rearranged to give:

d
d t

∆p
p

=
1

T0βc

(
q
p

d V
dψ

∣∣∣∣∣
ψs

φ +
1

kηc

d U
d E

∣∣∣∣∣
E0

φ̇

)
, (2.13)

where φ = ψ − ψs and φ̇ = ψ̇. Substituting Equation 2.13 into Equation 2.11

gives

φ̈ +
βckηcq
E0T0

d V
dψ

∣∣∣∣∣
ψs

φ +
1

T0

d U
d E

∣∣∣∣∣
E0

φ̇ = 0. (2.14)

Equation 2.14 describes damped harmonic oscillations generated by small

energy perturbations in the longitudinal direction. The characteristic fre-

quency, known as the synchrotron frequency Ω, is given by:

Ω2 =
βckηcq
E0T0

d V
dψ

∣∣∣∣∣
ψs

. (2.15)

The damping term in Equation 2.14 is governed by dU/dE. This term is

dominated by the longitudinal damping introduced as a consequence of

synchrotron radiation. At the ASLS the radiation damping rate is 340 Hz.

The remainder of this section will principally be concerned with Ω and the

effect of radiation damping will be revisited in Section 4.3 when analysing
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the measured growth rates of the single bunch instabilities that lead to bursts

of CSR.

The equations of motion discussed above refer to a single particle. How-

ever in a storage ring the electrons are grouped in discrete bunches. Within

each bunch there is a Gaussian distributed energy spread due to the sta-

tistical nature of the emission of synchrotron radiation from the electrons.

There are analytic equations that can be used to calculate the equilibrium

energy spread, σE = σE(ρ, θ, ηx,y, E0), where ηx,y(s) is the transverse dispersion

function, θ(s) is the local bending angle (angular kick) and ρ is the bending

radius. For a derivation of σE refer to Reference [68]. The one sigma bunch

length (in units of time) is defined as

σt =
|ηc|

Ω

(
σE

E0

)
= Ω

T0E0

ωq d V/ dψ

(
σE

E0

)
, (2.16)

where σE/E0 is the relative equilibrium energy spread. The right hand side

of Equation 2.16 shows a linear relationship between the bunch length and

the synchrotron frequency. This is useful as Ω is easy to measure and can be

used to determine the equilibrium bunch length. Another useful relationship

obtained by combining Equations 2.15 and 2.16 is

σt =

√
T0ηcE0

βωq d V/ dψ
. (2.17)

Since σt ∝
√
ηc, a reduction of σt by a factor of 10 requires a reduction of ηc

by 100.

With the bunch length defined by Equations 2.16 and 2.17, σt can be

reduced in a number of ways; namely, by increasing the voltage gradient in

the cavities d V/ dψ, decreasingσE , decreasing E0 or decreasing ηc. Increasing

d V/ dψ requires increasing V0 and the power delivered by the RF system.

Unless designed to do so, significant increases in the output power above

what is required during normal operation is not possible. Decreasing σE

by a significant amount is also generally not possible for a fixed E0, as σE

is dominated by the ratio θ/ρ, which is defined by the number and length

of the dipole magnets. A change in σE would require redesigning the entire

lattice, therefore σE is a constant. The two available options are to decrease

E0 or decrease ηc. An analysis of Equation 2.16 shows that σt ∝ E3/2
0 , thus

decreasing E0 by by a factor of 0.5 reduces the bunch length by a factor of

0.35 for the same peak cavity voltage. To get a factor of 10 reduction in bunch

length requires the beam energy to drop by a factor of 0.2, i.e., from 3 GeV to

600 MeV.

Although reducing the energy to 600 MeV for low alpha studies is techni-

cally possible on the ASLS storage ring, it was not investigated. A conscious
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choice was made to focus efforts on understanding how to utilise the bursts

from instabilities as this is an area that is not well understood. If bursts of

CSR can be utilised, then the enhancement can exceed what is achievable

through stable emission. As discussed in Chapter 4, this method of operation

will require regular re-injections to maintain the beam current. At present

the ASLS injector provides electrons at 3 GeV, where any adjustment to inject

at energies less than 3 GeV has not been successful to date. Therefore we

chose to investigate the generation of CSR through single bunch instabilities

at 3 GeV. In Chapter 6 we will discuss how a lower energy ring can be used.

The second method of reducing the bunch length is to reduce ηc by

manipulating the αc parameter. To be able to manipulate αc requires a

better understanding of the origin and dependence of αc on the storage

ring magnets. In Equation 1.6, αc is defined as linear in ∆p/p. The higher

order dependence of αc on the momentum can be described by expanding

Equation 1.6 to higher orders [69], giving

∆L
L0

= ξ + α0δ + α1δ
2 + O(δ3), (2.18)

where δ = ∆p/p; the momentum independent term, ξ, is defined as

ξ =
1
4

(
εx〈γx〉 + εy〈γy〉 + εx

〈
κ2βx

〉)
+

1
2

(〈
x′2co

〉
+

〈
y′2co

〉
+

〈
κ2x2

co

〉)
, (2.19)

where εx,y is the horizontal and vertical equilibrium emittance, γx,y is the

betatron gamma function defined as γx,y(s) = [1 + α2
x,y(s)]/βx,y(s), where

αx,y(s) = −β′x,y(s)/2, κ = 1/ρ is the horizontal bending curvature, βx,y are

the betatron functions and xco/yco are the transverse positions relative to

the ideal path. The primes denote derivatives with respect to s. Due to the

emission of synchrotron radiation there is a non-zero equilibrium distri-

bution of position and momenta for the electrons in a bunch. Depending

on the lattice, these particles will have a path length that is longer than L0.

This is encapsulated in the first half of Equation 2.19. The second half deals

with magnet misalignments and field errors in the magnets, which cause the

equilibrium orbit of the centre of mass of the bunch of particles to take a

path different to the ideal orbit. The momentum dependent contributions

to Equation 2.18 are defined as:

α0 =
∮
κη0ds = 〈κη0〉 , (2.20)

α1 =
∮
κη1 + 1

2κ
2η2

0 + 1
2η
′
0ds = 〈κη1〉 +

1
2

〈
κ2η2

0

〉
+

1
2

〈
η′20

〉
, (2.21)

where η = ηx is the horizontal dispersion function. The dispersion function

is defined such that the horizontal position, x, of an individual particle is

given by

x = xco + xβ + η0δ + η1δ
2, (2.22)
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where xco is the horizontal closed orbit position of the particle around the

storage ring and xβ is the betatron oscillation (perturbation to the horizon-

tal orbit about xco). The vertical dispersion is considered to be negligible

because dispersion is predominately in the horizontal plane in which the

electron beam is deflected to form a circular path. Vertical dispersion is only

generated through misalignments introducing deflections in the vertical

direction or transverse coupling, where horizontal dispersion is coupled into

the vertical plane from rotated quadrupole magnets. These are less than 1%
of the horizontal dispersion at the ASLS.

The manipulation of α0 and α1 is achieved through changing the dis-

persion function η and its non-linear components. To second order, the

dispersion function is determined by the differential equations:

η′′0 + (κ + k) η0 = + κ (2.23)

η′′1 + (κ + k) η1 = − κ −
1
2

mη2
0 +

(
κ3 + 2κk

)
η2

0 +
1
2
κη′20

+ κ′η0η
′
0 +

(
2κ2 + k

)
η0, (2.24)

where k is the quadrupole magnet strength and m is the sextupole magnet

strength. In general an analytic solution is not possible due to the discrete na-

ture of the magnets and the dependence on s (i.e., κ = κ(s), k = k(s), m = m(s)).

Nonetheless Equations 2.20 to 2.24 show that α0 is dependent on η0, which

is determined by the dipole (κ) and quadrupole (k) magnets. α1 is dependent

on both η0 and η1, which is determined by the dipole, quadrupole and sex-

tupole (m) magnets. Given the dipole contribution is fixed, the change in α0

will come from changing quadrupoles, while α1 will come from changing

sextupoles.

To understand the importance of α0 and α1 on the stability of the system,

the Hamiltonian that describes the longitudinal dynamics is evaluated. The

Hamiltonian is given by,

H(φ, δ) = −
Ω2

cos(ψs)
(cos(ψs + φ) − cos(ψs) + φ sin(ψs))

− ω
(
ηc

2
δ2 − ξδ −

α1

3
δ3

)
, (2.25)

where the conjugate pairs are (φ, δ) and the phase slip has been re-defined

as ηc = 1/γ2 − α0. Figure 2.1 shows a plot of the solution to Equation 2.25 for

small values of ηc. The stable fixed points are at cusps while the unstable

fixed points are at saddle points. The δ fixed points correspond to solutions

satisfying ψ̇ = ∂H
∂δ = 0, i.e.,

δ f p =
ηc ±

√
η2

c − 4ξα1

2α1
≈

ηc

2α1
∓

(
ηc

2α1
−
ξ

ηc

)
, (2.26)
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Figure 2.1: Phase space of the system described by the Hamiltonian in
Equation 2.25 showing the fixed points for ξ = 1.5× 10−6, α1 = 2.9× 10−3 and
α0 = 2.11 × 10−3 (a) and for α0 = 2.11 × 10−4 (b). The upper horizontal line
in the bottom plot corresponds to the negative solution of Equation 2.26,
while the lower horizontal line is the positive solution. The vertical lines
are the two fixed points at π − ψs and 3π − ψs. The colour scale represents
the total energy of the system, H(φ, δ), and has been kept the same in the
two plots and shows a steep local minimum indicating strong longitudinal
focusing in (a), compared to a smaller momentum compaction factor in
(b).

where the approximation on the right is valid for ηc < 0. The momentum

acceptance can be defined as the separation between the stable and unstable

fixed points at π − ψs and is approximated by ηc/α1 − 2ξ/ηc . In general the

value of ξ does not change by very much. Therefore to reduce the bunch

length via ηc, α1 must be changed to maintain the momentum acceptance in

the storage ring. This is essential to maximise the lifetime of the electrons in
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the storage ring and to maintain efficiency when adding electrons to the ring

from the injection system. Figure 2.1 shows the contours indicating the total

energy of the system given by the Hamiltonian, H(φ, δ), for constant α1. In

general, for constant α1, longer bunches and larger values of ηc have a larger

momentum acceptance compared to shorter bunches and smaller values

of ηc. Figure 2.1 also shows a shift in the equilibrium energy due to a finite

value of ξ and a decreasing α0.

To determine how α1 can be be controlled, Equation 2.26 is rewritten,

thereby allowing the momentum acceptance to be plotted, i.e., the difference

in the two δ f p, as shown in Figure 2.2. The horizontal axis shows the reduc-

tion factor relative to ηc = −2.11 × 10−3 during normal operations at the ASLS.

It is reasonable to assume that ξ from Equation 2.19 is mainly determined by

the horizontal emittance, εx, if the closed orbit components are between 10−5

to 10−6 and the emittance coupling3 is < 10%. For a reduction by a factor of 3

and 100, εx = 100 nm rad and εx = 190 nm rad, respectively. Using εx = 100,

ξ ≈ εx 〈γx〉 ≈ 100× 10−9 × 3 ≈ 10−7 has been used to calculate the values of α0,1

required to keep a reasonable energy acceptance of ∆δ f p ≈ 2%.

In Section 1.2 we noted that to have a significant enhancement in the far-

IR spectrum the bunch length needs to decrease by a factor of 10 relative to

the nominal operating regime. From Equation 2.17 this implies a reduction

of ηc by a factor of 100. Figure 2.2 shows that α1 would need to be reduced to

a value < 0.7 × 10−3 in order to maintain a modest aperture of 2%.

The longitudinal dynamics and the stable fixed points have been pre-

viously examined in References [33, 34, 70] as a function of decreasing ηc .

The change in dynamics with decreasing ηc is referred to as a change from

the RF bucket to the alpha bucket regime. This regime is so named due to

the distinct alpha-like pattern of the phase space plots. The existence of the

two stable fixed points (alpha buckets) was first shown experimentally at the

National Synchrotron Light Source (NSLS) [71]. Consequently it is possible

to double the number of bunches in the storage ring with energies separated

by ηc/α1 and (π − 2φs)/ω. A potential application of doubling the number of

bunches is the simultaneous generation of “two-colour” photons through a

single undulator from electrons with two different energies. Another poten-

tial application is to double the number of bunches in a collider to increase

the luminosity. However, Heifets [72] showed that the low current thresholds

for instabilities, such as the head-tail and sawtooth instability, was too severe

a limitation for practical use in colliders and light sources.

In this section we have discussed the longitudinal dynamics of the storage

3For a horizontally planar storage ring with negligible vertical dispersion, the vertical
emittance, εy, is determined by the horizontal emittance coupled into the vertical plane, i.e.,
εy = cemittεx.
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Figure 2.2: Constraints on α1 to maintain different momentum apertures,
∆δ f p, for a given ξ = 1 × 10−7. Where the momentum aperture is zero (white
areas) there are no solutions and this is an unstable operating point. The
horizontal axis shows the reduction factor (relative to ηc = −2.11 × 10−3).

ring and have shown that the bunch length can be controlled by manipu-

lating α0 though quadrupole magnets. The momentum acceptance can be

controlled by manipulating α1 using sextupole magnets. In the next section

we outline a method for controlling α0 and α1 at the nominal ASLS beam

energy of 3 GeV.

2.2 Negative Dispersion Method of Reducing α0

The ASLS storage ring has three families of quadrupoles to control the two

transverse tunes, νx and νy, and the dispersion, ηx. As noted in the previous

section α0 =
∮
κηx(s)ds and to minimise α0 for a fixed value of the dipole

strength, κ, the integral of ηx(s) in the dipole should approach zero. For a

Chasman-Green type lattice one method of reducing α0 is to have a negative

dispersion in one half of the dipole and positive dispersion in the second

half of the dipole. The dispersion function which minimises α0 is shown in

Figure 2.3. This is called the negative dispersion approach.

There are two complications that result from this method. The first is

that the large absolute amplitude of the dispersion results in an increased

sensitivity to energy or path length changes. From the definitions in Equa-

tions 2.18 and 2.22, the change in the horizontal position to first order is

given by ∆x =
ηx∆L
α0L , where one can consider ∆L/L as a perturbation term.

As a consequence the beam stability, ∆x, decreases for the same degree of

perturbation as ηx gets larger and α0 approaches zero. The second issue is the
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Figure 2.3: One double-bend cell of which there are 14 that make up the
storage ring. The elements plotted below the figure are the two dipoles
(yellow long rectangles), quadrupoles (red short rectangles), sextupoles
(green pentagons), BPMs (crosses) and correctors (vertical blue lines). The
standard lattice for user operation (a) and an intermediate low-α lattice for
these studies (b) is shown. This method of controlling α0 ensures that the
dispersion integral for the dipole magnet approaches zero.

increased horizontal emittance driven by the larger absolute amplitude of

the dispersion function at the dipole. The increased horizontal emittance re-

sults in larger horizontal source sizes and decreased brilliance of the source.

Unfortunately the reduction in the beam stability and brilliance directly

affects the quality of the measurements for users who require short x-ray

pulses for time resolved experiments. Users operating in the Far-IR spectrum

are less sensitive to changes in the transverse emittance.

An alternative to using negative dispersion is employed at the Diamond

light source. This alternative method reduces the momentum compaction

factor while maintaining an equivalent emittance, which results in a lattice

that is less sensitive to perturbations [44]. The method takes advantage

of conditions where the integral of the dispersion parameter is zero, with

small values of ηx. These conditions are shown Figure 2.4, where the initial

conditions are such that ηx > 0 and importantly η′x < 0. The results were

calculated by propagating the dispersion function through a model of the

ASLS dipole4. In the current arrangement of the magnets with a single strong

focusing quadrupole downstream of the dipole, these conditions do not

seem possible. A minimisation routine was used to find combinations of

4The simulation software used is the Accelerator Toolbox developed in the Matlab en-
vironment [73]. This utilises a Forrest-Ruth 4th order symplectic integrator to track the
trajectory of particles with a given model [74].
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Figure 2.4: Different values of ηx and η′x (prime denotes the derivative along
s), was tracked through a model of the ASLS dipole. The left figure shows a
surface plot of

∮
κηx(s)ds, with the black line indicating where the integral is

zero. The right plot shows a typical evolution of the dispersion function for
which the integral is zero.

strengths of the quadrupoles that minimise the dispersion and emittance

at the same time. Under the conditions that only the magnetic strengths

are parameters, no solutions were found. If other parameters, such as the

location and type of quadrupole magnets were included it might be possible

to find a solution for the ASLS lattice in which a low emittance is maintained.

These additional parameters were not considered, since it was not possible

to implement this approach due to operational constraints at the ASLS. This

strategy will be discussed further in Chapter 6.

In the absence of a low emittance, low alpha lattice, the negative disper-

sion method was used to reduced αc. The configuration has been modelled

and the parameters are shown in Table 2.1. A plot of the lattice function is

shown in Figure 2.3. From here onwards, ηx, shall refer to the value of the

dispersion function at the centre of the straight sections on either side of the

group of magnets that form a sector.

The control and calibration of the storage ring’s dispersion parameter

were carried out in two steps. The first step uses a storage ring simulation

to predict the changes to the strengths of the quadrupole and sextupole

magnets to modify the dispersion while maintaining the transverse tunes

and chromaticity. The second step is the standardisation of the magnets at a

given dispersion so that it is possible to return to that particular operating

parameter repeatably.

In the first step, the strengths of the quadrupoles and sextupoles were

calculated using an ideal model and are shown in Figure 2.5. These strengths

keep the tunes and chromaticity constant while changing the dispersion to
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Table 2.1: Lattice parameters for two configurations, with ηx = 0.1 m and
ηx = −0.75 m, showing a moderate decrease in the bunch length. The
parameters for half the nominal beam energy is also shown to highlight the
reduction in bunch length when the energy is decreased.

Parameter ηx = 0.1 m ηx = −0.75 m ηx = −0.75 m
E0 3.0134 GeV 1.5067 GeV
f 499.66859 MHz

V0 3 MV
h 360

νx/νy 13.29 / 5.216
U(E0) 908 keV 57 keV
δE0 1.02 × 10−3 0.94 × 10−3 0.47 × 10−3

εx 10.3 nm 141.5 nm 35.4 nm
α0 2.11 × 10−3 0.468 × 10−3 0.476 × 10−3

fs 14.86 kHz 7.058 kHz 10.223 kHz
σt,z 23.0 ps / 6.9 mm 10.1 ps / 3.0 mm 3.5 ps / 1.0 mm

reduce α0. The tunes are defined as:

νx,y =
1

2π

∮
1

βx,y(s)
ds, (2.27)

where the chromaticity is given by ξx,y = ∆νx,y/δ. These changes were applied

as relative changes to the currents driving the magnets assuming that a

fractional change in the current equates to the same fractional change in the

magnetic field. This is generally true in the linear region of the B-H curve that

describes the relationship between the magnetic field and magnetisation

force from the current coils. However, one of the families (QFA) just starts to

saturate and is no longer in the linear region of the B-H curve. Following the

above predictions and scaling the currents in the magnets resulted in tune

and chromaticity shifts that made the stored beam unstable. The correction

of the tunes uses a tune-dispersion response Jacobian, where the two tunes

and dispersion are the observables and the three quadrupole families are

the parameters. The Jacobian is given by
[
∂Ti
∂kmag

i

]
, where T = [νx, νy, ηx] and

kmag = [kQFA, kQDA, kQFB] 5. For the ASLS this is a square and invertible matrix,

which is used to control the two tunes and ηx. Although a tune-dispersion

response can be measured, in practice, a simulation derived response is

sufficiently accurate.

Changing the dispersion also affects the chromaticity, ξx,y, defined as:

ξx,y = ±
1

4π

∮
βx,y(s) (m(s)ηx(s) − k(s)) ds, (2.28)

5“QFA”, “QDA” and “QFB” are three unique families (groups) of quadrupoles in the storage
ring at the ASLS.
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Figure 2.5: The predicted change in the quadrupoles and sextupoles
needed to change ηx and reduce the bunch length while keeping the chro-
maticity at 1.4 (Horizontal) and 6.3 (Vertical). The SFA and SDA families
were kept at a strength of mS FA=15.6 m−3 and mS FA=-16.6 m−3, respectively.
The SFB and SDB families are used to control the chromaticity. The maxi-
mum predicted increases were 4% in the quadrupoles and around 40% for
the sextupoles.

where m(s) is the strength of the sextupole magnet and k(s) the strength of the

quadrupole magnet6; the positive value is used for x and the negative value

for y. Control of the chromaticity is also important in maintaining beam

stability in storage rings [75]. The control of the chromaticity is achieved

by using a model to predict the settings required for the sextupoles. Verifi-

cation of these settings is determined through direct measurements of the

chromaticity.

After scaling the quadrupoles to a desired value of ηx, it is necessary to

standardise the configuration so that each time it is reinstated the lattice

functions are known. In this step the standardisation of the storage ring is

done using the Linear Optics from Closed Orbits (LOCO) method [76]. The

6Magnet strengths are defined as k = 1
Bρ

d
dx By [m−2] and m = 1

Bρ
1
2!

d2

dx2 By [m−3], where

Bρ = 3.3356 × 10−9
√

E2
0 − E2

e [Tm] is called the beam rigidity constant and Ee is the rest mass

of the electron in eV.
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LOCO method assumes that a measured orbit response matrix7 can be used

to create a model that reflects the linear properties of the actual storage

ring. In the first step, where families of magnets were adjusted equally as a

group, small differences in the strengths of the individual magnets result in

a small deviation away from the ideal and breaks the 14-fold symmetry of

the lattice design. LOCO is used to calibrate a model to the actual machine

using measured orbit response matrices, so that the lattice functions can be

extracted and corrections can be calculated to bring the machine closer to

the ideal lattice design.

The standardised lower α configuration is used as a known configuration

point from which the quadrupoles can be further scaled to change σt. In

the following sections we will focus on the observations made of the bunch

length as ηx is decreased and highlight issues with orbit stability as σt is

reduced by a factor of 10.

2.3 Results of Low-α Studies at 3.0 GeV

The predicted quadrupole and sextupole strengths shown in Figure 2.5 were

used to reduce the bunch length for a beam energy of 3 GeV, while keeping

the tunes and chromaticity constant. During the experiment the tunes,

chromaticity, synchrotron tune ( fs) and bunch length (σt) were measured.

It was observed that despite the predictions of the simulations, the tunes

would drift as the quadrupoles were changed to reduce the bunch length.

Small corrections were made whenever the tunes deviated more than 0.02

from νx = 0.29 and νy = 0.216. The measurements of fs and σt in Figure 2.6(a)

show reasonable agreement with simulations. The change in the gradient

below ηx = −0.9 m occurs because the momentum compaction factor has

crossed zero and adopts a negative value.

The measured bunch length in Figure 2.6(b) is slightly longer when com-

pared with the bunch length derived from the model. This is expected be-

cause the model does not include any charge dependent effects that elongate

(or compresses) the bunch length. The bunch length with charge dependent

effects removed is often referred to as the zero current bunch length. The fac-

tors that cause a longer bunch length to be measured are chromatic effects

in the input optics of the streak camera [77], charge dependent effects, such

as the potential wall distortion (PWD) [37, 78], and single bunch instabilities.

The details on how the bunch length is measured and the factors that affect

it will be discussed in Chapter 3.

7An orbit response matrix is a Jacobian matrix of the closed orbit (at the beam position
monitors around the storage ring) as a function of the strength of the individual steering
magnets.
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Figure 2.6: The measured synchrotron frequency, fs, and bunch length,
σt, is compared to model predictions. In (a) there is reasonable agreement
between the measurements and the model predictions. In (b) the zero
current bunch length from the model includes an offset of 1.6 ps to account
for chromatic effects in the optics of the streak camera.

Measurements showns that at longer bunch lengths there is a linear

relationship between σt and fs, as implied by Equation 2.16. The model

predicted gradient was 1.55 ps/kHz, while the measured gradient for bunch

lengths greater than 12 ps was 1.64 ps/kHz. The difference of 6% is sig-

nificiant, but the origin of this discrepancy is unclear. It was intended to

conduct a more careful study with lower charge per bunch to minimise

current dependent distortions; however, the streak camera used for bunch

length measurements failed and this measurement could not be repeated.

For shorter bunches the relationship is no longer linear and current depen-

dent bunch lengthening starts to occur.

Although the true bunch length is current dependent, fs can be used
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to determine the zero current bunch length, provided certain parameters

are known. When scaling the quadrupoles to manipulate α0, a calibration

cycle using LOCO is usually required to determine the true dispersion of

the machine and hence the true value of α0. However, as suggested by

Equation 2.15 an alternative to determining α0 is possible by noting that

fs is proportional to 1/E0, U0, V and α0. Knowing E0, U0 and V then gives

a direct relation between fs and α0. The energy loss, U0, can be calculated

from the simulation of the storage ring, and to a good approximation is fs ∝

U1/4
0 . E0 and V can be measured from the nominal operating configuration,

where ηx has been calibrated using LOCO to be 0.1 m. Using the nominal

configuration, the measurements gave fs = 14.848 kHz, E0 = 3.0134 GeV and

α0 = 2.11 × 10−3 (the latter two measurements were made implementing the

spin depolarisation method at the ASLS [79]). This gives an effective cavity

voltage of V = 2.9937 MV that is applied to the electron beam. When scaling

the quadrupoles to manipulate α0, the values of E0, U0 and V do not change

and therefore fs can be used as a measure of α0 in the storage ring.

As the bunch length is reduced to <10 ps the position stability decreased

and oscillations in the horizontal closed orbit of greater than 350 µm were

observed at the smallest bunch lengths. The use of synchrotron radiation for

Far-IR spectroscopy requires a source with a constant intensity for periods

of up to 20 minutes for high resolution scans. Therefore an investigation was

conducted into the source of the perturbation on the beam orbit.

2.3.1 Beam Orbit Stability

Decreasing the momentum compaction factor increases the sensitivity to

perturbations in the accelerator system [66]. With a smaller momentum

compaction factor, changes in the path length give rise to changes in the

relative momentum, δ. The perturbations that change the path length can

come from magnetic fields or modulations in the RF frequency or phase.

Such changes in the momentum translate into transverse motion due to the

horizontal dispersion function, ηx(s) (the vertical plane dispersion, ηy(s), is

only a few percent of the horizontal component).

This effect was clearly observed at fs = 1.2 ± 0.3 kHz corresponding to

α0 = 1.8 × 10−5, or a factor 117 smaller than the nominal value. At this

bunch length, large peak-to-peak oscillations in the horizontal closed orbit

were observed with the BPMs. These orbit deviations occur with a 50 Hz

period as shown in Figure 2.7. The horizontal dispersion function is evident

in the observed orbit deviation in the storage ring. This suggests that this

perturbation is causing the energy of the beam to oscillate at a frequency of

50 Hz (mains frequency). At α0 = 1.8×10−5, a 1 Hz change in the RF frequency
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(b) Temporal Mode
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Figure 2.7: The beam position is sampled at 21 kHz at every location where
there are BPMs in the storage ring. 3000 samples of the beam position from
all the BPMs are used to create a 2D matrix. The principal eigenvectors of
the 2D matrix is calculated using Singular Value Decomposition. (a) The
dominant pattern (eigenvector along the BPM direction of the matrix) cre-
ated by the oscillating beam around the storage ring. This pattern matches
the dispersion orbit of the beam when there is a deviation in energy. (b)
The dominant temporal mode (eigenvector along the temporal direction of
the matrix) about which the pattern in (a) oscillates.

will cause a change in the horizontal orbit of 196 µm according to

∆x = ηx
∆ f
ηc fr f

. (2.29)

Therefore a measured peak-to-peak horizontal orbit deviation of 350 µm

gives a possible peak-to-peak RF frequency change of 1.8 Hz at a rate of 50 Hz.

This corresponds to a fractional energy change of δE = (∆ f / f )/α0 = 2.0× 10−4.

Changes to the beam energy can arise from changes in the path length due

to increasing or decreasing integrated vertical magnetic fields. Numerous

measurements were made of the dipole power supply, which showed that the
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maximum ripple in the current is < 10−4; this is well below what is required

to give the observed modulations.

Investigation into sources of the perturbation considered the RF system.

A schematic of the layout of the RF system is shown in Figure 2.8. In Figure

Figure 2.8: Distribution and generation of the RF power that is used to
restore the energy lost as synchrotron radiation. The Master Oscillator
is a stable signal generator, which is used as the reference input for the
Klystrons, i.e., fRF . The beam position monitors (BPMs) are circular pick-
ups while the striplines are 150 mm long copper strips that have a higher
coupling with the beam and therefore generate stronger signals compared
to the BPMs. PLL denotes the phase lock loop.

2.9 the top two traces show the spectral components taken from BPM data

in the horizontal plane for two operational modes. The low alpha mode

at fs = 5.2 kHz shows the beam motion with many different frequencies,

which correlate with BPM and stripline measurements taken during normal

operation at fs = 14.8 kHz. The measurements in Figure 2.9 indicate that

the noise on the beam is present during normal operation. Transitioning

to low alpha makes the noise more pronounced on the electron beam. A

clear correlation is observed when the spectra from the BPMs and stripline

(top three traces in Figure 2.9) are compared with the spectrum from voltage

probes in the RF cavities (bottom red line in Figure 2.9). This indicates the RF

system makes a significant contribution to the noise observed on the beam.

Further investigation showed that an amplifier between the Klystrons

and the master oscillator is the source of the noise. The measured spurious

frequencies from the pre-amplifier is evident as side-bands on the RF fre-

quency at a level of -85 dBc8. A test of two different amplifier units showed

sidebands at slightly different frequencies, but at approximately the same

8dBc is a scale relative to the amplitude of the centre frequency measured in dB. The
EMPower 25W pre-amplifier with spurious sidebands at -85 dBc is within its specification
(less than -70 dBc). Working in collaboration with the engineers it was possible to reduce these
sidebands to a level below the noise floor of < 95 dBc. This modification was implemented
after the experiments reported in this thesis.
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Figure 2.9: At smaller values of α0 many peaks are observed in the spectrum
which arise from noise in the RF system. A comparison with measurements
made during normal operations ( fs = 14.8 kHz) shows similar spectral
components in the beam motion. The components were observed on
the stripline BPMs both at the RF harmonic of 500 MHz and at the first
revolution sideband. The measurement of the RF cavity voltage also exhibits
similar spectral components.

amplitude. Changing the amplifier is still an option if shifting the sidebands

is necessary; however, since the pre-amplifier is a critical sub-system for the

facility, careful testing is required before replacing it.

The spectrum from the cavity voltage measurements indicates that the

RF system itself also contributed to the noise. Again most of the spurious

frequencies have values less than -70 dBc, with the exception at 100 Hz,

which has an amplitude of -55 dBc. Identifying the actual element in the

RF system that generates the noise is non-trivial and was considered to

be an unacceptably high risk to normal operations at the ASLS. However,

the information gathered here has clarified the sources of noise previously

observed at the ASLS.

After removing the spectral components generated by the RF system

from the spectrum measured with the stripline and BPMs, the 50 Hz and 300

Hz frequencies are still unaccounted for. The 50 Hz noise is likely caused

by stray electromagnetic fields from circulating currents in the metallic

elements in the storage ring. Investigations by colleagues at the ASLS now

leads us to conjecture that the source of the 50 Hz noise is a 16 kV 3-phase

AC mains feed that is used by the RF system and dipole power supply. These
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cables run along trays on the roof of the storage ring tunnel and are not

shielded. Measurements show that the cable trays are coupling to the AC

lines and generate 50 Hz currents as high as 9 A. These currents may also flow

along much of the metallic structures in the storage ring tunnel generating

electromagnetic fields that perturb the beam. The source of the 300 Hz,

which is a couple of orders of magnitude smaller than the 50 Hz, is most

likely due to the power supplies themselves. Trials are ongoing to manage the

50 Hz noise; however, at the time of writing of this thesis this is unresolved.

Our investigation has highlighted many sources of noise and in the case

of the 50 Hz component there is little that can be done, apart from imple-

menting a feedback system to actively correct the orbit. It was fortunate

that later experiments with the IR beamline showed that as long as the fre-

quencies are well defined and fixed, the noise it introduces in the data can

be managed. Ultimately to improve the global stability, an orbit feedback

system is required. Such a system is currently being designed at the ASLS by

the author; however, this is not the focus of the current thesis and is yet to be

completed.

As discussed previously, controlling α1 is as important as controlling α0.

Under certain conditions, involving large α1 values, synchrotron oscillations

on the order of millimetres are observed. As shall be shown in Chapter 4

these large oscillations are a result of longitudinal head-tail instabilities. The

measurement and control of α0,1 is discussed in the following section.

2.3.2 Measuring α0 and α1

It has been shown in the previous section that maintaining the momentum

acceptance9 in the storage ring requires the control of α1 when α0 is reduced.

If the momentum acceptance is not maintained, the lifetime10 of the electron

beam in the storage ring decreases. Upon rearranging Equation 2.16 and

substituting η2
c = α2

0 + 4α1
∆L
L and ∆L

L = −
∆ f
f , the following linear relationship

is obtained:

ν4
s = a + b

∆ f
f
, (2.30)

where νs = fs/ frev is the synchrotron tune and frev is the revolution frequency.

The constant and gradient terms are used to derive α0 and α1 as follows:

α0 =
√

a 2πE0
hqV0 cosψs

(2.31)

α1 = − b
4

(
2πE0

hqV0 cosψs

)2
. (2.32)

9The momentum acceptance is the largest value of δ that an electron can have in the
storage ring. Particles with larger values are unstable and cannot be retained in the storage
ring.

10The lifetime is defined as I(t) = I0 exp (−t/τb), where τb is the lifetime of the electron beam.
Longer lifetimes are desirable in storage ring light sources.
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The values of α0 and α1 are calculated by measuring the change in νs as a

function of ∆ fr f , together with calibrated values for V0, E0 and ψs determined

from simulations. The synchrotron frequency is measured by performing a

spectral analysis on the transverse motion of the electron bunch.

The spectrum analyser used for these measurements is a Tektronix Real-

Time Spectrum Analyser (RSA3308A) with a bandwidth from DC to 8 GHz.

The measurements are shown in Figure 2.10. A signal from a single stripline

BPM (a 15 cm long copper strip in the vacuum chamber) was used in the

same transverse orientation as that of the button BPMs. The long copper

strip gives a stronger signal compared to the small round button-like probe.

A simple schematic of the experimental arrangement is shown in Appendix

B.2.
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Figure 2.10: (a) The averaged data from the RSA (red line) and the Gaussian
fitted profile (blue line). (b) Change in ν4

s as a function of ∆ f / f with the
associated error bars given by 4ν3

sσνs , where σνs is the standard deviation
calculated from five separate RTSA measurements. The linear fit gives two
coefficients that relate directly to α0,1.

Another way of measuring the synchrotron frequency is via the BPM
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electronics that are used to monitor the transverse position of the electron

beam. A schematic of this arrangement is shown in Appendix B.1. It is able

to sample the beam position at the revolution frequency of 1.389 MHz and

output data at 21.867 kHz. As the phase information at a BPM is not available,

the resulting bandwidth for this data is 10.844 kHz, with a nominal resolution

of 7.2 Hz for 3000 samples. Measurements taken with the BPM and the spec-

trum analyser connected to a stripline BPM are shown in Figure 2.11. Both

data sets show similar features, especially in the vicinity of the synchrotron

frequency at 5.3 kHz. The sampling frequency of the BPM is locked to the
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Figure 2.11: FFT of turn-by-turn data decimated by 64 samples and av-
eraged over 97 individual BPMs is compared with measurements taken
on a RSA connected to a single stripline. Three different data sets were
taken using both methods. All the spectral plots have been normalised.
Both exhibit similar features as a function of fs, including noise from the RF
system at 900 Hz, 1300 Hz and 1800 Hz. This gives confidence in using the
BPM for measurements of α0,1 when fs < 10 kHz.

revolution frequency of the storage ring, bringing any sidebands at the RF

frequency down to baseband (DC). Therefore as the RF frequency is changed,

the same data can be measured and used to determine the synchrotron

frequency for different RF frequencies - as required when measuring α1.

Data acquired using the BPM is three times faster than data acquisition with

the spectrum analyser, due to overheads in the data collection of the latter

instrument.

Five spectra were collected and averaged to estimate the uncertainty in

the measurement of the synchrotron frequency. The spectral data show-

ing the synchrotron frequency from the RSA is broad and noisy (see Figure

2.10(a)). Therefore, a simple peak search does not give an accurate measure-

ment of the synchrotron frequency. To determine this frequency, the data

from the RSA was fitted with a Gaussian function using the width, centre-of-

mass, amplitude and amplitude offset as parameters. The centre-of-mass

parameter is then used as the measured synchrotron frequency. To get α1, the

synchrotron frequency was measured for different fr f . Using least squares, a
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line was fitted to ν4
s = ( fs/ frev)4 versus ∆ f / f , where the coefficients are related

to α0,1 using Equation 2.32. The standard error in the least squares fit is used

as the uncertainty for α0,1.

2.3.3 Measured and Modelled α0,1

Although measuring α0,1 is straightforward it would still be useful to be able

to make predictions of these parameters based on the settings of the sex-

tupoles from a simulation of the storage ring. Simulated values of α0,1 were

derived through numerical tracking of particles using the Accelerator Tool-

box [73]. The tracking algorithm uses the particle’s position and momentum

(x, px, y, py, δ, ct), relative to the ideal path, where p refers to the momentum,

δ and t are the relative energy and time deviation from the ideal path, and c
is the vacuum speed of light. The starting point is a closed orbit solution for

the lattice with δ = 0, giving (x0, p0
x, y

0, p0
y , 0, 0). Adopting (x0, p0

x, y
0, p0

y , δ
0, 0)

for some δ0 > 0 and tracking the particle’s trajectory after a single revolution

of the storage ring gives (x1, p1
x, y

1, p1
y , δ

1, ct1). The momentum compaction

factor is therefore αc = ∆L
δL = c∆t

δL . By comparing c∆t for different δ-values it is

possible to numerically determine αc(δ). Fitting the polynomial coefficients

to first order allows the simulated values of α0,1 to be calculated. To verify if

the storage ring simulation is accurate, measurements of α0,1 were made for

different configurations of sextupoles and dispersions.
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Figure 2.12: The change in α1 as a function of the sextupole settings for
different α0, determined by measuring the change in ∆ fs with ∆ f / f . The
data is split into plots (a) and (b) for convenience. There are four families of
sextupoles, one of which was varied; two other sextupoles were adjusted to
keep the chromaticity constant at ξx = 2 and ξy = 4, and the fourth family
was kept constant.

Figure 2.12 shows the linear dependence of α1 on a sextupole in the long

straight section (referred to as SFA). For Figure 2.12(a) the discrepancy is
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caused by magnetic hysteresis in the sextupoles, where the same magnetisa-

tion force from a current coil results in different magnetic fields. For these

measurements the order in which the data were collected corresponds to

sextupole strengths11 of 11.0 m−3, 9.0 m−3, 13.0 m−3, 15.0 m−3, followed by

16.9 m−3. When the current was increased to measure 13.0 m−3, 15.0 m−3

and 16.9 m−3, the actual strength of the sextupole is weaker than expected

due to the coercivity of the magnet. If the data at 13.0 m−3, 15.0 m−3 and 16.9

m−3 are shifted to lower values to reflect the effect of the magnetic hysteresis,

a better fit with the model would have been possible. This is also observed

in Figure 2.12(b).

These results show that hysteresis in the sextupole magnets can con-

tribute an error of ∆α1 = 0.5 × 10−3. Therefore to ensure that the low alpha

configurations have well defined values of α1, standardisation of the sex-

tupoles12 is necessary [80]. Although simulations can be used to estimate

the sextupole settings for a desired α1, measurements are still required to

determine the actual value.

2.4 Summary

This chapter has reviewed the salient equations needed to understand lon-

gitudinal beam dynamics. From these equations it is clear that a reduction

in the bunch length can only come from decreasing E0 or α0. In this thesis

we will only investigate the low alpha mode of operation. The analysis of the

longitudinal dynamics showed the importance of minimising α1, since α0 is

decreased for very small bunches [81]. To achieve small bunch lengths the

negative dispersion method was introduced and issues of stability were high-

lighted using experimental studies. Unfortunately our investigations showed

that there is little that can be done to ameliorate beam stability. The method

used to measure and set α1 was also introduced and experimental data were

acquired to demonstrate the efficacy of the technique, while highlighting

the importance of standardising the magnets to ensure that the operational

modes of the storage ring are reproducible.

The experiments so far have used simulations of the storage ring to

explore how the bunch length can be optimised. In reality, the longitudinal

distribution of the electrons will change due to charge dependent effects. In

Chapter 3 the dependence of the bunch length and onset of the instabilities

11The strength is defined as 1
Bρ

1
2!
∂2 By

∂x2 . The strength is changed by altering the current in
the coils of the magnet.

12This requires the magnets to be cycled from the minimum to maximum values a few
times before settling on the desired operating current. By following this procedure it is
possible to accurately reproduce the desired magnetic field.
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with increasing charge will be investigated. In Chapter 3 we will also show

how CSR is generated in quasi-periodic bursts when the instabilities occur.

In Chapter 4 an analysis of the CSR will show that a large non-zero value of α1

maximises the intensity of bursts of CSR. This contrasts with the requirement

of minimising α1 when using short bunches (1 ps and under) to generate a

constant source of CSR.





Bunch Length Measurements
and Charge Dependent
Effects

3

During normal operations the charge distribution of the electron bunch at

the ASLS has σt = 23 ps. In low alpha operation this can be reduced to a

few picoseconds. One method of determining the charge distribution is to

measure the duration of the synchrotron radiation as the electrons pass by

using a streak camera. A streak camera is used to measure the temporal

profile of short optical pulses by converting the optical signal into electrons

via a photocathode. The electrons are accelerated through a streak tube

onto a micro-channel plate (MCP) that amplifies the electron signal. The

back end of the MCP is attached to a phosphorescent screen to convert

the electrons into photons to be imaged by a cooled CCD camera. To get

the temporal information, the electrons travelling through the streak tube

are swept in one direction very quickly so that the temporal distribution is

“smeared” along one of the transverse axes. A schematic of the operation

of the streak camera is shown in Figure 3.1. A secondary sweep can also

be used to map the change in the temporal structure over different time

scales. The streak camera used in the Optical Diagnostic Beamline (ODB) is

an Optronis Optoscope SC-10 with a 250 MHz synchroscan module and a

temporal resolution of 2 ps. This module takes the RF frequency and divides

it by two so that it is synchronous to the bunch structure in the storage ring.

A secondary sweep, with fast sweep rates (660 ps/mm up to 100 ns/mm) and

slow sweep rates (100 ns/mm to 5 ms/mm) is also available. The synchroscan

unit is a resonantly tuned circuit so that the electric field of a pair of plates

oscillates at 250 MHz (half the RF frequency). In a single period, the fields

will sweep two bunches onto the screen and by appropriate delays of this

sweep it is possible to “smear” the odd bunches on the top part of the screen,

while the even bunches are “smeared” along the bottom of the screen. The

plots captured by the streak camera represent time along both axes.

The first step in measuring the bunch length with a streak camera is to

determine the calibration factor that converts the transverse screen pixel

41
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Figure 3.1: The streak camera converts the photon pulses into electrons on
the photocathode and uses an electric field to sweep the pulses of electrons
onto a microchannel plate (MCP) with a phosphor screen readout. This
process translates the temporal distribution into a vertical distribution
along the MCP, which then generates an image on the phosphor screen that
is captured using a CCD camera.

dimension into time. The calibration of the synchroscan sweep rate was

carried out using a ps pulsed laser, triggered by an external signal at 1kHz,

which was synchronised to the master oscillator. This trigger is generated

from the timing system and is an integer fraction of the RF frequency used

in the storage ring, which is set at f = 499.6738 MHz. The pulse passes

through a delay block consisting of a 19.9 ± 0.1 mm (BK7 with nr = 1.5187
at 550 nm) beam splitter cube with two mirrors, so that part of the optical

pulse is split and delayed by a fixed amount determined by the size of the

beam splitter cube. Figure 3.2 shows the design and function of the delay

block. The expected time delay between the primary and delayed pulse is

2 × 19.9 mm × 1.5187/c = 201.6 ± 1.0 ps.

The calibration of the delay block was achieved by adding a delay1 in

the flight path from the laser to the streak camera. By tracking the peaks of

the two pulses over 3 different intervals it is possible to calculate the total

additional flight path required, so that the delayed pulse overlaps with the

initial position of the primary pulse on the screen of the streak camera. Using

this method the measured delay between the pulses was found to be 199.0 ps

±7.2ps (3.6%). Given the known delay between the pulses the internal delay

on the camera was changed to move the pair of pulses across the screen.

1The micrometer stage used to adjust the delay can add up to 32 mm (106.7 ps) to the
flight path.
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Figure 3.2: The delay block consistes of a 50-50 90o beam splitter cube
(BK7 nr = 1.5187 at 550 nm) sandwiched between two mirrors. The primary
pulse travels through the beam splitter followed by a internally reflected
pulse that is expected to be delayd by (2 × 19.9mm × 1.5187)/c = 201.6 ps.
The micrometer stage is used to measure the delay between the two pulses
and was found to be 199 ps ±7.2 ps (3.6%).
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Figure 3.3: Calibration of the streak camera along the fast axis with a sweep
rate of 50 ps/mm. An outlier at 1200 pixels was not used in the fit.

The distance between the pulses, measured in pixels, can be converted to a

calibration factor of ps/pixel for a particular location on the screen. In Figure

3.3 the calibration was carried out with the following settings: sweep rate was

set to 50 ps/mm, the intensifier was set to 700 V and the secondary sweep was

set to 100 ns/mm. The fitted calibration curve for a sweep rate of 50 ps/mm

has an RMS uncertainty of 0.2%. Therefore, the major contribution to the

uncertainty is the calibration of the delay block (3.6%). It is important to note

that there is a difference in the calibration factors between the positively

and negatively swept bunches. This means that the positive sweep speed

is different to the negative sweep speed. To apply the correct calibration
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factor, the sweep direction needs to be known during the measurement. A

calibration curve for a sweep rate of 25 ps/mm was also measured.

To confirm the calibration, measurements of the bunch length for the

standard storage ring configuration were made. The streak camera was set

to a sweep rate of 25 ps/mm (primary), 100 ns/mm (secondary) and a gain

of 700 V. A plot of one of the data sets is shown in Figure 3.4, where the long

oblong is an electron bunch train for one revolution around the ring. Only

300 of 360 bunches were filled, consequently there are gaps observed in

Figure 3.4. The data was integrated between the vertical black lines between

570 and 600 pixels. To determine the sweep direction the internal delay
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Figure 3.4: Data set showing the electron bunch train for each revolution
(600 pixels on the horizontal axis). The upper row of bunches was collected
on the negative sweep showing odd numbered bunches and the lower row
of bunches was collected on the positive sweep showing even numbered
bunches. In this measurement only 300 of the 360 possible bunches are
filled, leading to gaps at pixel number 200 and 750 on the horizontal axis.
The gaps indicate the location of the 60 unfilled bunches. Knowing which
sweep corresponds to which row is important as there is a 3% difference in
the conversion factor as shown in Figure 3.3.

was changed and the direction in which the bunches moved on the screen

was recorded. If the bunches move along the pixel axis (towards the top of
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the image) then the bunch was captured on the positive sweep. If it moves

anti-parallel to the pixel axis then it is captured on the negative sweep.

In addition to applying the calibration factor, the use of refractive lenses

in the input optics has been shown to introduce chromatic effects that in-

crease the measured bunch length [77]. A discussion of how this aberration

contributes to the bunch length measurement can be found in Appendix

B.3. To calculate the effect of this aberration, two measurements were taken

- with and without a 10 nm laser line bandpass filter around 510 nm. The

results of a fit with 20 samples show a measured bunch length of 25.4 ± 0.3

ps without the bandpass filter and 23.8 ± 0.7 ps with the filter. The chro-

matic aberration therefore increases the measured bunch length by 1.6 ps.

The increase in the uncertainty arises from the significant reduction in the

intensity due to the bandpass filter. As long as the spectral content of the

incoming photons and the optical elements remain the same, the chromatic

effect will smear the measured bunch length by an additional 1.6 ps.

Having calibrated and accounted for the contribution from chromatic

aberrations, current dependent bunch lengthening [82] needs to be con-

sidered when comparing measured and simulated bunch lengths. At the

ASLS storage ring with 3 MV cavities and an electron energy of 3 GeV, the

simulated bunch length is 22.9 ps. When bunch lengthening effects, such as

the potential well distortion, are considered, a single bunch with a current

of 0.64 mA will grow to a bunch length of 23.25 ps. The prediction from

simulations compares well with the measured value of σmeas
t = 23.8 ± 0.7 ps

for a single bunch with a current of 0.64 mA. The source of the potential well

distortion is discussed in the next section.

3.1 Current Dependent Bunch Lengthening

The discussion of longitudinal dynamics did not take into account particles

that couple to and distort the fields in the RF cavities. This results in a

distortion of the charge distribution in a self consistent way and is called the

potential well distortion effect [37, 78]. The longitudinal charge distribution

is determined in part by the fields of the RF cavity. A change to the charge

distribution will perturb the RF field and this in turn affects the charge

distribution. Therefore the problem of determining the equilibrium charge

distribution will include a self-interaction term via the RF field. A solution to

the problem is given by the Haissinski equation [46], written in the form [82]:

n(t) = K exp

− t2

2σ2
0

+
1

V ′σ2
0

∫ t

0
Vind(t′)dt′

 , (3.1)
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where n(t) is the normalised charge distribution function, K is a normal-

isation constant, σ0 is the zero current equilibrium bunch length in the

presence of a fixed potential, V ′ = −(ω/c)V cosψs is the voltage gradient at ψs

and the induced voltage is given by:

Vind(t) =

∫ ∞

0
W ||(t′)n(t − t′)dt′, (3.2)

where W || is a longitudinal wakefield determined by the geometry of the

vacuum chamber profile in the ring (in units of VC−1s−1). By convention,

t ≤ 0 is the head of the charge distribution. The wake function is a measure

of the induced voltage seen by trailing particles at a distance t′ away from

the generating particle with unit charge. Depending on the environment

of the electrons, the fields generated by the passage of the electrons will be

different. The wake function is an average effect over a single revolution in

the storage ring. For highly relativistic electrons Equation 3.2 is a single-sided

convolution, because the wakefield in “front” of the electrons is zero.

There are different models that can be used to approximate the wake

function. In our analysis a simple broadband impedance model has been

chosen, where the wake potential, Vind, is modelled by:

Vind(t) = −cq
[
Rn(t) + cLn′(t)

]
. (3.3)

Here a prime denotes differentiation with respect to s, q is the total charge

in a single bunch, R is the real component of the ring impedance and L is

the ring inductance. This impedance model was chosen because there is a

clear distinction between purely resistive and inductive components. The

resistive component results in a net energy loss for the electron beam due to

the wakefields, while the inductive component contributes to a symmetric

broadening of the charge distribution. Two different measurement tech-

niques are used to fit R and L separately, thereby producing a better estimate

of the impedance of the storage ring.

Equation 3.1 can be solved by a Newton iterative method, where an initial

distribution, ni(t), is used to get the next iterate ni+1(t). The solution is found

when ni(t) converges to an equilibrium solution, i.e., ∆n(t)→ 0.

The real resistance, R, results in an energy loss given by2:

∆E = k||q, (3.4)

where

k|| =
1

2π

∫ +∞

−∞

|N(ω)|2 ReZ ||(ω)dω (3.5)

2∆E is measured in units of eV.
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is the loss factor, N(ω) is the Fourier transform of n(t) and Z || is the longitudi-

nal complex impedance. The energy of the electron beam in a storage ring

is changed by using electric fields generated in RF cavities and is equal in

value to the change in the cavity voltage ∆V when measured in units of eV,

i.e., ∆E = ∆V. Using ∆V = V0 cos(ψs)∆ψ, Equation 3.4 can be rearranged to

give:

∆ψ = ω∆τ =
k||q

V0 cos(ψs)
, (3.6)

where V0 is the maximum cavity voltage, ∆ψ is the phase shift required to get

∆V, ω is the RF frequency and ∆τ is a shift in time. Assuming a longitudinal

Gaussian distribution of constant width, given by the zero current bunch

length3 σ0
t , and a constant R, Equation 3.5 can be simplified to:

k|| =
R

2
√
πσ0

t
. (3.7)

Combining Equations 3.6 and 3.7 a relationship between R and ∆τ is found,

i.e.,

∆τ =
Rq

ω2
√
πσ0

t V0 cos(ψs)
. (3.8)

Therefore the real resistance, R, can be determined by measuring ∆τ for a

single bunch with different q. This method follows Reference [82], where a

group of low current single bunches is used as a reference phase. A single

bunch is added to the storage ring and the phase shift is measured between

the single bunch and the reference on a streak camera as a function of

current. The results presented in Figure 3.5 show that for a given α0 the local

gradient is constant as the current in the single bunch is increased. Using

Equation 3.8 and the fitted gradients in Figure 3.5, R can be derived and is

shown in Table 3.1.

With measured values of R, the inductance, L, can be fitted by measuring

the evolution of the bunch length with single bunch current using a streak

camera. Figure 3.6 shows the bunch length measurements made with a

streak camera at different values of α0. Fits based on the Haissinski equation

were calculated by varying σ0
t and L until the evolution of the fitted sigma

of the Hassinski distribution agreed with the measurements made with the

streak camera. The resulting fits for σ0
t and L are shown in Table 3.1.

As the distribution is calculated for higher current densities a threshold

is eventually reached, beyond which the solution to the Haissinski equation

does not converge. Above this threshold the iterated distribution shows an

3α0 was changed in a simulation of the storage ring until the synchrotron frequency, fs,
agreed with the measured value. The zero current bunch length was then calculated using
this simulated value.



48 BUNCH LENGTH MEASUREMENTS AND CHARGE DEPENDENT EFFECTS

0 2 4 6 8 10 12
-20

-15

-10

-5

0

5

10

Single Bunch Current (mA)

P
ha

se
 s

hi
ft 

(p
s)

 

 
η

x
 = +0.1 m (+5 ps)

η
x
 = -0.5 m (+0 ps)

η
x
 = -0.7 m (-5 ps)

η
x
 = -0.8 m (-10 ps)

Figure 3.5: The phase shift of a single bunch, relative to low current
bunches, was measured at different α0. The plots have been offset in order
to observe differences in the gradients.

Table 3.1: Using measured R values, the Haissinski equation was solved
to fit the inductance, L, and zero current bunch length, σ0

t . There is good
agreement between the modelled bunch length σmodel

t and σ0
t . Ith is the

current beyond which the Haissinski solutions do not converge. The asterisk
denotes a predicted value of Ith for ηx = −0.75 m, where the R and L values are
linearly extrapolated. Single bunch measurements show good agreement
with these predicted values of Ith.

ηx α0 (10−3) σmodel
t (ps) σ0

t (ps) R (Ω) L (nH) Ith (mA)
+0.10 m 2.11 23.1 22.8 866 ± 85 34.0 -
-0.50 m 1.15 16.2 15.8 856 ± 73 16.0 11.0
-0.70 m 0.62 11.6 11.7 582 ± 51 10.0 8.0
-0.75 m 0.48 10.1 - 510* 10.0* 4.8*
-0.80 m 0.33 8.3 8.4 439 ± 189 10.0 2.4

oscillating density profile as the equation is solved. An example of such an os-

cillating density profile is shown in Figure 3.7. When the density profile does

not converge, this is an indication that the density distribution is susceptible

to instabilities. Although modelling the ring impedance with just R and L in

Equation 3.3 is simplistic, the use of measured data to fit the impedances

captures sufficient information to predict when the charge distribution be-

comes susceptible to instabilities. Measurements of the instability threshold

in the following chapters demonstrate the accuracy of this approach.
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3.2 Enhancement of the Radiation in the Far-IR

Spectrum

In the previous section we showed that it was possible to control α0 to reduce

the bunch length and observe charge dependent lengthening. To charac-

terise the Far-IR spectrum and observe any enhancement in the photon flux,

measurements were carried out on the High-Resolution Far-IR beamline

(henceforth called the IR beamline). Electrons were stored in the storage ring

configured for ηx = −0.75 m. Injecting into the storage ring at lower values of

ηx decreased the capture efficiency due to a smaller momentum acceptance.

When the desired beam current is stored, the injection system is turned off

and ηx is manipulated to increase or decrease α0.

The IR beamline uses a Bruker IFS125HR instrument, which is an inter-

ferometric spectrometer with a 75 µm multilayer beam splitter and a liquid

helium cooled Si bolometer [83]. The spectral response of this particular

setup is shown in Figure 3.8 in which the background measurement has a

local maximum at 30 cm−1. The source of the radiation exhibits a black

body spectrum originating from the the elements in the detector itself. The

spectral response is characteristic of the type of beam splitter that is used

in the instrument. As ηx was controlled to reduce α0, measurements of the

synchrotron frequency were used to determine the expected zero current

bunch length.
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Figure 3.8: Response of the instrument is measured with the mirror re-
tracted (no synchrotron radiation). The detector measures the black body
radiation originating from the instrument itself. The blue envelope shows
the signal with 15 mA of stored beam in 300 bunches under standard op-
erating conditions before decreasing the bunch length. In short bunch
operation we observe emission between 10 cm−1 and 15 cm−1. The increase
is a factor of 6 above the incoherent component of the radiation (shown in
the inset). The horizontal axis is in units of wavenumbers (cm−1) and the
vertical axis is the strength of the signal at the bolometer in arbitrary units.
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No change in the spectra from the IR beamline was observed until fs ≈ 1.3
kHz was reached, or α0 ≈ 1.6 × 10−5. Scaled against a nominal bunch length

of 23 ps at 14.8 kHz the estimated zero current value isσt ≈ 2 ps. The increase

in intensity in Figure 3.8 is only a factor of 6 within the spectral range of 9

cm−1 to 10 cm−1. Using Equation 1.2 the predicted bunch length that will

give a factor of 6 increase in signal at 13 cm−1 is 1.8 ps, which is in agreement

with the measured results. Further attempts to decrease the bunch length

did not produce further enhancement.

This approach to reducing the bunch length may be limited by the large

horizontal orbit deviations, generated by the line frequency noise and |α1| > 0.

As shown in Section 2.3.1, at fs ≈ 1.3 kHz the estimated energy perturbation

is δ ≈ 2 × 10−4. Control of α1 was not maintained during the measurements

and it increased to 0.013, which resulted in ∆α0 = 1.6 ± 0.3 × 10−5. To achieve

fs = 0.9 kHz and σt ≈ 1 ps would have required ∆ηx = −0.003 m to reduce α0

to 0.6 × 10−5. This value of α0 is on the order of the observed perturbations.

Even if α1 was controlled to better than 1 × 10−3, the required change in

the dispersion (∆ηx = 0.003 m) necessates control of the dispersion to 0.5%,

which is at the limit of the calibration accuracy for the storage ring. Therefore

it is unlikely that σt can be compressed to much less than 1 ps at the current

ASLS energy of 3 GeV and cavity voltage of 3 MV. The other possibility is to

reduce the ring energy from 3 GeV to 1 GeV, which for α0 = 1.6 × 10−5 can

potentially reach σt = 0.34 ps with a cavity voltage of 3 MV.

Since there is no stable emission mode at 3 GeV, the investigation turned

to using the burst mode of operation. To excite the single bunch instability

and produce bursts of CSR, a single bunch with currents ranging from 1 mA

to 10 mA is stored in the storage ring. In the following measurement the

IR spectrum in the Far-IR was measured as the single bunch current accu-

mulated from 5.5 mA to 9.2 mA. The measured synchrotron frequency of

5200 Hz corresponded to ηx = −0.82 m. The IR spectra measured at different

single bunch currents are shown in Figure 3.9. In burst mode the enhance-

ment was observed for frequencies between 10 cm−1 and 20 cm−1, peaking

at 13 cm−1. The amplitude of the peak is proportional to I2, as expected

for coherent emission with a current threshold of 3.7 mA. Measuring the

intensity at I > 9.2 mA was not possible as the detector saturated even at the

lowest gain settings. Figure 3.10 shows the corresponding interferogram with

quasi-periodic bursts of coherent radiation creating a sawtooth-like pattern.

The Fourier transform of the interferogram shown in Figure 3.9 gives the Far-

IR spectrum. The sampling rate of the spectrometer is 20 kHz, giving only

five data points with which to define the burst profile. To better delineate

the burst profile the output from the bolometer was connected directly to

an oscilloscope (see Figure 3.10). The observed profile is indicative of the
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Figure 3.9: Signal measured between 10 cm−1 and 20 cm−1 for different
single bunch currents. The peak is observed at 13 cm−1 . The background
noise (> 35 cm−1) was observed to increase with increasing current. The
peak amplitude was observed to fluctuate by 10% of the mean value, neces-
sitating averaging to minimise the effect of the fluctuations on the spectral
measurements. The inset shows the applitude at 13 cm−1, which increases
as the square of the single bunch current, I2 (starting at 3.7 mA). The larger
errors at 7.5 mA and 8.5 mA are a result of detector saturations because the
gain had been set too high. This was not noticed at the time the data was
taken. The resolution of the scan is 1 cm−1.

sawtooth instability also seen at other storage rings [50, 51].

The interferogram also shows a slower modulation of the overall intensity

as well as differences in the peak amplitudes at irregular intervals. The same

irregularities in the peak amplitudes were observed on the oscilloscope.

Therefore it is a real effect not related to the sampling rate of the spectrometer.

The irregular fluctuations add spurious frequency peaks to the spectra and

increase the overall measurement noise. Taking the peak amplitude and

dividing by the standard deviation at 13 cm−1 allows us to calculate the

signal-to-noise ratio (SNR). At 5.5 mA and 6.5 mA the SNR is 10, whilst at 9.2

mA it is 404. During normal operation (without CSR), the SNR is 4 due to the

very small signal amplitude. The best SNR during normal operation is 150 at

the peak response of the detector. The increased flux from CSR has improved

the SNR at 13 cm−1. The higher the SNR the less averaging is required to

resolve the absorption peaks in the spectra.

In order to improve the stability of the source for the IR beamline it is

4The SNR at 7.5 mA and 8.5 mA are not calculated since the detector saturates because
the gain was set too high causing the signal to clip. Consequently, the amplitude of the
calculated spectra exhibits large fluctuations.
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Figure 3.10: Sawtooth pattern in the interferogram from the spectrometer
data (left). The signal from the detector was also displayed on an oscillo-
scope (right). The oscilloscope shows a 2 ms period for the bursts, with
the intensity varying considerably between bursts. The observed decay
is due to the response of the detector. The burst period is comparable to
the detector response. This leads to the integration of the signal from the
detector causing the output of the detector to fluctuate as a function of the
burst intensity and frequency.

necessary to understand the mechanisms behind the bursts of CSR. Further,

it is important to understand how the beamline works and the characteristics

of the detector. The next section describes the IR beamline and the detector

characteristics.

3.3 Far-IR High Resolution Beamline

The Far-IR High Resolution beamline uses a Bruker IFS-125 Fourier Trans-

form (FT) IR Spectrometer. Where other spectrometers use a tunable narrow

bandwidth radiation source to measure the absorption spectra of a material,

Fourier transform spectroscopy uses a broadband source. A schematic of the

instrument is shown in Figure 3.11. The spectrometer has a beam splitter

that splits the radiation into two parts - towards a fixed mirror and a moving

mirror. As the mirror moves the recombined intensity is given by:

Idet(δx) ∝
∫ +∞

−∞

E2(k)eikδ d k, (3.9)

where Idet(δx) is the measured intensity at the detector, E(k) is the magnitude

of the electric field, k = 2π/λ is the wavenumber and δx = xx − x1. Idet(δx) is

measured by moving one of the mirrors to change δ and is the interferogram.

By taking the Fourier transform of Idet(δx) it is possible to extract E(k), which
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Figure 3.11: Schematic of a Fourier Transform spectrometer. The fre-
quency range over which the spectrometer detects the signal depends on
the optical properties of the beam splitter and the bolometer. As the scan-
ning mirror moves, frequency dependent constructive and destructive in-
terference occurs, which results in changes to the intensity at the bolometer.
The intensity fluctuation as a function of the mirror position is the inter-
ferogram. The Fourier transform of the interferogram gives the frequency
spectrum of the observed radiation. x1 and x2 are the distances between
the beam splitter and the fixed and moving mirror, respectively.

is the spectrum of the radiation. The range of k depends on the optical

properties of the beam splitter, i.e., the frequencies where different materials

are transparent define the range of k. For Far-IR, Mylar (PET) films are used

as beam splitters. Our beamline experiments are mostly carried out with a

75 µm thick Mylar film as a beam splitter with a long wavelength cut-off at

1 mm. Some of the later experiments use a 125 µm thick Mylar film with a

longer cut-off approaching 2 mm.

FT measurements require a source of radiation with a constant intensity.

Any perturbation in the source intensity during measurements will affect the

interferogram. Since the Fourier transform of the interferogram gives the

spectrum, a fixed frequency modulation of the source intensity will appear as

a narrow peak in the spectrum, while a sudden spike in the source intensity

will add features across many different frequencies.

The detector used to measure the intensity of the IR radiation is a bolome-

ter, which is sensitive to very small temperature changes. When exposed to

IR radiation the detector absorbs photons and the corresponding increase

in the temperature changes the resistivity of the detector. By measuring the

change in the resistivity, the incident photon power can be determined. A

schematic of a bolometer is shown in Figure 3.12 [84]. To have the required

sensitivity to detect small signals (down to nW) the detector is cooled to liq-

uid Helium temperatures of 4.2 K. The response time of the detector is given

by the detector time constant, τD = CD/GD, where CD is the heat capacity of
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Figure 3.12: Schematic of a bolometer. The incident radiation causes a
change in the temperature of the silicon substrate (detector). The detector
is cooled in a 4.2 K liquid He bath. Temperature changes affect the detector
resistance, RD, and hence change VD for a given bias voltage Vbias. The load
resistor is denoted by RL.

the detector and GD is the thermal conductance of the detector. For weak

signals, a larger τD is needed to increase the integration time.

The Far-IR beamline uses an IR Labs Hi-Res 4.2K bolometer operating

with a Silicon detector cooled to 4.2 K. The detector is designed with a low

thermal conductance of 0.3 µW/K, a longer time constant of τD = 1/(2π200) =

0.8 ms (200 Hz low pass filter) and a sensitivity of 6 × 105 V/W. To simulate

the output of the detector to a modulating source we use:

I(t) = A(t)[1 + sin(2π f (t))] (3.10)

f (t) = fosc[1 − 0.01 sin(2π40t)] (3.11)

where f (t) is the burst frequency (modulated by 1%), fosc is the average of

the burst frequency and A(t) is the amplitude of the burst. The intensity

function, I(t) is then convolved with the decay profile of the detector, which

is given by g(t) = exp (−2π200t). The results for three diffent burst frequencies

are shown in Figure 3.13. At t = 30 ms and t = 70 ms the amplitude of the

bursts increases then decreases by 15%, respectively. The slower response of

the detector tends to smooth oscillating signals to their average value. The

results show that changes to the amplitude of the bursts will appear as jumps

in the average intensity recorded by the detector. The plots show that the

frequency modulation appears as a modulation of the intensity when the

burst frequency exceeds the decay rate of the detector at 200 Hz. Therefore in

those cases where the burst frequency is greater than 200 Hz, both changes

in the intensity and burst frequency have to be minimised.

To determine the underlying burst of CSR that gives the sawtooth pattern

in Figure 3.10, the temporal profile of the bursts needs to be measured.

This requires an IR detector that has a response greater than 1 MHz to
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Figure 3.13: Simulation of the output from a bolometer for a periodic
signal oscillation (oscillation frequency of fosc). The simulation models
both the frequency modulation of fosc by 1% and jumps in the amplitude of
the bursts by 15%. The bursts are convolved with the modelled response of
the bolometer to calculate the expected output.

ensure that the bursts are sampled accurately. In the next chapter we present

measurements of the temporal structure of the bursts and show how they

evolve as a function of the storage ring parameters.



Time Structure of CSR
Bursts at 3 GeV

4

To measure the temporal nature of the bursts, a detector with a faster re-

sponse time than the bolometer is required. Room temperature solid state

detectors for millimetre wavelength radiation (<10 cm−1) based on Schottky

diodes are commercially available and are ideal for this application. The de-

tector used in our experiments is a DET-10 from Millitech that has a spectral

sensitivity of 2 V/W for frequencies 75-100 GHz (2.5 cm−1 to 3.3 cm−1). The

detector is sensitive to changes in the microwave signal at frequencies up to

one GHz when terminated with a 50 Ω load. These detectors are used at the

Diamond Light source [85] for similar applications. The set-up is shown in

Figure 4.1, where a retractable mirror reflects the microwaves perpendicu-

lar to the normal optical path and out through a high density polyethelyne

(HDPE) window to the diode detector. With the mirror retracted the photons

proceed along their original path to the interferometer and bolometer.

Figure 4.1: Set-up of the 100 GHz detector with an amplifier and oscillo-
scope.

The storage ring was set up with the measured tunes of 0.292 (Horizontal)

and 0.225 (Vertical), chromaticity of 2 (H) and 9 (V) and the sextupoles mag-

nets SFA and SDA set to the strengths of 12.2 m−3 and -14.0 m−3, respectively.

In this configuration the measured fs was 8.6 kHz. Based on a simulation

57
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of the storage ring, the predicted values are ηx = −0.67 m, α0 = 0.71 × 10−3

and α1 = 12.0 × 10−3. Figure 4.2 shows bursts of CSR when the single bunch

current is 10.8 mA. In this instance the period between bursts is 0.9 ms and

each burst at 100 GHz lasts about 150 µs.
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Figure 4.2: Bursts of CSR shown with different time scales. A diode detector
with an output response of 1 GHz was used and the detector output was
measured on a 600 MHz (10 GS/s) oscilloscope. The vertical axis shows
the integrated power over a spectral range of 75 GHz to 100 GHz. Plots (a)
and (b) show CSR bursts with a duration of around 150 µs and a periodicity
of about 1 ms. (c) A CSR burst is made up of signals from a single bunch
in the storage ring. (d) The signals have a FWHM of 1 ns, repeating at the
revolution period of 720 ns. (e) Simulated response of the bolometer with
an exponential decay function (0.75 ms decay time) convolved with the
measured detector signal. The decay time is in good agreement with the
expected bolometer decay time of 0.80 ms (see Figure 3.13). The results
also show some structure at the leading edge due to the discrete nature of
the signal, replicating features that were observed with the bolometer.

The rise and decay times of a CSR burst observed with the fast detector is

different to those measured with the bolometer (see Figure 3.10). However,

if the measured data from the fast detector is convolved with an exponential

decay function to mimic the response of the bolometer, the result should

simulate the expected output of the bolometer. The result of the convolution

agrees well with the measured signal from the bolometer. Therefore the
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differences in the outputs of the fast detector and the bolometer are due to

the difference in response times. This comparison is shown in Figure 4.2(e).

Furthermore the decay time of 0.75 ms used in the exponential function

to mimic the response of the bolometer is also in good agreement with

the expected bolometer decay time of 0.80 ms. When the period of the

bursts, Tburst, is less than or equal to the response time of the bolometer,

Tbolo, the bolometer does not have time to recover before the next signal

arrives, resulting in integration of the signal. As discussed in Section 3.3,

the integration of the signal means the output amplitude is now sensitive

to both amplitude and frequency modulations of the radiation intensity.

These modulations were found to be 15% and 1%, respectively. Based on

the simulations in Section 3.3 we find that the noise is dominated by the

amplitude modulation.

An experiment was carried out using multiple high current bunches in

an attempt to smooth the intensity modulation and increase the total inten-

sity. The bursts of IR from each electron bunch integrate and the intensity

modulations are averaged. The burst frequency was observed to be slightly

different between bunches. Thus the intensity will exhibit low frequency

beating that introduces noise into the spectra collected on the IR beamline.

Due to the beating between multiple bunches, the summed intensity ob-

served by the detector shows larger non-periodic intensity variations. The

results displayed in Figure 4.3(b) show the irregularity of the bursts with

increasing number of bunches. Although the intensity of CSR is greater for

multiple bunches, the noise also increases with more bunches. If it were

possible to couple the adjacent bunches so that the bursts occur in phase,

the observed intensity would increase without adding to the noise. Long

lived wakefields, or trapped high frequency modes in the vacuum chamber

structures may induce such a coupling between the bunches. Although such

a process was measured at ANKA [86], the coupling between bunches was

found to be weak.

If strong coupling between bunches can be achieved it is possible to in-

crease the intensity by ensuring that the bursts are synchronised. The results

in Figure 4.3(b) suggest that coupling with three bunches may be possible

since the intensity appears to peak simultaneously leading to larger ampli-

tudes. Additional measurements using the diode detector were analysed (see

Figure 4.4) and the bursts between bunches was shown to be independent.

If coupling is present, it is very weak. These results show that only a single

bunch can be used at a time to generate CSR in the bursting regime when a

bolometer with a slow response is used. If a detector with a faster response

(¿ 1 MHz) is used, more than a single bunch may be used. In the remainder

of this thesis only single bunches are investigated.
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(b) Temporal Data

1800 1810 1820 1830 1840 1850 1860 1870 1880 1890 1900
-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

Time (Sample)

In
te

ns
ity

 (
A

rb
)

 

 
3 Bunches
2 Bunches
Single Bunch

Figure 4.3: Spectral and temporal data is shown for single and multiple
bunches. The spectral data show an increase in noise with increasing num-
ber of bunches. With a single bunch the spikes in the temporal data (spikes
correspond to bursts of CSR) occur with a regular pattern. With two or
more bunches the pattern of the spikes becomes irregular. The irregular-
ity of the spikes indicate that the bursts from the individual bunches are
uncorrelated.

4.1 Temporal Profile Analysis

Small oscillatory perturbations in the intensity during a single burst of CSR

was observed in the data collected using the diode detector. Additional data

were collected to observe if these perturbations were repeatable. For this

experiment the storage ring was set up with the measured horizontal and

vertical tunes of 0.292 and 0.219, horizontal and vertical chromaticity of 3 and

9, and with a synchrotron frequency of 8.2 kHz. The equivalent prediction

from a lattice simulation gives ηx = −0.69 m, with sextupole magnet strengths

of 12.2 m−3 (SFA) and -14.0 m−3 (SDA). The measured α0 and α1 values were

0.64 × 10−3 and 9.1 × 10−3, respectively. The burst of CSR was measured with

different sampling periods to ensure that the oscillatory perturbations are

not an aliasing artefact. If the perturbations are caused by aliasing, a change

in the sampling period will change the measured perturbation frequency.
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Figure 4.4: Diode detector output with three bunches in the storage ring
spaced 2 buckets apart (4 ns). The acquisition is triggered by a timing sig-
nal synchronised with the revolution frequency of the circulating electron
beam. If the bursts are highly coupled the data points will be clustered
along the diagonal. Clustering along the axes indicates that the bursts are
independent.

For a single electron bunch in the storage ring, the output from the diode

detector is a single pulse with a width of around 1 ns. To ensure that the

Nyquist criterion is met, the sampling period was kept below 0.5 ns. The

spectral data from two data sets are shown in Figure 4.5 and exhibit the same

spectral content with peaks at 130 kHz and 250 kHz. This result confirms

that the modulations are genuine and repeatable.
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Figure 4.5: The power spectrum of the burst profile (inset shows the profile
measured at 10.4 mA) at base band showing the frequency of the small
oscillations. The sampling periods of the oscilloscope were 0.1 ns (blue)
and 0.2 ms (red). The frequency peaks are 130±5 kHz and 250±5 kHz. These
frequencies are observed as sidebands at the harmonics of the revolution
frequency of 1.389 MHz up to ≈ 1 GHz (bandwidth of the detector). The
synchrotron period is 1/8200 Hz = 122 µs.

A model that may explain the time structure of the bursts has been pro-

posed by Stupakov and Heifets [87]. It is conjectured that CSR induced

micro-bunching of the electron charge distribution results in the microwave

instability. In this model the impedance is not dominated by wakefields

from the vacuum chamber, rather it is determined by the impedance of the
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emitted CSR [88]. This model was later improved upon by Cai [14, 89], by

adding the effect of shielding from the vacuum chamber walls. In the latter

model the threshold average current, Ib, is given by1:

Ib =

(
6
π

)
α0γδ

2IA

a
cσt
√

2π
, (4.1)

where IA = 17045 A is the Alfven current, a is the full gap of the vacuum

chamber at the dipoles and Ib is the average single bunch current. Using

ASLS values of a = 0.032 m and the measured bunch lengths in Figure 3.6,

the threshold currents calculated from Equation 4.1, for ηx = −0.70 m and

ηx = −0.80 m, are Ib = 7.5 mA and Ib = 2.5 mA, respectively. This is in

broad agreement with the thresholds determined by solving the Haissinski

equation at Ith = 8.0 mA and Ith = 2.4 mA. However, neither the Haissinski

equation nor the CSR induced microbunching model describe the behaviour

above the threshold, where the process becomes non-linear [90].

To model the longitudinal behaviour above threshold, Warnock and Elli-

son [61] and Venturini [1, 62] have numerically solved the non-linear Vlasov-

Focker-Planck equation. In particular the simulations in Reference [1, 63]

showed that CSR wakefields create micro-bunches in the charge distribution.

The plots used in Reference [1, 63] have been reproduced in Figure 4.6.

perturbed in the most unstable mode n ¼ 702, wavelength
2.2mm. We follow the phase distribution for a few
synchrotron periods with high resolution.

The current threshold of instability (7.1 nC) agrees well
with the coasting beam estimate, and is well above design
requirements. Above threshold, small ripples in the charge
distribution build up in a fraction of a period, but then die
out to produce a smoother distribution within two periods.
This is seen in Fig. 14 which shows the phase space
distribution and the corresponding projection giving the
charge distribution.

The quick smoothing of the phase distribution suggests a
physical mechanism for the CSR bursts of the previous
section. Small ripples in a short bunch build up through
instability due to CSR, since the size of ripples is below the
shielding cut-off. There is a corresponding burst of
radiation, but it has limited duration, because of the rapid
smoothing out of ripples due to the nonlinear, time-
dependent collective force. There is an attendant bunch
lengthening, and disappearance of all structures below the
shielding cutoff in size. Damping and diffusion from
incoherent radiation then gradually decrease the bunch
length until the conditions for the instability are restored,
and another burst occurs.

8. Conclusions and outlook

We have improved the theory of longitudinal bunch
instabilities in several ways: (a) by providing a more
efficient method to determine the equilibrium distribution;

(b) by giving a better formulation of the linearized Vlasov
equation for a bunched beam; (c) most importantly, by
finding a simple technique for time-domain integration of
the nonlinear VFP equation. The latter has led to insights
on interesting nonlinear phenomena such as the sawtooth
mode and CSR in the bursting mode, and to some
agreement with experiments.
There is further work to be done on the longitudinal

problem in special circumstances, for instance for steady
CSR achieved by a special machine setup [21], and for
beam slicing experiments [22]. Also, it will be informative
to do simulations for other machines such as DAFNE in
which the wake potential has been calculated carefully [23].
Algorithm development, including extensions to higher
dimensional phase space, is of course prominent in our
plans and current work. Single-pass CSR, as in bunch
compressors, is an outstanding problem of current interest.
There the question of micro-bunching and the matter of
reducing noise in simulations are big issues. We hope that
the Vlasov PF method will be helpful in this regard, even
though it is complicated by being in 4-D phase space with
difficult issues concerning field computation and choice of
meshes. [24].

Acknowledgment

Support from US Department of Energy grants DE-
AC02-76SF00515 and DE-FG02-99ER1104 is gratefully
acknowledged.

ARTICLE IN PRESS

−3 −2 −1 0 1 2 3 4
q

0.1

0.2

0.3

0.4

ch
ar

ge
 d

en
si

ty

τ = 1.2

−3 −2 −1 0 1 2 3 4
q

0.1

0.2

0.3

0.4
τ = 3.2

−3 −2 −1 0 1 2 3 4
q

0.1

0.2

0.3

0.4
τ = 9.6

−1.5 0 1.5
q

−1.5

0

1.5

p

τ = 1.2

0 1.5
q

−1.5

0

1.5

p

τ = 3.2

0 1.5
q

0

1.5

p

τ = 9.6

−1.5

−1.5

−1.5

Fig. 14. Time evolution of bunch under effect of CSR. Density plots in phase space (top row) and charge density (second row). Pictures are taken at
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Figure 4.6: Simulation of CSR-induced microbunching. The Vlasov-Focker-
Planck equation was used to model the longitudinal dynamics, with p ≡ δ,
q ≡ ψ and τ = ωst. Courtesy of Warnock [1].

These simulations shows a rapid onset of the micro-bunches over one

quarter of a synchrotron period. After one and a half synchrotron periods,

1This derivation assumes the bunch distribution is Gaussian and the relationship between
the average current Ib and the peak current is given by I =

√
2πρIb/cσt.
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the micro-bunches disappear to form a relatively smooth distribution. The

measured CSR burst profile in Figure 4.5 qualitatively agrees with the simu-

lations in Reference [63] in terms of the growth and decay of the bursts. In

addition, the formation and propagation of the filaments seen in the centre

plot of Figure 4.6 may be the source of the small oscillations in the intensity.

A simple model is employed to simulate how the propagation of the

filaments affect the observed CSR intensity. The boundary of the phase

space distribution of particles is simulated by a circular ring of constant

radius, r0. To mimic the filaments, the radius is modulated by a sinusoidal

function r(φ, t) = r0(1 + 0.01 sin(n[φ + ωst])), where n is an integer number

of periods and ωs = 2π fs. The modulation creates bumps on the circular

boundary function that are like teeth on a gear. These bumps rotate in phase

space to simulate the propagation of the filaments in time. The position

of these particles at the boundary are projected onto the real plane to get

the longitudinal charge distribution. When the particles are projected onto

the real plane, the rotation of the filaments in phase space is similar to

two counter propagating waves. For a single frequency mode the charge

distribution exhibits a standing wave oscillation at a frequency of fosc = n fs.

This model is illustrated in Figure 4.7(a).

The diode detector has a sensitivity2 of 2 V/W and cannot detect syn-

chrotron radiation without the enhancement from coherence. Thus a modu-

lation of the intensity measured by the detector is equivalent to a modulation

in the enhancement gain factor. To replicate the expected modulation ob-

served by the detector, the simulated charge distribution is used to calculate

the gain factor3, g(λ), as a function of time. The gain factor is calculated at

three different wavelengths to illustrate the dependence of the measured in-

tensity on the wavelength (see Figure 4.7(b)). The simulations show that the

frequency of the intensity modulation does not depend on the wavelength.

The frequency spectrum of the simulated intensity is compared to the

measured data in Figure 4.8. Although the first peak in the spectrum agrees

with the data, the second peak does not. The second peak of the simulated

data is a harmonic, occurring at exactly twice the frequency of the first peak.

The measured data on the other hand has a second peak with a frequency

that is less than the 2nd harmonic. In this simulation only a single longi-

tudinal mode is excited. The intensity profile and the frequency spectrum

show better agreement with the measured data if an adjacent mode is also

excited. An illustration of what occurs when two modes are excited is shown

in Figure 4.8(a). This simulation includes two excited modes and shows

2In comparison, the Si bolometer has a sensitivity of 6 × 105 V/W.
3The gain factor is given by: g(λ) =

∣∣∣∣∫ +∞

−∞
n(z) exp i 2π

λ
zdz

∣∣∣∣2 (see Equation 1.3).
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Figure 4.7: (a) Simulation of the filaments at the boundary and the pro-
jected charge density. The particles that form the filaments rotate in phase
space at the synchrotron frequency, fs, where the projected charge density
displays standing wave oscillations at a frequency of fosc = n fs where n is
an integer number of the oscillations per synchrotron period. In this ex-
ample n = 16. For even values of n the standing wave pattern in the charge
density is symmetric about s = 0. For odd values of n, the standing wave is
anti-symmetric. (b) Gain factor, g(λ), calculated using the projected charge
density from the simulation at three different wavelengths, λ. Depending
on the wavelength the gain factor displays different temporal characteris-
tics. However, the frequency stays the same and is not dependent on the
wavelength.

non-sinusoidal modulations in the intensity as a result of the coupling be-

tween odd and even modes. Better agreement between the simulated and

measured data indicates that at least two modes are excited.

The behaviour of the perturbation of the charge density, when excited by

two modes, is described approximately by

cos
(n1 + n2

2
[kss − ωst]

)
cos

(n1 − n2

2
[kss − ωst]

)
, (4.2)

where ks = 2π/4r0 is the wavenumber of the perturbation,ωs is the revolution

frequency and n1,2 is the mode number. At t = 0 the wavenumber of the

perturbation about s = 0 is kper = ks(n1 + n2)/2 when n1 + n2 >> n1 − n2. Defin-

ing the particles at the boundary (r0 = 3σtc) the wavelength of the external

perturbation is λper =
24σtc
n1+n2

, and the wavelength is λ = 0.57σtc. Using the mea-

sured data in Figure 4.8, where σt = 18 ps, n1 = 15 and n2 = 16, the external

perturbation is expected to be λper = 4.2 mm and the observation wavelength

is λ = 3.1 mm (97 GHz). It is encouraging that the agreement between the

simulated and measured results occurs at a wavelength corresponding to

the peak response of the detector at 3.0 mm (99 GHz).
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Figure 4.8: (a) Phase space simulation with coupled longitudinal modes
(n = 15 and n = 16) showing the corresponding projected charge density.
The phase space simulation shows qualitative agreement with the numer-
ical simulations in Figure 4.6. (b) Simulations with a single longitudinal
mode (n = 16; dashed red line) and coupled longitudinal modes (n = 15
and n = 16; solid red line). The spectrum of the simulated intensity using
coupled longitudinal modes shows better agreement with the measured
data (solid blue line). The modulation of the intensity for coupled modes
is not sinusoidal and compares well with measured data from the diode
detector. The synchrotron frequency is fs = 8200 Hz and the simulated
intensity was calculated at a wavelength of 0.19r0.

The calculated perturbation wavelength of 4.2 mm is close to the vacuum

chamber cut-off λc = 4.1 mm4. The results suggest that the lowest excited

mode corresponds to a perturbation that is at the vacuum chamber cut-off

wavelength. To verify this observation, a measurement with a single bunch

current of 9.3 mA at a synchrotron frequency of fs = 6450 Hz5 was analysed.

From the results we obtained λper = 4.3 mm ± 0.2 mm, where n1 = 13 and

n2 = 14, using an estimated bunch length of σt = 16 ps ± 1 ps. These results

suggest that the lowest observable longitudinal mode is limited by λc. Similar

observations of the effects of vacuum chamber cut-off on CSR were also

made at another light source [91].

One possible reason the lower modes are not observed is because the

detector does not respond to radiation with wavelengths greater than 4

mm (75 GHz). A simulation of the filaments, using two modes below the

lowest mode in the measured data, was carried out to test this conjecture.

Spectral analysis of the simulated data clearly showed the lower modes with

4Emission of radiation is shielded by the vacuum chamber’s conductive walls. The cut-off
wavelength is given by: λc = 2b3/2ρ−1/2 = 2(0.032)3/2(7.7)−1/2 = 4.1 mm (see Equation 1.5).

5The horizontal dispersion was set to -0.80 m and α0 = 0.33 × 10−3.
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perturbation wavelengths of λper > 4 mm. The oscillation in the gain was

detectable at the wavelengths at which the detector is sensitive. Therefore

the limitation imposed by the lowest mode is not due to the response of the

detector. A detector with a different radiation response is required to verify

our observations, and such experiments are the basis for future work.

In addition to exciting the two lowest modes, other modes were also

observed. The analysis of modes at different beam currents showed that the

number of excited modes are current dependent. The frequency spectrum

was calculated by applying an FFT to a fitted envelope of the burst profile.

An average of 20 samples was used to obtain the final spectrum, with the

frequency axis of the spectrum normalised to the synchrotron frequency, i.e.,

fosc/ fs = fn. The results in Figure 4.9 show that increasing the current leads to
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Figure 4.9: Power spectrum of the burst profile showing the excited longi-
tudinal modes as a function of the current. The top and bottom plots on the
right show the change in the overall burst profile with increasing current,
while the middle plot shows how the envelope (blue) is calculated from the
detector data after applying a threshold (red). Modes n1 = 14 and n2 = 15
are excited at 8 mA; modes n1 = 15 and n2 = 16 are excited at 10 mA. The
synchrotron frequency is fs = 8050 Hz.

an increase in the number of coupled modes. There is also a small increase

in the lowest excited modes with current. This is to be expected if we assume

that the lowest modes, n1 and n2, are excited by an external perturbation

of constant wavelength, λper = λc. The relationship, λper =
24σtc

fn
, can be

rearranged to give fn =
24σtc
λper

. Therefore the increase in the bunch length with

current will also lead to a linear increase in fn with σt. Unfortunately the

streak camera was still under repair and could not be used to measure the

relationship between mode coupling and the bunch lengths.

Figure 4.9 shows the envelope function with the burst of CSR clearly
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evident. The burst last for approximately one synchrotron period (124 µs)

and small oscillatory perturbations are observed in the intensity. The data

presented indicate that the perturbations are a result of the excitation of

multiple longitudinal modes with wavelengths that are near the vacuum

chamber cut-off, λc. This data also suggest that the perturbations are in

phase with the peak of the burst. This is observed in Figure 4.10(a), where

the temporal profile of the bursts are plotted as a function of beam current,

with the peak intensity aligned relative to each other. In this figure the change

(a) (b)

Figure 4.10: (a) Temporal profile of the burst as a function of beam cur-
rent showing the phase relationship between the oscillatory perturbations
and the longer burst of CSR. (b) Corresponding spectral plot showing the
coupling of multiple modes at higher currents. The current independent
mode 44 corresponds to a wavelength of 2.7 mm (110 GHz). Measurements
at various fs and at different beam currents all show the same mode. The
detector appears to be responding to radiation with wavelengths shorter
than its lower limit of 2.7 mm, corresponding to mode number 44. The
synchrotron frequency is fs = 6070 Hz, ηx = −0.80 and α0 = 0.33 × 10−3.

in the mode number being excited is clearly seen in the narrowing of the

periodicity of the oscillations. The fact that the perturbations are symmetric

about the peak of the burst and the pattern is repeatable suggests that the

longitudinal modes giving rise to the perturbations are being coherently

excited.

The mechanism that gives rise to the long burst of CSR is not clear from

the data collected. However, we believe that the burst of CSR arises from

longitudinal quadrupole-like oscillations driven by phase space asymmetries.

The potential well distortion causes the Gaussian distribution to be skewed

in the forward direction and has the effect of enhancing the intensity of

radiation at shorter wavelengths due to the steeper edge. A small proportion

of the electrons on the side of the steep edge will coherently radiate over

a time interval of approximately one synchrotron period and collectively
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move in phase space. This collective motion of electrons can be treated as a

“bunchlet” moving in phase space. It is the behaviour of this bunchlet that

gives rise to the long burst of CSR, in which the sum of the bunchlet and the

main group of electrons create oscillations in the charge distribution. This is

illustrated in Figure 4.11(a).

(a) (b)

Figure 4.11: (a) Coherent motion of groups of electrons within the larger
bunch of electrons. The coherent motion is described in normalised time,
τs, in units of the synchrotron period τs = t fs. The coherent mode is like a
dipole longitudinal mode with a frequency of 0.8 fs. (b) Measured bursts of
CSR plotted in normalised time, τs, for three different configurations show
similar characteristics in which the initial burst of CSR occurs at τs = 0.25,
followed by a second smaller burst at τs ≈ 0.9. The parameters for the three
configurations are: (top) ηx = −0.71 m, α0 = 0.60 × 10−3, α1 = 8.7 × 10−3;
(centre) ηx = −0.75 m, α0 = 0.48 × 10−3, α1 = 8.0 × 10−3; (bottom) ηx = −0.80
m, α0 = 0.35 × 10−3, α1 = 6.2 × 10−3.

Figure 4.11(b) shows measurements of the burst for three different con-

figurations. The measurements are plotted in normalised time, τs = t fs, and

show similar characteristics. In all three measurements, the first burst of CSR

occurs within half a synchrotron period and is associated with the coherent

motion of electrons to the front the electron bunch creating a steeper edge

at τs = 0.25. It is the steeper edge that gives rise to an increase in the en-

hancement in the radiation intensity. The coherent motion of the electrons

continues along the bunch and at τs ≈ 0.9 it affects the tail of the bunch.

The enhancement is reduced because the spectral content of the bunch den-

sity distribution does not change by very much at the tail. This dipole-like
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coherent motion appears to occur at a frequency of 0.8 fs. The shift of the

dipole frequency from fs can arise due to coherent frequency shifts of the

longitudinal modes [55, 89, 92]. An analysis of the frequency shift based on

an analytical model is not considered in this thesis and constitutes the basis

for future investigations (see Chapter 6).

4.2 Beam Current Dependent Burst Frequencies

In the above analysis we observed that the burst of the CSR can arise from

longitudinal asymmetries due to the potential well distortion (PWD). There

is also another asymmetry that occurs along the δ axis, which is determined

by the ratio of α1 to α0. An analysis of measured data shows that the tem-

poral profile of the burst of CSR, like those shown in Figure 4.11(b), is not

significantly affected by the value of α1. Rather the value of both α1 and the

beam current, affects the frequency of the bursts.

The frequency of the bursts was measured using a spectrum analyser

connected to a single stripline (see Appendix B.2 for details). An experiment

measuring the burst frequency using a diode detector showed a direct cor-

relation with measurements made with the spectrum analyser. Measuring

the burst frequency with the spectrum analyser is a useful tool as access to

synchrotron light for the diode detector is limited6.

The change in the burst frequency with beam current was measured. In

this case the storage ring was configured with a synchrotron frequency of

fs = 8.05 kHz (ηx = −0.70 m) and chromaticities of 3 in the horizontal and

9 in the vertical. The measured values of α0,1 were 0.62 × 10−3 ± 0.04 × 10−3

and 9.7 × 10−3 ± 0.9 × 10−3, respectively. The results in Figure 4.12 show a

non-linear dependence of the burst frequency with current and two distinct

discontinuities in the burst frequency7. The first discontinuity at 9.5 mA

appears where the 4th harmonic of the burst frequency resonates with the

synchrotron frequency. The second discontinuity between 10.5 mA and 11.0

mA shows a change in the dynamics and is correlated with the appearance

of a second smaller burst as shown in Figure 4.13. The burst frequency does

not show a significant current dependence above 11.0 mA, rather there are

further discontinuities in the burst frequency as the bursts change. Analysis

6Only two ports are available at the ASLS. One port is the optical diagnostic beamline,
which is a poor transmitter of radiation and the second is the IR beamline. Both beamlines
are dedicated for other uses and intercepting the synchrotron light for the IR detector affects
normal operations.

7There was an initial concern that the noise from the amplifier was the cause of the
discontinuities in the frequencies. To test this possibility, a spare amplifier with spurious
sidebands at different frequencies was used (see Appendix C). The results showed that the
frequencies at which the jumps occurred did not change. Therefore the spurious noise from
the RF system is not the cause of the discontinuities in the frequencies.
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Figure 4.12: Beam motion measured with a real time spectrum analyser
(SRA) showing the burst frequencies (B1 to B4) changing with current. The
burst frequency shows a non-linear dependence on the beam current with
a threshold current at 7.2 mA. The 8.05 kHz line ( fs) is the synchrotron
frequency and the faint lines at 906, 1359, 1810, 2260, 2719 and 6300 Hz (N1)
are from the amplifier located just after the Master Oscillator. The source
of the oscillation at 10.2 kHz (N2) is unknown. “Rev” is a harmonic of the
revolution frequency.

of the data shows that during these changes the burst frequency will jump

erratically between two different values. In Figure 4.13 a lower value of α0

was used because there are operational restrictions8 on increasing the single

bunch current above 12.0 mA, which limits the capacity to excite the insta-

bility. The measurements in Figure 4.13 were made with the storage ring

configured for a synchrotron frequency of fs = 7.10 kHz (ηx = −0.75 m), and

chromaticities of 0 in both the horizontal and the vertical. The measured val-

ues of α0,1 were 0.49×10−3 ± 0.04×10−3 and 0.2×10−3 ± 0.7×10−3, respectively.

These results show three distinct burst regimes. The first regime at lower

intensity is reasonably regular and lasts approximately 3/4 of a synchrotron

period. This is just the onset of the quadrupole mode instability. The second

regime is distinguished by the appearance of the second burst, which is

expected of a quadrupole mode instability, i.e., a n = 2 mode. The third

regime is distinguished by irregular changes in the temporal burst profile.

This is probably due to the CSR-induced microbunching instability. At other

values of α0, the temporal profile of the CSR bursts exhibit characteristics of

the three regimes. The difference is in the bunch current at which the three

regimes occur.

Although the intensity of the burst in the third regime is high, the con-

8With large single bunch currents the peak voltages generated in pickups on the storage
ring, such as the BPM and striplines, can be very high. To protect the sensitive electronics
attached to these pickups the peak current is limited to 12.0 mA.
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Figure 4.13: Temporal profile of CSR and the corresponding burst fre-
quency as a function of the beam current. The results exhibit three distinct
burst regimes. The first regime below 8.3 mA is current dependent and
is predominantly driven by a dipole mode. The second regime between
8.3 mA and 9.6 mA transitions to a quadrupole mode, as indicated by the
appearance of the second smaller burst. The third regime above 9.6 mA
appears to be chaotic.

comitant change in intensity is not suitable for the ASLS IR beamline, which

requires a constant intensity. In Chapter 5 we focus on the first and second

regimes to identify the operational parameters that can be optimised for the

ASLS IR beamline.

4.3 α1 Dependent Burst Frequencies

The burst frequency is also affected by the value of α1, which can be under-

stood in terms of the longitudinal head-tail instability [92]. The longitudinal

head-tail instability is driven by asymmetries in phase space caused by a

non-zero second order momentum compaction, α1. To illustrate this effect a

surface plot of the Hamiltonian (Equation 2.25), is reproduced in Figure 4.14,

which uses measured values of α0,1 and an estimate of ξ from experiments

involving the burst frequencies. This plot shows that the phase space around

the fixed points distorts as the separation in energy, ∆δ f p ≈ α0/α1, decreases.

Assuming that α1 > 0 and ψ = 2.8, there is a slightly shorter bunch if

δ < 0 and a slightly longer bunch if δ > 0. This is illustrated in Figure 4.14(b),

where the black dots highlight the effect. In Section 3.1 we saw that the

wakefields, generated by the interaction of the electrons with the vacuum
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Figure 4.14: Surface plot of the Hamiltonian for α0 = 6.2 × 10−4 and ξ =

1.5 × 10−6 for two different values of α1 = −1 × 10−2 (a) and α1 = +1 × 10−2

(b). The contours represent the same energy values. The black dots in (b)
highlight the difference in ψ if a group of electrons were to follow the path
of the equipotential surface.

chamber, result in an energy loss due to the finite resistance of the vacuum

chamber. Assuming a Gaussian distribution, Equation 3.7 shows that the

energy loss is proportional to the inverse of the bunch length, i.e., ∆E ∝ σ−1
t .

Therefore a shorter bunch looses more energy compared to a longer bunch.

In this example the bunch will loose energy when δ < 0 and gain energy

when δ > 0, relative to the synchronous bunch (δ = 0). This will result in

an instability with growing synchrotron oscillations. The growth rate of the

dipole mode instability is given by [92]:

τ−1 =
16η1Nre

3η0γL0Z0

∫ +∞

−∞

ReZ ||(ω)
a

J1(a)J2(a)dω, (4.3)

where τ−1 is the growth/damping rate (positive/negative), η0,1 is the zeroth

and first order phase slip factors, N is the number of electrons, re is the classi-

cal electron radius, γ is the gamma factor, Z0 is the free space impedance, J1,2

are first and second order Bessel functions, a = ωσt/2, and σt is the bunch

length. For the ASLS η0 ≈ −α0 and η1 ≈ α1 when the electron energy is 3 GeV.

Using the relation N
L0

=
Ib
qc , and rearranging Equation 4.3, we get:

τ−1

Ib
=

16
3
α1

α0

re

γqcZ0

∫ ∞

−∞

ReZ ||(ω)
a

J1(a)J2(a)dω. (4.4)

To evaluate the integral in Equation 4.4, we use the SPEAR scaling law [93] to

estimate the impedance. The peak impedance of 582 Ω has been measured

previously (see Table 3.1) and the vacuum chamber cut-off9 frequency is

used, ω0 = 2πc/λc. With these approximations, Equation 4.4 is evaluated

9See Equation 1.5.
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and plotted in Figure 4.15 along with the measured burst rates normalised

to the beam current. The vertical offset has also been removed to highlight

the effect α1 has on the burst frequencies. The results show gradients in the
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Figure 4.15: Burst frequencies as a function of the measured α1 for the
lattice. There is good qualitative agreement between the measured data and
Equation 4.4, except for α1 > 0. In this configuration the burst frequency
resonated with the synchrotron frequency causing a shift in the burst fre-
quency. With different beam currents and different burst frequencies, the
shift was not observed. Six different datasets were taken with two different
transverse chromaticities of ξx,y = (0, 0) (red ‘∗’ markers) and ξx,y = (3, 9)
(blue ‘o’ markers). The change in the transverse chromaticity was not seen
to affect the burst frequency. Data were measured with beam currents of
8.9 mA, 9.0 mA, 10.6 mA, 11.0 mA and 11.1 mA, and α0 = 0.62 × 10−3.

measured data that are in good qualitative agreement with Equation 4.4,

except for α1 > 0 which is possibly due to a harmonic of the burst frequency

resonating with the synchrotron frequency, thereby causing a shift in the

burst frequency. Subsequent measurements at different beam currents at

different burst frequencies do not appear to show such shifts.

Positive values of α1 with positive growth rates are unstable, while neg-

ative values of α1 with negative growth rates are inherently stable. Despite

the positive growth rates observed in Figure 4.15, the beam is still stable for

positive values up to α1 = 0.011 because of radiation damping. For the ASLS

lattice, the radiation damping rate is τ−1
rad = 340 Hz. During the measure-

ments large horizontal synchrotron oscillations were observed for α1 > 0.012
at a beam current of 11.0 mA. At the threshold of α1 = 0.011 and Ib = 11.0
mA, the growth rate of the longitudinal head-tail instability is expected to be

τ−1 = 25 × 11 = 275 Hz. Increasing the growth rate to values that exceed the

radiation damping results in the appearance of the head-tail instability. This

instability is characterised by the large synchrotron oscillations that were

observed.
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Figure 4.16: (a) As η1 increases the beam current decreases because of
the increasing strength of the head-tail instability. The stronger instability
creates larger synchrotron oscillations that cause electrons to be removed
as they encounter apertures in the vacuum chamber. (b) Current threshold
created by the head-tail instability as a function of α1 for measured data
and the model prediction based on Equation 4.4. The data were measured
for α0 = 0.48 × 10−3; we have assumed a bunch length of σt = 12 ps based
on the current dependent bunch length data in Figure 3.6.

These large synchrotron oscillations, shown in Figure 4.16(a), cause the

electrons at the periphery of the bunch to be intercepted by the vacuum

chamber, thereby reducing the beam current. When the beam current de-

creases, the growth rate of the head-tail instability also decreases. This occurs

until an equilibrium is reached where the growth rate equals the radiation

damping. The threshold based on Equation 4.4 is shown in Figure 4.16(b)

and compared to the measured current thresholds for increasing values of α1.

The measured thresholds are in reasonable agreement with in that the mea-

sured values below the theoretically calculated threshold. The discrepancy

is due to a sudden change in the value of α1 that caused a large portion of

the beam to be lost. It is plausible that if α1 changes smoothly, the measured

results would better follow the calculated thresholds.

We have shown that α1 , 0 only changes the frequency of the bursts by

contributing to the growth or damping of the dipole mode instability. There-

fore if α1 is negative the dipole mode contribution to the overall instability

will be damped, while a positive value of α1 will reinforce the dipole mode.

What this does to the burst rates is shown in Figure 4.17.

Previous measurements have shown that a well defined narrow peak in

the burst frequency means there is a regular burst frequency and temporal

profile. A broader peak in the burst frequency indicates either an irregular

burst frequency or temporal profile. The results in Figure 4.17 show that

α1 has a direct effect on the current thresholds and burst frequency. If CSR

is generated in the first and second burst regimes, a positive value of α1 is

preferred because of the lower beam current requirements and regular burst

frequency (in the second regime). Negative value of α1 results in more regular
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(a) (b) (c)

Figure 4.17: Comparison of the burst frequency with beam current for
three different values of α1. (a) α1 = 8.0, (b) α1 = 0.2, and (c) α1 = −15.6. An
increase in the damping of the dipole mode increases the current threshold.
The storage ring parameters are: fs = 7100 Hz, α0 = 0.49 × 10−3, ηx = −0.75
m, with chromaticities of 0 in both the horizontal and vertical planes.

bursts of CSR generated in the third regime. In Chapter 5 our investigation

will focus on the bursts in the first and second regime, therefore only positive

values of α1 will be considered.

4.4 Summary

The temporal analysis of the data collected from the diode detector has

given insight into the dynamics of the electron beam above the microwave

instability threshold. This analysis provides evidence for the excitation of

multiple longitudinal modes initiated by a burst of CSR. The analysis of the

change in the burst frequency with bunch current identified three distinct

regimes for the bursts of CSR. The first and second regimes predominantly

involve the quadrupole mode (n = 2) that drives the emission of CSR. In these

regimes a positive value of α1 is preferable to reduce the current threshold.

The third regime is characterised by an irregular burst of CSR and may

indicate the onset of the microbunching instability. In the third regime a

negative value of α1 is preferred, since it improves the regularity of the burst

of CSR. Studies relating to the third regime will be discussed in Chapter 6.

The choices of α1 for the bursting emission of CSR is different to operating

at very low values of α0 for stable emission of CSR, where α1 needs to be kept

close to zero. In the next Chapter a method of determining an optimal

configuration for the ASLS IR beamline will be described and the results of

measurements on the IR beamline will be presented.





Optimising Bursts of CSR for
the IR Beamline

5

Exploiting bursts of CSR as an enhanced source of Far-IR radiation for spec-

troscopy requires the frequency and integrated intensity of the bursts to

be constant over a period of minutes. The stability of the burst frequency

and integrated intensity was investigated in Chapter 4, where a diode detec-

tor and spectrum analyser was used to measure the temporal and spectral

profile. In this chapter we use such temporal and spectral information to

find an optimal working configuration for the stable generation of enhanced

Far-IR radiation. The focus will be on finding a working configuration in the

first and second burst regimes, where the frequency of the bursts of CSR is

constant.

Measurements of the temporal profile were recorded for a storage ring

with a synchrotron frequency of fs = 8.05 kHz, ηx = −0.7 m and horizontal

and vertical chromaticities of 3 and 9, respectively. The measured values of

α0,1 were 0.62 × 10−3 and 3.6 × 10−3. The results in Figure 5.1 show only the

first and second burst regimes. It is clear from the temporal profile that at

9.2 mA and at 9.9 mA there is an overall increase in the damping rate. At

these beam currents a harmonic of the burst frequency is resonant with the

synchrotron frequency, creating additional damping through synchrotron

oscillations. By fitting an exponential function to the temporal data, we can

determine the change in the growth and damping rates (see Figure 5.2(a)).

A plot of the change in the integrated intensity in Figure 5.2(b) shows that

the most stable emission region is between 9.3 mA and 10.6 mA. This region

spans the region where the burst frequency couples with the synchrotron

frequency. The intensity is doubled at a higher current (i.e., 12.0 mA) where

the measured signal-to-noise ratio (SNR1) is 26. This is nearly half the value

at 10.0 mA, where the SNR is 43.9. The ASLS IR beamline requires that

both the burst frequency and intensity be constant over longer periods of

1The SNR is defined as: Aint/std(Aint), where Aint is the integrated amplitude of the signal
from the IR detector measured at different times. 20 samples are used to calculate the mean
and standard deviation at each beam current.

77
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(a) (b)

Figure 5.1: Changes in the burst profile are observed when the current in
the single bunch is altered. There is a marked change in the profile at the
discontinuities in the burst frequency, e.g., at 9.2 mA and 9.9 mA, where the
5th and 4th harmonics of the burst frequency resonate with the synchrotron
frequency. Above 11.3 mA the profile has twice the power compared to 10.0
mA.

time because of the slow response time of the bolometer. Therefore our

optimisation focuses on maximising the SNR rather than the value of the

integrated radiation intensity.

One factor that might drive the SNR is the non-linearity of the RF bucket,

which arises when α1 , 0. To ascertain whether this is the case, profiles were

measured for different α1 at two different chromaticities, i.e., ξx,y = 3, 9 and

ξx,y = 0, 0. Measurements were taken with a single bunch at 9.0 mA. Analysis

of the data in Figure 5.3 does not show a strong correlation between the burst

rates and SNR with α1. When the data in Figure 5.3 are analysed against the

burst frequency, the SNR peak occurs when the burst frequency is 1.53 ± 0.01
kHz and 1.50 ± 0.01 kHz (see Figures 5.3 (a) and (b), respectively).

To investigate the relationship between the SNR and the burst frequency,

profiles for ξx,y = 3, 9 (α1 = 9.7 × 10−3) and ξx,y = 0, 0 (α1 = 8.7 × 10−3) were

collected. The plot of the SNR as a function of the burst frequency is shown

in Figure 5.4. These plots show that the SNR increases with increasing burst

frequency. At the points where a harmonic of the burst frequency overlaps

with the synchrotron frequency there is a drop in the SNR. A more significant

observation occurs above the transition at around 2200 Hz. Although the

current and integrated intensity continues to increase, the burst rate drops

to 1300 Hz and the SNR drops to 30. This is the same SNR value as measured

when the burst frequency is 1300 Hz at a lower beam current. These results

indicate that there is a relationship between the SNR and the burst frequency.

Measurements of the SNR were also performed using the IR beamline’s
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Figure 5.2: Growth and decay rates determined from fitting exponential
functions to the profile data (as shown in the insets). At 9.2 mA and 9.9
mA, where the burst frequencies couple to the synchrotron frequency, an
increase in the decay rate is matched by approximately the same decrease
in the growth rate. Growth dominated bursts do not correlate with stable
integrated intensities as seen in (b), where at 10.0 mA the SNR ≈ 44 and
above 12.0 mA the SNR ≈ 26.

bolometer to compare with data collected with the diode detector. This data

is shown in red in Figure 5.4(a) and uses three spectra per data point2. The

SNR measured with the bolometer is determined from the average divided

by the maximum spread3 of the spectral intensity of the three spectra at 13.0

cm−1. The results from the bolometer are in general agreement with those

obtained using the diode detector, providing evidence of a direct correlation

between measurements made with the diode detector and the bolometer.

Before this detailed study of the stability of the burst frequency and inte-

grated intensity, the configuration for the storage ring was determined by

a “trial and error” approach. This operational configuration satisfied the

requirements of the IR beamline for the bursts to be sufficiently consistent,

with a good SNR and intensity enhancement greater than 100. The configu-

ration used had chromaticities of ξx,y = 3 and 9, α0 = 6.4× 10−4 ( fs = 8200 Hz),

α1 = 9.1 × 10−3, and 10.5 mA in a single bunch. The current of 10.5 mA was

2Each spectra is calculated using 10 scans.
3The spread is determined from the maximum minus the minimum intensity.
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Figure 5.3: Burst rates and SNR as a function of α1 for chromaticities
ξx,y = 3, 9 (a) and ξx,y = 0, 0 (b). There is no obvious correlation between SNR
and α1. However, the peaks correlate with burst frequency, so that the peak
in (a) occurs at 1.53 ± 0.01 kHz and in (b) at 1.50 ± 0.01 kHz.
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Figure 5.4: SNR calculated from profile measurements for different burst
frequencies. (a) ξx,y = 3, 9 and α1 = 9.7 × 10−3. (b) ξx,y = 0, 0 and α1 =

8.7 × 10−3. Vertical lines represent fs/4 and fs/5. A trend to higher SNR
values is observed when the 4th and 5th harmonics of the burst frequency
resonate with the synchrotron frequency. Above the transition at 2200 Hz
there is a step change to a lower frequency of 1300 Hz (see Figure 5.1).
The SNR above and below the threshold is the same at the corresponding
burst frequency. In (a), measurements were also carried out with the IR
beamline’s bolometer, which showed qualitative agreement with the diode
detector measurements.

selected since it is at the threshold of the first of the burst regimes and has

the most consistent burst frequency. The integrated intensity as a function

of current in Figures 5.2 shows no current dependence, which is useful for

longer term measurements on the beamline (i.e., up to 30 minutes for the

acquisition of a single spectrum). During these scans the burst rate should

not exhibit transitions in the burst regimes or changes in the burst intensity.
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A series of measurements were made as the beam current decayed from 10.7

mA down to 10.0 mA. These results, plotted in Figure 5.5, show more noise

between 10.2 mA and 10.7 mA, than between 10.0 mA and 10.2 mA. If we
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Figure 5.5: (a) Spectral plot showing the change in noise as a function of
beam current. (b) A comparison of the emission from CSR at two different
currents and the spectrum for normal operation with 185 mA in the storage
ring. The spectrum corresponding to normal operation has been scaled by
a factor 10 for comparison. The vertical lines at 19 cm−1 are caused by 50 Hz
motion of the electron beam, which modulates the intensity of the photon
beam and appears as spectral lines. The spectral resolution is 0.01 cm−1.

refer to Figure 5.1 and Figure 5.4(a) we see that beam currents between 10.2

mA and 10.7 mA straddle the point where the burst frequency changes to a

much lower frequency. This is where one would expect the intensity to be

the most irregular. From 10.2 mA to 10.0 mA the burst frequency changes

from 2100 Hz to 2000 Hz. In this region the burst frequency is stable with a

SNR of 50.

A comparison between the spectra at 10.7 mA and 10.0 mA is shown in

Figure 5.5(b), which clearly indicates the difference in the noise floor. At

10.7 mA the noise is double that at 10.0 mA, indicating that a tolerance on

the beam current is needed if the noise is to be kept to a minimum. To



82 OPTIMISING BURSTS OF CSR FOR THE IR BEAMLINE

maintain the beam current to ±0.2 mA over a 30 minute scan the lifetime of

the electron beam, τb, will have to be at greater than 12 hours. The lifetime is

defined as:

I(t) = I(0)e−
t
τb , (5.1)

where I(0) is the initial beam current. With the low alpha configuration the

lifetime is 17 hours and therefore the beam current will decay by 0.3 mA in

30 minutes, starting from an initial current of 10.0 mA. To maintain the burst

frequency and ensure it stays in the optimal range, electrons will have to be

injected every 30 minutes.

A plot of the peak intensity at 12.4 cm−1 is shown in Figure 5.6. This indi-

cates that a harmonic of the burst frequency, resonant with the synchrotron

frequency at 10.2 mA produces a spike in the intensity. Otherwise the data

shows a flat response as a funcion of current. This agrees with measurements

made with the diode detector (see Figure 5.2).
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Figure 5.6: Spectral intensity at 12.4 cm−1 shows a peak at 10.2 mA but oth-
erwise does not exhibit a positive gradient in the current. This qualitatively
agrees with the results shown in Figure 5.2.

From these measurements we conclude that as long as the beam current

is maintained at 10.0 ± 0.2 mA it will maximise the SNR. Enhancement from

bursts of CSR in this configuration is around a factor of 100, compared to

some previous observations, which showed gains of order 103 to 104. At the

initial stages it was possible to get the large enhancements; however, the

noise and fluctuations in the intensity from one spectrum to the next were

too great (low SNR). With lower SNR values, more measurements have to be

made and averaged, leading to greater acquisition times. Thus a decision

was made to sacrifice gain for stability and less noise. This configuration was

used for the acquisition of absorption spectra for a sample of nitrous oxide

(N2O).
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5.1 Absorption Spectra for N2O

Nitrous oxide (N2O) has a well defined molecular model that predicts the

spectral lines [94, 95]. In out experiments 25 data sets were taken with and

without nitrous oxide in the sample cell at a frequency resolution of 0.025

cm−1. The average spectrum with and without N2O is shown in Figure 5.7(a).

The peak at 19.7 cm−1 corresponds to 50 Hz beam motion (see Figure 2.7).

(a) Raw spectrum
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Figure 5.7: (a) Spectra using bursts of CSR with and without N2O. The
instrument’s response is also plotted to highlight the region where enhance-
ment occurs. The absorption lines seen in (b) are compared against known
absorption lines for N2O. A total of 25 spectra were collected and averaged.
The spectral resolution is 0.025 cm−1, with N2O at a pressure of 0.4 Torr.

The observed exponential attenuation of the lower frequencies below 13

cm−1 is due to an aperture restriction cutting off the longer wavelengths.

During normal operation, either using synchrotron radiation or with an

internal mercury lamp, the spectrum is hard to measure below 20 cm−1. CSR

has the benefit of extending the wavelength range, but more importantly the

increased flux increases the detector sensitivity, thereby requiring a lower
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sample densities. For example, to get equivalent spectra with an internal Hg

source, the N2O gas pressure was set to 2.0 Torr.

The absorption spectra in Figure 5.7(a) still shows some signal above 18

cm−1 as a result of the incoherent radiation from the 10.0 mA bunch. This

suggests that one can utilise incoherent radiation from multiple bunches

that are below the instability threshold of 7.0 mA. This can be achieved by

filling the storage ring with 300 bunches4, each with 0.6 mA and a single

bunch with 10.0 mA. The 300 bunches with a sum current of 190.0 mA will

radiate incoherently and assist in collecting spectra above 20 cm−1, while the

10.0 mA bunch will be unstable and generate bursts of CSR that allow the

acquisition of spectra below 20 cm−1.

5.2 Optimising Bursts of CSR with Lower α0 Values

The methods employed thus far to find a suitable configuration can also

be used to explore the stability of the bursts of CSR at different values of

α0. Here we present preliminary results aimed at improving the low alpha

configuration.

The burst frequency as a function of bunch current was measured for

α0 = 0.46 × 10−3(ηx = −0.75) and α0 = 0.36 × 10−3(ηx = −0.80). A plot of

the burst frequencies is shown in Figure 5.8. Note the current thresholds

at which the bursts are first observed are 7.2 mA (ηx = −0.70 m), 5.0 mA

(ηx = −0.75 m) and 2.9 mA (ηx = −0.80 m). These agree reasonably well

with the current threshold for the onset of non-equilibrium solutions to the

Haissinski equation in Table 3.1 (i.e., 8.0 mA, 4.8 mA and 2.4 mA, respectively).

These results show that by fitting R and L to measured results at low currents,

it is possible to model the impedance of the storage ring and predict the

threshold currents for the instability.

In all three cases above a threshold of around 2200 Hz there is a change in

state in which the burst frequencies exhibit little or no current dependence.

This state corresponds to the second and third burst regimes discussed in

Chapter 4. This suggests that the threshold depends on the instability reach-

ing a given growth rate. The burst rates also show jumps in the frequencies

as the harmonic approaches fs. This is observed in Figure 5.9 at 7.5 mA and

8.2 mA, which indicates that emission for α0 = 0.62 × 10−3 (ηx = −0.70) is the

same at other α0 values, and that similar islands of stable emission can be

found. If this is true then the methods used in this thesis can be exploited to

search for configurations that give the most stable emission of CSR, while

simultaneously maximising the output.

4A total of 360 bunches can be stored in the storage ring.
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Figure 5.8: Increase in the burst frequency with single bunch current at
lower α0 values.

Figure 5.9: Burst frequency as a function of current from the spectrum
analyser for α0 = 0.46 × 10−3 and ηx = −0.75 m.

The SNR analysis was also carried out on data collected forα0 = 0.46×10−3

(ηx = −0.75), along with measurements performed on the IR beamline. The

purpose was to confirm the correlation between the output of the diode

detector and the bolometer. These measurements were made at different

beam currents and were achieved by using the injection fast kicker magnets

to reduce the beam current slowly. To verify that the kicker magnets do not

affect the results, additional measurements were carried out at points where

all injection elements were turned off. The resulting data from the beamline

consists of 5 samples measured at different beam currents. Each sample is

an integrated value of the intensity from the detector over the period of the

burst. The average of the samples is then divided by the spread of values

in the samples to give the SNR. The results in Figure 5.10 show qualitative

agreement with previous observations, indicating that the maximum SNR

occurs when the burst rate is between 1700 Hz and 2000 Hz. Although not
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Figure 5.10: (a) SNR calculated using burst profile data measured by the
IR detector at different beam currents. The storage ring injection kicker
magnets were used to reduce the beam current slowly. To ensure the kickers
do not distort the data, several measurements were made with the kickers
disabled (square markers). (b) Measurements on the IR beamline were
conducted at the same time, with 10 scans used to calculate the SNR. These
measurements utilised the following parameters: α0 = 0.46×10−3 (ηx = −0.75
m), α1 = 6.1 × 10−3, chromaticity of ξx,y = 4.2 and 10.5, and sextupole
strengths of SFA = 12.2 m−3 and SDA = -14.0 m−3.

shown here, the growth of the integrated intensity with beam current also

displays similar behaviour, i.e., a plateau in the middle and rapid growth

at higher currents. The only difference is in the threshold current and the

rate of change with current. Measurements at other values of α0 may allow

a scaling relationship to be established, relating the functional form of the

burst frequencies at different currents.

5.3 Summary

Before the methods in this thesis were developed, a trial and error approach

was adopted to optimise the configuration of the lattice for the IR beamline.

In this thesis we have evaluated various configurations in a systematic way

and confirmed what had previously been determined in an ad hoc heuristic
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manner. It is clear from the methodology developed in this thesis that the

beam current needs to be maintained within a fixed range to maximise the

SNR for measurements on the IR beamline. Configurations at different α0

values can be exploited to optimise the CSR; however, we have only con-

ducted preliminary investigations at α0 = 0.46 × 10−3 (ηx = −0.75 m), and

much further work awaits completion.





Discussion and Future
Directions

6

The creation of short electron bunches in a storage ring can be exploited

to generate CSR in the Far-IR and to produce x-ray pulses that are ≈1ps in

duration. There are two methods that can be used to reduce the bunch

length in Chasman-Green type lattices - negative dispersion and localised

negative dispersion within the dipole magnet. For the generation of short

x-ray pulses, localised negative dispersion is a more suitable method because

the impact on the emittance is minimised. Therefore one can have a short

electron bunch while maintaining a small transverse emittance and beam

size. These are the optimal conditions for beamlines that require short x-ray

pulses to measure temporal responses of objects on an atomic scale.

For the generation of CSR, it is not as clear which method would be more

suitable. In both cases the reduction of α0 makes the lattice inherently more

sensitive to perturbations from the accelerator systems. For example, we

have seen perturbations from the RF system appearing in the spectrum of

the beam motion and large oscillations from the AC line frequency. It is

probable that perturbations from the accelerator systems will restrict the

achievable resolution of and control of α0, thereby limiting the creation of

electron bunches that stably emit CSR in the Far-IR. One way to overcome

this is to create a low alpha configuration at a beam energy of 1.5 GeV. To

achieve a zero current bunch length of 1 ps at 3 GeV requires α0 = 5 × 10−6,

which can only be achieved if the magnet power supplies and RF system

are stable to 3 × 10−5. This should be possible with the magnets; however,

noise on the RF system can exceed these values. At 1.5 GeV a bunch length

of 1 ps requires α0 = 5 × 10−5, which is an order of magnitude greater. The

required stability of the magnet power supply and RF system are also an

order of magnitude greater at 1 × 10−4. The more relaxed constraints on

the parameters at 1.5 GeV means the electron beam will be less sensitive to

perturbations from the accelerator systems. It is expected that the next step

in establishing a user configuration for the generation of CSR is to exploit a

89
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low alpha mode at 1.5 GeV.

Keeping the electron bunch stable at relatively high bunch currents is

difficult. Getting the bunch to excite an instability and emit bursts of CSR

is in some sense relatively easy. In this thesis we wanted to investigate

possible ways of utilising the bursts effectively. For this reason methods were

developed to characterise the bursts of CSR and elucidate how the radiation

depends on lattice parameters, such as α0,1 and the beam current. This

was only made possible with the use of a fast detector. How the beamline

reacts to the bursts of CSR depends on the operation of the IR beamline’s

instrumentation. For example, if the instrument can be made to operate in a

stop-scan mode, where the detector can pause and integrate, the results will

be less noisy. This is because it can integrate across many bursts of CSR and

through averaging minimise the effect of the variation in burst frequency

and intensity. Although it will take longer, this method of operation will

give better results. Another method is to use some form of normalisation by

using a second detector to measure the incoming radiation intensity. The

incoming beam may be split into two branches, one through the sample and

the other to a second detector. It should then be possible to normalise against

the incoming radiation intensity fluctuations to minimise the effect of a

fluctuating source intensity. Such a system would require a major redesign of

the FT spectroscopy instrumentation used on the beamline and will require

two detectors to be calibrated against each other.

Without modification to the beamline it was found that there are config-

urations where the bursts of CSR are reasonably stable. The measured SNR

values with these configurations is only a factor of 2 below the SNR during

normal operation. The trade off is in a reduction in the overall enhancement

from a factor of 10,000 to a factor of 100. We have identified three different

regimes that occur for the bursts of CSR. Only the first two regimes have

been studied in this thesis and these are predominantly driven by dipole

and quadrupole longitudinal modes. The third regime appears to be due

to the onset of a microbunching instability, which is characterised by the

chaotic nature of the bursts. The mathematical framework for describing the

behaviour in the different regimes is an important next step and the subject

of ongoing work.

The temporal data shows that the bursts of CSR in the first and second

regimes excite longitudinal modes that have wavelengths shorter than the

vacuum chamber cut-off. These excited modes appear as a modulation

in the intensity of the CSR measured by the detector. Our analysis indi-

cates some doubt about whether the bandwidth of the detector affects the

results. Therefore additional detectors with different radiation responses

are required and the measurements must be re-done to confirm the role of
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the detector bandwidth. Another approach is to change the electron beam

energy to alter the cut-off wavelength. If the wavelength of the lowest longi-

tudinal mode changes with different beam energies, we can infer that the

lowest longitudinal mode is correlated with the cut-off wavelength and is

not an artefact of the detector bandwidth.

For many of the calculations reported in this thesis a measurement of the

bunch length is required. Rather than relying on the synchrotron frequency

to give the theoretical zero current bunch length, it would be useful to mea-

sure the bunch lengths in the three bursting regimes. These measurements

can be used to demonstrate a relationship between the bunch lengths and

the three bursting regimes, thereby elucidating the particular characteristics

that define the bursting regimes. When the streak camera is operational

(following repair) the bunch lengths will be measured as a function of bunch

current for different values of α0.

In this thesis we have identified some general principles that are used to

create bursts of CSR, which are stable in frequency and intensity. For exam-

ple, when operating in the first or second regime, α1 needs to be maximised

without exciting the longitudinal instability. This is because the large dipole

mode excited by the non-zero value of α1 contributes to the emission of CSR.

Furthermore, it is important to operate at a current that is not at a discon-

tinuity in the burst frequency. These are a number of useful investigations

that are the subject of future work. An immediate objective is to explore the

third burst regime, which requires a negative value of α1 to create a stable

region to operate within. It is possible that negative values of α0 will have a

positive impact on the SNR.

In summary this thesis has demonstrated the feasibility of creating co-

herent synchrotron radiation by exciting single bunch instabilities. The work

has shown that CSR can be usefully employed for IR spectroscopy and the

outcomes have the potential to extend the utility of the IR beamline at the

ASLS.
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Synchrotron Light Sources
with Low-α Configurations

A

Low-α configurations have been used by light sources such as BESSY II and

ANKA to reduce the bunch length for the generation of CSR. In Table A.1 the

parameters of four light sources that operate in this mode are shown. This is

only a small subset of light sources that offer users the option of operating in

the low alpha configuration.
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Table A.1: Parameters of light sources operating with Low Alpha configura-
tions.

Parameter MLS BESSY II DLS (Low
Emitt.)

ANKA

E0 [GeV] 0.63 1.70 3.00 1.30
L0 [m] 48 240 562 110.4
f [MHz] 500 500 500 500
V0 [kV] < 500 1500 2000-3000 4×150 / 4×400
ν (H/V) 3.2 / 2.2 14.72 /

6.22
29.39 /
8.28

6.89 / 2.79
(α0 = 4.6 × 10−4)

ξ (H/V) 0 / 0 0 / 0 0.6 / -0.8 3.7 / 5.1
(α0 = 4.6 × 10−4)

ε [nmrad] 200 30 4.4 300 (130 - 400)
α0 4 × 10−5 3.5 × 10−5 −1 × 10−5 1.0 × 10−5

(8.5 − 2.4 × 10−4)
α1 0 0 −2 × 10−5 -2.7
α2 0 < 0 4 × 10−3 -190
Max |ηx|[m] 1.6 0.75 0.28 1.7
σt (normal) [ps] 13 13 10.0 43
σt (short) [ps] 2 2 2.4 3.8 (16 - 1)
τb [h] 12 30 10-20 8 (20-2)
Allocated time
[days/year]

40 4 × 3 4 12

Far-IR CSR
ρ 1.53 4.36 7.127 5.559
b [mm] 42 50 36.5 32
IR source main main N/A Edge
Burst/Stable CSR both both N/A both
Enhancement
range [cm−1]

2-50 5-50 N/A 4-40



Storage Ring Beam
Diagnostics

B

B.1 Beam Position Monitor (BPM)

A BPM consists of four capacitor probes arranged as shown in Figure B.1.

There are 98 BPMs installed around the storage ring and these are the pri-

mary diagnostics for measuring the transverse position of the electron beam.

The probes are connected to acquisition electronics [96] that digitises the

RF signals and calculates the transverse position and intensity of the elec-

tron beam. The maximum sampling rate of the acquisition system is the

revolution frequency of the storage ring at 1.39 MHz. Data sampled at the rev-

olution frequency are commonly referred to as turn-by-turn data. Decimated

data at rates of 22 kHz, 10 kHz and 10 Hz are also available.

Figure B.1: Diagnostic setup used to digitize the signals from the BPM to
calculate the transverse position and intensity of the electron beam. The
position is sampled at a maximum rate of 1.39 MHz, with data also available
at lower sampling rates.

B.2 Stripline BPM and a Real-time Spectrum

Analyser

Another diagnostic was the Tektronix Real-Time Spectrum Analyser (RSA)

RSA3308A, with a bandwidth from DC to 8 GHz, connected to a stripline
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BPM. The stripline BPM consists of four metallic strips designed to have a

length that is one quarter of the wavelength corresponding to the frequency

of the RF system. At the ASLS the strips are 0.15 m long. The arrangement of

the striplines are similar to the standard BPMs (see Appendix B.1).

Figure B.2: Diagnostic setup used to measure the synchrotron oscillations
on the electron beam. The stripline is a transmission line that couples to the
beam and transmits the signal to a Tektronix Real-Time Spectrum Analyser
(RSA).

B.3 Streak Camera: Chromatic Aberration

The streak camera uses refractive optics to focus the light from the storage

ring onto a photocathode. The refractive optics introduces dispersive effects,

such as chromatic aberrations, that increase the measured bunch length. An

illustration of how chromatic aberrations contribute to the an increase in

the measured bunch length is shown in Figure B.3.
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Figure B.3: Polychromatic light entering the input optics of the streak
camera have a blurred focus due to chromatic aberrations. This is a result
of differences in the refractive index for different frequencies of light. The
ideal is a point-like source of electrons created by the photocathode that
is “smeared” across the screen. The finite transverse size of the electrons
created by the photocathode artificially elongates the “smeared” image
on the screen. As a consequence the measured pulse duration appears to
increase depending on the severity of the chromatic aberration.





Spurious Sidebands of Two
Pre-amplifiers

C

To test if the spurious sidebands from the RF system were causing the “jumps”

in the burst frequencies, a spare pre-amplifier was used, which has spurious

sidebands at frequencies that are slightly different to the initial pre-amplifier.

If the bursts are affected by noise from the pre-amplifier then changing

over to the spare amplifier with different noise characteristics should have a

noticeable effect on the behaviour of the burst frequencies. A comparison of

the spurious sideband frequencies are are shown in Figure C.1.
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Figure C.1: A Master Oscillator signal is connected to two pre-amplifiers.
The spectrum shows differences in the frequencies of the spurious side-
bands of the original and second amplifier. The change in the frequency is
at least 20 Hz, which is well above the resolution of the measurement at 8
Hz. Therefore, changes to the burst frequency that depend on the spurious
sidebands will be measurable.
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FOR GENERATING SHORT BUNCHES

Y.-R. E. Tan, R. Dowd, M. Boland, D. Appadoo
Australian Synchrotron, Clayton, Australia

Abstract

Generating short bunches for time resolved studies or the
generation of Coherent Synchrotron Radiation (CSR) has
been done at many other light sources and is of increas-
ing interest in the user community. Some light sources not
designed with ps bunches can usually tune the lattice to re-
duce the bunch length without much difficulty, sometimes
referred to as a Low Alpha mode. At the Australian light
source a low alpha configuration has been investigated. The
results looking into the “shaping” of the momentum com-
paction factor, beam stability and current limitations will
be presented.

INTRODUCTION

A number of light sources, ANKA [1], BESSY [2],
ELETTRA [3] and SPEAR3 [4], have reported CSR gen-
eration in the storage ring. As part of future developments
at the AS we have started some investigations into the fea-
sibility and stability of running the storage ring in a low-
α configuration for the Far Infra-Red user community and
beamlines that would like to do finely tuned time resolved
experiments. This note will report on some of the initial
results of our studies into a low-α configuration at the Aus-
tralian Synchrotron (AS).

The AS storage ring is a 3 GeV Chassman-Green type
lattice with three families of quadrupoles to control the two
tunes and the dispersion. In such a lattice is is possible to
control the momentum compaction factor, αc, by adjusting
the dispersion in the straights (to negative values) to reduce
the integral,

∫
η(s)/ρ(s)ds, where η is the horizontal dis-

persion and ρ the bending radius. Table 1 below shows
some of the relevant parameters for the different configura-
tions.

Table 1: Lattice parameters for different configurations.
The dispersion in the straight sections, η, controls α1. Fur-
ther reductions are achieved by reducing the dispersion.

Parameter η = 0.1 m η = −0.75 m
αc 2.11 × 10−3 0.50 × 10−3

fs (kHz) 14.9 7.2
σ (ps/mm) 23 / 6.9 10 / 3.1

The machine was calibrated using LOCO [6] in Matlab.
Further reduction of α1 through the manipulation of the
dispersion is achieved by using a model calculated inverted
Jacobian with three families of quadrupoles and three pa-
rameters (two tunes and dispersion).

CSR is emitted when the length scale of the longitu-
dinal bunch density is comparable to the critical length,

σc = λc/2π =
√

4b3/ρ/2π = 0.66 mm, where ρ = 7.7 m
is the bending radius and b = 32 mm the full vertical aper-
ture of the AS storage ring vacuum chamber. CSR can be
detected for bunch lengths up to σs = σc

√
ln(N)) = 3.1

mm [3]. Thus for dispersions less than -0.75 m CSR should
be detectable. This however is only a rough guide and as
observed at other light sources significant bursts of CSR
can occur in longer bunches due to local density modula-
tions. At the AS a sawtooth like pattern of emission was ob-
served beginning around σ = 4 mm with 14 mA in a single
bunch. The following sections will show some results from
the Far-IR beamline, bunch length measurements as well
as addressing some optimisation issues such as the manip-
ulation of α2 and orbit stability.

OBSERVATION OF CSR

Measurements were taken on the Far-IR & High Res-
olution beamline using a Bruker IFS125HR with a Si-B
helium cooled bolometer. The measurements in Figure 1
show that the emission appears only between 10 and 20
wavenumbers at 9 mA in single bunch mode and is an in-
crease in intensity of 5 × 104 at its peak. This was only
with a modest decrease in α1 to 5.8 × 10−4 (a factor of
only 3.8). When we look at the raw data from the interfer-
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Figure 1: IR spectra showing emission between 10 and 20
wavenumbers with a lattice at a dispersion of -0.72 m in-
stead of -0.75 m because of difficulties with injection at that
time.

ometer a sawtooth pattern is observed and appears to grow
with increasing current density. This is most likely the
same phenomena observed at other light sources called the
sawtooth instability and is associated with the quadrupole
bunch phase oscillation mode [7]. The onset appears to be
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>5.5 mA (see right pane of Figure 2) and correlates with
the point at which the bunch length deviates from the po-
tential well model in the top line in Figure 4.

To verify the time structure, the interferometer mirror
was put in a static position and essentially used the bolome-
ter as an IR intensity detector. The raw output from the
Bolometer was put into a scope and the sawtooth pattern
was observed to have a period of just over 2 ms as shown
in the left pane in Figure 2. This is close to the damping
time of the storage ring. It is believed that this instability
causes longitudinal perturbations that give rise to burst of
CSR (burst mode). Attempts to detect the quadrupole mode
with the spectrum analyser, 2fs, were not successful, prob-
ably due to the current setup. As observed at other light

Figure 2: (Right) Data from the interferometer showing
the sawtooth instability growing as the current is increased.
(Left) IR mirror in a static position and we observed in-
tensity fluctuations with a period of ≈ 2 ms in a sawtooth
pattern.

sources the burst-mode CSR emission causes large inten-
sity fluctuation that are not readily controllable/repeatable
and is thus not useful for the beamline.

BUNCH LENGTH MEASUREMENTS

An Optronis streak camera was used to measure the lon-
gitudinal fluctuations and to confirm the sawtooth instabil-
ity observed on the IR interferometer. The streak tube has
dual sweeping plates allowing for a fast sweep to measure
the ps bunch length and a slow sweep to monitor the bunch
length over ms time scales. The primary sweep unit is a
250 MHz synchroscan unit that can sweep at 50, 25 and 15
ps per mm, so each sweep can separate adjacent bunches in
the 500 MHz bunch train in the storage ring. The secondary
sweep unit can sweep at 5 ms per mm in the perpendicular
direction to the primary sweep unit, resulting in a time-time
plot of the bunch length with time. The secondary sweep
is triggered at 1 Hz and the full scale is 35.7 ms. The saw-
tooth instability was observed with streak camera, showing
a semi-periodic 2ms bunch length fluctuations as shown in

Figure 3.

Figure 3: Streak camera measurements show bunch length
oscillations with the same period as the sawtooth instability
seen on the IR interferometer. η = −0.75 m with a single
bunch current of 9.2 mA.

Bunch length measurements were made for different sin-
gle bunch currents and for α1 = 11.6 × 10−4, 6.4 ×
10−4, 3.5 × 10−4). The line plot in Figure 4 refer to the
calculated and fitted theoretical bunch length dependence
on the current, I , given by the Hassinski equation that de-
scribes the lengthening due to potential well distortions
[8][9]. As expected Figure 4 show that at larger current
densities the bunch starts to elongate and deviate from the
potential well model as it approaches or exceeds the mi-
crowave threshold. In fitting the curves it seems that the
ring inductances is much lower than expected at 25 nH (top
line) and 15 nH (middle and bottom line) with the fixed
resistance, R, set to 1600 Ω (based on previous measure-
ments as it is not expected to change with smaller bunches).
The expected that the ring inductance was 70 nH given pre-
vious measureemnts in [8]. More points at lower currents
are required to do proper fits, so further study would be
required to understand these results.

MINIMISING α2

Significant reduction in the bunch length also requires
the reduction of second order momentum compaction fac-
tor, α2. This can be minimised by optimising the sex-
tupoles. The AS storage ring has 4 families of sextupoles of
which two are for chromatic correction and the remainder
can be used to optimise α2. Experimental measurement
of α2 is determined by measuring the change in the syn-
chrotron tune, fs, as a function of the change in the RF
frequency, frf according to the equation ([5],[4]),

νs =

√
hVrfcosφs

2πE/e

(

α2
1 − 4α2

Δfrf

frf

)1/4

(1)

Figure 5 would indicate that the optimal setting for SFA
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Figure 4: The line plots show the lengthening due to po-
tential well distortions for a given fixed resistive, R, and
inductive, L, value of the storage ring and different α.
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Figure 5: Measure of the change in the second order mo-
mentum compaction factor as a function of sextupole set-
tings by measuring the change in Δfs with Δf/frf . There
are four families of sextupoles, one of which was var-
ied, two others adjusted to keep the chromaticity constant
around ξx = 2 and ξy = 4 and the last family kept constant.

that was varied is between 13.5 and 14.5 Amps. The small-
est bunch length achieved so far was with η = −0.92 m
with a measured fs = 1.3 kHz which gives a theoretical
α1 ≈ 2.11× 10−5 which is a 100 fold decrease from nom-
inal. At the time we could not verify CSR emission as the
beamline was not available. A problem at this configura-
tion is that the machine’s orbit stability is very sensitive to
small energy fluctuations (from magnets) or phase shifts in
the RF system.

ORBIT STABILITY

At very small values of α1 and large absolute disper-
sions the lattice is very sensitive to changes in the beam
energy. The smallest measured synchrotron frequency dur-

ing a test was around 1.3 kHz with α1 ≈ 2.11 × 10−5.
The difference orbits show distinct dispersion orbits with
peaks of 220 μm in the center of the arcs. With disper-
sions around 1.7 m this corresponds to peak to peak vari-
ations of Δp/p = δe = 1.3 × 10−4. In RF terms this
would only be changes of a few hertz which is certainly
possible however noise in the RF system is harder to deter-
mine. A more likely source is from the dipole power supply
whose DCCT readback also show a six sigma fluctuation of
around 2.5× 10−4. The dominant noise is a clearly seen to
be 50 Hz from the BPMs. The AS currently do not have a
fast global orbit feedback system to correct for such orbit
fluctuations, however even with such a system it would be
unlikely that it could cope with such large deviations.

DISCUSSION

Some work has been done to understand the properties of
the ring with smaller and smaller values of α1. More study
would be required to understand the instabilities seen here.
However it is clear from work done at other light sources
that we would need to achieve steady state emission from
sub-mm length bunches for the CSR to be usable. This can
only be achieved at low bunch current densities and very
small values of α1. To deal with the issue of noise another
option would be to reduce the energy of the electron beam
as there is a strong dependence of the bunch length with
energy (approximately σ ∝ E3/2 [2]). By reducing the
energy to 2 GeV it is possible to reduce σ by a factor of 2
and keep larger values of α so the ring is less sensitive to
noise. This will be investigated.
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