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Science doesn’t always go forward. It’s a bit like doing a Rubik’s cube. You sometimes have to

make more of a mess with a Rubik’s cube before you can get it to go right.

Jocelyn Bell Burnell





ABSTRACT

The MAX IV facility includes two storage rings, operated at 1.5 and
3 GeV energy, for the purpose of producing high-brilliance syn-
chrotron radiation for users. The 1.5 GeV ring replaces the previ-
ous MAX II and MAX III storage rings as a source of UV and soft
X-rays, whereas the 3 GeV ring is optimized for hard X-rays. The
3 GeV ring is the first of a new generation of synchrotron light stor-
age rings which employs multibend achromat lattices to achieve ul-
tralow emittances of a few hundred pm rad or below. Both rings were
designed to operate with a uniform, multibunch fill pattern utiliz-
ing a 100 MHz RF system, resulting in a light repetition rate of 100
MHz. However, the MAX IV user community has initiated a discus-
sion about timing modes at the rings and several research areas have
been identified that require kHz - few MHz repetition rates. At many
synchrotron light storage rings this is currently achieved by oper-
ating fill patterns with gaps of sufficient length for beamline chop-
pers or gated detectors. This is not favorable for the MAX IV storage
rings since they employ passive harmonic cavities to damp instabil-
ities, increase Touschek lifetime, reduce heating of vacuum compo-
nents and conserve the emittance at high bunch charge by lengthen-
ing the electron bunches. Studies at other storage rings have shown
that fill patterns with gaps reduce the achievable bunch lengthening
and can drastically decrease the effectiveness of the harmonic cavi-
ties. This is of special concern for ultralow emittance rings since they
have more demanding constraints to achieve stable beam, sufficient
Touschek lifetime, acceptable heat load and low emittance at high
bunch charge. This thesis presents research conducted to study pos-
sibilities of serving timing users that demand other light repetition
rates than provided by the RF system at the MAX IV storage rings and
other similar machines. Operation with fill patterns with gaps are
studied as well as two methods, Pulse Picking by Resonant Excitation
(PPRE) and Pseudo-Single-Bunch (PSB), that have the potential to
serve timing and high-brilliance users simultaneously without re-
quiring gaps in the fill pattern.
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POPULÄRVETENSKAPLIG

SAMMANFATTNING

MAX IV-laboratoriet är en anläggning med syfte att producera
synkrotronljus till forskning. När laddade partiklar accelereras
skickar de ut energi i form av strålning kallad synkrotronljus.
Synkrotronljus är intensivt ljus med många olika våglängder och är
därför väldigt användbart för att studera strukturer och processer
inom många olika fält såsom materialforskning, medicin, geologi
och arkeologi.

Mest synkrotronljus produceras av partiklar med liten massa som
rör sig i en cirkulär bana. Laboratoriet har därför två cirkulära par-
tikelacceleratorer kallade lagringsringar där elektroner cirkulerar i
timmar alltmedan de producerar ljus till experimentstationer plac-
erade utmed ringarna. För att elektronstrålen ska kunna cirkulera
så länge måste energin partiklarna förlorar som ljus kompenseras
så att strålen håller konstant energi. Detta görs med så kallade ra-
diofrekvenskaviteter (RF-kaviteter) placerade på specifika platser i
ringarna. Kaviteterna innehåller ett elektromagnetiskt fält som tillför
elektronerna energi varje gång de passerar. På grund av fältet samlas
elektronerna i paket, kallade buncher, med 10 nanosekunders inter-
vall. Det gör att synkrotronljuset även kommer att skickas ut i pulser
med samma intervall. Tidsstrukturen hos synkrotronljuset utnyttjas
av en del experiment för att studera tidsförlopp eller för att använda
vissa typer av instrument och metoder. Dessvärre är 10 nanosekun-
der en för kort period mellan ljuspulserna för många experiment och
de kan då behöva gap i ringens fyllnadsmönster, d.v.s. att man inte
fyller elektroner i alla buncher utan lämnar vissa tomma och på det
sättet får en längre tid mellan ljuspulserna.

MAX IV-ringarna har inte bara RF-kaviteter för att kompensera
elektronernas energiförlust utan också så kallade harmoniska
kaviteter för att göra elektronbuncherna längre. Detta har många
fördelar: det tar längre tid innan så många elektroner har tappats från
strålen att man måste fylla på med nya, värmebelastningen på det
vakuumrör strålen färdas i blir mindre, strålen blir mer stabil samt
man minskar elektronernas interaktion med varandra så strålens
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transversella storlek kan hållas liten, vilket i sin tur ger liten och
mer intensiv ljusstråle. De harmoniska kaviteterna är nödvändiga
för att ringarna ska fungera optimalt. De harmoniska kaviteterna
är passiva, vilket innebär att strålen ger upphov till ett fält i dem
som i sin tur påverkar strålen tillbaka. Genom att modifiera kaviteter-
nas resonansfrekvens är det möjligt att styra hur det inducerade fäl-
tet påverkar strålen och optimera hur mycket buncherna förlängs.
Eftersom kaviteterna är passiva så påverkas fältet i dem också av rin-
gens fyllnadsmönster och ett gap i mönstret ger upphov till effek-
ter som gör att bunchförlängningen blir mindre. MAX IV-ringarna
är därför designade för ett jämnt fyllnadsmönster med lika mycket
laddning i alla buncher för att maximera de positiva effekterna av de
harmoniska kaviteterna.

Nyligen har MAX IVs användare startat en diskussion om möj-
ligheterna för att göra experiment som kräver längre tidsperiod mel-
lan buncherna än 10 nanosekunder. Detta är ämnet för den här
avhandlingen. Fyllnadsmönster med gap i MAX IV-ringarna stud-
eras, men även metoder som har potential att kunna ge ljus med län-
gre tidsintervall till vissa användare samtidigt som ringarna körs med
ett jämnt fyllnadsmönster för att ge maximalt flöde med ljus till andra
användare. Utveckling av sådana metoder är inte bara av intresse för
MAX IV utan även för framtida liknande anläggningar som planeras
eftersom harmoniska kaviteter blir allt viktigare i takt med att man
försöker uppnå allt mindre strålstorlekar och mer intensivt ljus.
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INTRODUCTION

During the 1970-1980s synchrotron storage rings began to be built
with the sole purpose of producing synchrotron radiation for exper-
iments. Previously, experiments utilizing synchrotron radiation had
been conducted parasitically at particle accelerators built for parti-
cle or nuclear physics. As the demand for brilliance increased among
users, a new generation of sources developed during the 1990s with
double-bend achromat lattices achieving smaller beam emittance
and with dedicated space to incorporate insertion devices. These
third generation synchrotron light storage rings are today operated
for a broad range of users at many places around the world [1].

The history of the MAX IV Laboratory in Lund, Sweden, follows a
similar pattern. The MAX I storage ring, taken in operation in 1985,
was a synchrotron storage ring built for both nuclear physics and
synchrotron radiation research [2]. This machine was in 1995 fol-
lowed by the MAX II storage ring [3], which had a double-bend achro-
mat lattice and served users with light from both bending magnets
and insertion devices [4]. However, the quest for higher brilliance by
lowering the emittance continued and in 2007 the MAX III ring [5]
was completed with the purpose of testing technology for a planned
new facility which would drastically reduce the achievable emittance
[2]. The MAX I-III rings served around 1000 users per year until 2015
when the facility was finally decommissioned and the laboratory
moved to a new site. The MAX IV facility was inaugurated in 2016. It
consists of a linac and two storage rings, operated at 1.5 GeV and
3 GeV energy, respectively [6]. The 3 GeV storage ring employs many
novel technologies, such as a multibend achromat lattice, to achieve
a bare lattice emittance of 328 pm rad [7]. The MAX IV 3 GeV stor-
age ring is the first ultralow emittance synchrotron light storage ring
and has sparked a development of storage ring upgrades around the
world, pushing the limit towards diffraction-limited storage rings [8].

Both the MAX IV storage rings were designed to operate with a
uniform, multibunch fill pattern utilizing a 100 MHz RF system [9],
resulting in a light repetition rate of 100 MHz. However, the MAX IV
user community has initiated a discussion about timing modes at
the rings and several research areas have been identified that re-
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Introduction

quire kHz - few MHz repetition rates, which currently cannot be
provided at MAX IV. At many synchrotron light storage rings this is
achieved by operating fill patterns with gaps of sufficient length for
beamline choppers or gated detectors. This is not favorable for the
MAX IV storage rings since they employ passive harmonic cavities to
increase Touschek lifetime, reduce heating of vacuum components
and conserve the emittance at high bunch charge by lengthening the
bunches, as well as to damp instabilities by increased synchrotron
frequency spread [7]. Studies at other storage rings have shown
that fill patterns with gaps reduce the achievable bunch lengthening
and can drastically decrease the effectiveness of the harmonic cav-
ities. This is of special concern for ultralow emittance rings, such
as the MAX IV 3 GeV storage ring and future upgrades, since they
have more demanding constraints to achieve stable beam, sufficent
Touschek lifetime, acceptable heat load and low emittance at high
bunch charge [10].

This thesis presents research conducted to study possibilities for
serving timing users that demand other light repetition rates than
provided by the RF system at the MAX IV storage rings and other sim-
ilar machines. Chapter 1 gives an introduction to the theory of beam
dynamics and presents the conventions used in this thesis. Chapter 2
gives as summary of the type of experiments that this thesis con-
cerns and their requirements on the machine parameters, whereas
Chapter 3 presents the parameters of the MAX IV storage rings and
gives motivation for the topics chosen to be studied in this thesis. The
motivation behind these topics is further detailed in Paper I and
Paper II. Chapter 4 presents the theory of beam loading in a double
RF system with passive harmonic cavities, as well as code develop-
ment, benchmarking and results from experiments. This is further
detailed in Paper III, Paper IV and Paper V. Chapter 5 and Chapter
6 present studies of two different methods that have the potential to
serve timing and high-brilliance users simultaneously at the same
ring without requiring gaps in the fill pattern, and thus not jeopar-
dizing the effectiveness of the harmonic cavities. The method Pulse
Picking by Resonant Excitation (PPRE) is discussed in Chapter 5
as well as Paper VI and Paper VII, whereas the method Pseudo-
Single-Bunch (PSB) is presented in Chapter 6 and Paper VIII. Finally,
Chapter 7 contains conclusions as well as suggestions for future stud-
ies.
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CHAPTER 1

BEAM DYNAMICS

This chapter presents the basics of transverse and longitudinal beam

dynamics used in this thesis. The chapter ends with a discussion about

ultralow emittance rings and the challenges of serving timing users at

such rings.

1.1 Charged Particles in Electromagnetic Fields

The basic principle of any particle accelerator is to accelerate and
guide charged particles with electromagnetic fields. The motion of
the charged particles is determined by the Lorentz force

F= q (E+v×B), (1.1)

where q is the charge of the particle, E the electric field, v the ve-
locity of the particle and B the magnetic field [11]. When charged
particles are accelerated they emit energy in form of synchrotron ra-
diation. The angular distribution of the radiation is inversely pro-
portional to the Lorentz factor, and at velocities close to the speed
of light, the radiation is therefore emitted in a forward cone [12], re-
sulting in very intense light. The emission of synchrotron radiation
is higher for lighter particles and when particles are bent perpendic-
ular to their direction of motion [12]. Therefore circular electron ac-
celerators are favourable for producing high-intensity synchrotron
radiation for experiments.

In a synchrotron, particles are steered onto a fixed circular orbit
by magnets, whereas the energy of the particles is increased by ra-
diofrequency (RF) cavities placed at specific positions in the ring. In
the case of a storage ring, the cavities are used to replenish the en-
ergy lost as synchrotron radiation and maintain constant particle en-
ergy [12]. The motion of the particle can be described in a co-moving
coordinate system [13] (see Figure 1.1) where the coordinates of the
particle are described relative to a design orbit which is the orbit for
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1.2 Transverse Beam Dynamics

a nominal particle. Each particle can be described by six coordinates
(x , x ′, y , y ′, z ,δ), where x , y and x ′, y ′ are the horizontal and vertical
positions and angles, z the longitudinal position and δ the relative
momentum deviation, all relative to a nominal particle. The longitu-
dinal position along the ring is denoted by s .

s

x

y

z

Particle in a co-moving coordinate system with the naming
conventions used in this thesis.

1.2 Transverse Beam Dynamics

1.2.1 Magnetic Fields

The effect of a transverse magnetic field can be evaluated by expand-
ing the field in Taylor components around the design orbit. If we
have a transverse magnetic field

B(x , y ) = Bx (y )x+By (x )y (1.2)

the vertical component can, for example, be expanded as

By (x ) = By ,0+
d By

d x
x +

1

2

d 2By

d x 2
x 2+

1

6

d 3By

d x 3
x 3 · · · (1.3)

In the case of electrons, normalization with the charge e and mo-
mentum p gives

e

p
By (x ) =

e

p
By ,0+

e

p

d By

d x
x +

1

2

e

p

d 2By

d x 2
x 2+

1

6

e

p

d 3By

d x 3
x 3 · · · ≡

1

R
+k x +

1

2
m x 2+

1

6
o x 3 · · · (1.4)

The first term in the expansion is called dipole, the second
quadrupole, the third sextupole, the fourth octupole etc. [12]. The
multipole components have different effects on the beam, which will
be explained in more detail in the coming sections. The optics of a
synchrotron consists of a lattice of magnets with different multipoles
placed in a given order designed to achieve some desired properties
of the particle beam.
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Beam Dynamics

1.2.2 Linear Optics

The two lowest terms in the expansion of a magnetic field derived in
Equation (1.4) construct the linear optics since they only have lin-
ear effects on the beam. The dipole term bends the beam with the
bending radius R , whereas the quadrupole term focuses the beam
with the quadrupole strength k . Deriving the motion of a charged
particle in linear magnetic fields with bending only in the horizontal
plane results in the equations of motion

d 2 x

d s 2
(s ) +

�

1

R 2(s )
−k (s )

�

x (s ) =
1

R (s )
δ (1.5)

d 2 y

d s 2
(s ) +k (s )y (s ) = 0. (1.6)

Both equations can for a particle with nominal energy be written as
the so called Hill’s equation

d 2u

d s 2
+K (s )u (s ) = 0, (1.7)

where K (s ) = 1
R 2(s )−k (s ) or K (s ) = k (s ). Assuming no dipole field, the

solution to the equation is

u (s ) =
Æ

ǫβ (s ) cos(Ψ(s ) +φ), (1.8)

where ǫ is called the emittance, β the beta function and Ψ is the
phase advance with respect to an initial phase referenceφ. The solu-
tion describes oscillations caused by quadrupole fields, called beta-
tron oscillations, in both transverse planes around the design orbit.
The amplitudes of the oscillations are given by

A(s ) =
Æ

ǫβ (s ) (1.9)

and vary along the ring since the beta function depends on the fo-
cusing determined by the positions of the quadrupole magnets in the
lattice. By differentiating Equation (1.8) with respect to the longitu-
dinal position s and eliminating the phase dependence, an equation
describing the motion of a particle in phase space is obtained

γ(s )u 2(s ) +2α(s )u (s )u ′(s ) +β (s )u ′2(s ) = ǫ, (1.10)

where

α=
−β ′(s )

2
(1.11)

and

γ=
1+α2(s )

β (s )
. (1.12)

The parameters α, β and γ are referred to as the Twiss parameters.
Equation (1.10) describes an ellipse, which shape changes according
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1.2.2 Linear Optics

to the beta functions as the particle travels along the ring [12]. The
area of the ellipse is given by the emittance and stays constant if only
conservative forces are present [13]. A beam, however, consists of
many particles which all have their own ellipse in phase space and so
called single-particle emittance. To describe the motion of a beam,
it is often therefore more useful to define an emittance describing
the whole beam. The transverse profile of an electron beam is ap-
proximately Gaussian and therefore the beam is often described by
the RMS emittance [12]. The beam size and divergence can then be
defined as

σ(s ) =
Æ

ǫβ (s ) (1.13)

σ′(s ) =

√

√ ǫ

β (s )
, (1.14)

where in this case ǫ is the RMS emittance of the particle beam [12].
Not all particles in a beam have nominal momentum. Assuming

no quadrupole fields, Equation (1.5) becomes

d 2 x

d s 2
+

1

R 2
x (s ) =

1

R
δ. (1.15)

For δ= 1 the so called dispersion function η can be defined as

d 2η

d s 2
+

1

R 2
η(s ) =

1

R
, (1.16)

which describes the motion of off-momentum particles. The solu-
tion to this equation is

η(s ) =η0 cos
s

R
+η′0R sin

s

R
+R
�

1− cos
s

R

�

(1.17)

η′(s ) =−η0

R
sin

s

R
+η′0 cos

s

R
+ sin

s

R
, (1.18)

where η0 and η′0 are the initial values at s = 0. At positions where the
dispersion is non-zero the transverse position of a particle is given
by

u (s ) = u0(s ) +uδ(s ) = u0(s ) +η(s )δ, (1.19)

where u0 is the position of a particle with nominal momentum and
uδ the displacement caused by the momentum deviation. Since off-
momentum particles follow a different trajectory along the ring than
on-momentum particles, the length of their path will be different.
The ratio of the relative change in path length L to the relative dif-
ference in momentum is described by the momentum compaction
factor

αc =
∆L/L

δ
, (1.20)

which can be calculated as

αc =
1

C

∮

η(s )

R (s )
, (1.21)
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Beam Dynamics

where C is the circumference of the ring [12].
In a circular machine, the focusing in Equation (1.7) is periodic,

meaning K (s + C ) = K (s ), and thus the beta function will also be
periodic. The tune is defined as the number of betatron oscillations
per revolution in the ring

Q =
∆Ψ

2π
=

1

2π

∮

d s

β (s )
, (1.22)

where∆Ψ is the phase advance over one revolution. Due to this peri-
odic behaviour, errors in the magnetic fields can induce resonances
which lead to particle loss. In a real machine, all possible multipole
fields are present due to mechanical tolerances and finite width of
magnet poles, meaning resonances can occur when

mQx +nQy = p , (1.23)

where Qx and Qy are the horizontal and vertical tunes and m , n and
p are integers. The sum |m |+ |n | is called the order of the resonance.
Generally the strength of the resonances increase with decreasing or-
der. Therefore, to achieve stable operation the tunes of the ring have
to be chosen to avoid the strongest resonances [12].

1.2.3 Nonlinear Optics

It is not only the path length that differs for off-momentum particles,
but also the focusing in quadrupole fields, resulting in a tune shift.
This is called chromaticity and is calculated as

ξ=
∆Q

δ
=

1

4π

∮

k (s )β (s )d s . (1.24)

Strong quadrupole fields result in large chromaticity, and thus large
tune shifts, which might result in off-momentum particles crossing
strong resonances. To avoid this, the chromaticity has to be corrected
to lower values. In addition, the chromaticity should not be nega-
tive to avoid so called head-tail instability. The chromaticity can be
corrected by inserting sextupole magnets at positions in the lattice
where there is dispersion, i.e. where the amplitudes of the particles
depend on their momentum, since the focusing of sextupole fields
depends on the amplitude of the particle. The total chromaticity
then becomes

ξt o t =
1

4π

∮

�

m (s )η(s ) +k (s )
�

β (s )d s , (1.25)

where m is the sextupole strength. Unfortunately, inserting sex-
tupole magnets into the lattice also have negative effects on the
beam. All particles with non-zero amplitudes will be affected by the
sextupole fields, leading to amplitude-dependent tune shifts. This
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1.3 Longitudinal Beam Dynamics

results in a decrease of the region in transverse phase space where
particles can be stored stably. This stable region is referred to as dy-
namic aperture. The dynamic aperture can be increased by tailoring
the strength of the sextupole magnets [12], and/or by adding higher-
order magnets in the lattice to compensate the effects caused by the
sextupole magnets [14]. The effect of the dynamic aperture will be
discussed further in section 1.4.

1.3 Longitudinal Beam Dynamics

1.3.1 Synchrotron Oscillations

As mentioned, in a storage ring the energy loss due to synchrotron
radiation has to be compensated by RF cavities to keep the beam en-
ergy constant. The interplay between energy gain and energy loss
causes oscillations in energy [15], which are called synchrotron os-
cillations [12]. Deriving the motion of a charged particle affected by
an accelerating voltage and energy loss results in the equations of
motion

dϕ

d t
=ωrfαc ε (1.26)

dε

d t
=

1

E0T0
[e V (ϕ)−U (ε)], (1.27)

where ϕ is the phase deviation from the nominal phase (usually re-
ferred to as the synchronous phase),ωrf the angular RF frequency, ε
the relative energy deviation from the nominal energy, E0 the nom-
inal energy, T0 the revolution period, V (ϕ) the accelerating voltage
seen by a particle with phase deviation ϕ and U (ε) the energy de-
pendent energy loss per turn. For a particle of nominal energy the
energy change per turn should be zero, leading to

e V (φs ) =U0, (1.28)

where the phaseφs is the so called synchronous phase and U0 is the
energy loss per turn for a particle with nominal energy [15].

For small oscillations around the synchronous phase (ϕ = 0), a
linear approximation for the cavity voltage can be made

e V (ϕ)≈ e V (0) + e
d V

dϕ

�

�

�

ϕ=0
ϕ =U0+ e

d V

dϕ

�

�

�

ϕ=0
ϕ. (1.29)

Differentiating Equation (1.26) with respect to time and inserting the
approximation results in

d 2ϕ

d t 2
− ωrfαc

E0T0
e

d V

dϕ

�

�

�

ϕ=0
ϕ− ωrfαc

E0T0
[U0−U (ε)] = 0, (1.30)

which gives
d 2ϕ

d t 2
− ωrfαc

E0T0
e

d V

dϕ

�

�

�

ϕ=0
ϕ = 0 (1.31)
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Beam Dynamics

if the energy loss is assumed to be independent of energy, i.e. U (ε) =

U0. Introducing the synchrotron frequency [16]

Ω
2
s
=−ωrfαc

E0T0
e Vrf cosφs , (1.32)

where Vrf is the main cavity peak voltage seen by a particle, this be-
comes

d 2ϕ

d t 2
+

Ω
2
s

Vrf cosφs

d V

dϕ

�

�

�

ϕ=0
ϕ = 0. (1.33)

The voltage given by the field in a RF cavity can be written as V (φ) =

Vrf sin(φ) [15]. The synchronous phase in this case is given by

sin(φs ) =
U0

e Vrf
(1.34)

and the Equation (1.33) becomes

d 2ϕ

d t 2
+Ω2

s
ϕ = 0, (1.35)

which corresponds to a harmonic oscillation with the angular oscil-
lation frequencyΩs [13]. For stable oscillations, we needΩ2

s
> 0 which

according to Equation (1.32) means the synchronous phase has to be
chosen such that cosφs < 0 [12], resulting in π

2 < φs < π for positive
energy gain [15] and that the synchronous phase is given by

φs =π−arcsin
�

U0

e Vrf

�

. (1.36)

1.3.2 Radiation Damping and Quantum Excitation

To take the energy dependence of the energy loss into account, a
linear approximation of the energy loss around the nominal energy
(ε= 0) can be made

U (ε)≈U (0) +
dU

dε

�

�

�

ε=0
ε=U0+

dU

dε

�

�

�

ε=0
ε. (1.37)

The equations of motion then become

dϕ

d t
=ωrfαc ε (1.38)

dε

d t
=

1

E0T0

�

e V (ϕ)−U0−
dU

dε

�

�

�

ε=0
ε

�

(1.39)

and Equation (1.33)

d 2ϕ

d t 2
+

Ω
2
s

Vrf cosφs

d V

dϕ

�

�

�

ϕ=0
ϕ+

ωrfαc

E0T0

dU

dε

�

�

�

ε=0
ε= 0, (1.40)
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which can be written as

d 2ϕ

d t 2
+2a

dϕ

d t
+

Ω
2
s

Vrf cosφs

d V

dϕ

�

�

�

ϕ=0
ϕ = 0, (1.41)

with the damping rate a = 1
2E0T0

dU
dε

�

�

�

ε=0
= 1

2T0

dU
d E

�

�

�

E=E0

[15]. This de-

scribes a damped harmonic oscillator [15], and thus the energy de-
pendence of the energy loss due to synchrotron radiation results in
damping of the synchrotron oscillations [11]. The damping rate is
given by

a =
re

3T0

E 3
0

(m c 2)3
(2I2+ I4) (1.42)

[17, 18], where re is the classical electron radius, m the electron mass,
c the speed of light and I2 and I4 so called synchrotron radiation in-
tegrals given by

I2 =

∮

1

R 2
d s (1.43)

I4 =

∮

(1−2n )η

R 3
d s , (1.44)

where n is the field index [18].
However, the energy loss due to synchrotron radiation is not

a continuous process since electromagnetic radiation appears as
quanta of discrete energy. Therefore, every time a quantum is emit-
ted the electron energy makes a jump. This energy change disturbs
the trajectory of the electron and introduces a noise to the oscilla-
tion of the beam [15]. As a consequence, the oscillations are not
completely damped, but the result is a stationary bunch density dis-
tribution with a balance between excitation and damping [15]. The
damping is caused by the average rate of the energy loss, whereas the
excitation is due to fluctuations around this average [15]. This gives
rise to an equilibrium energy spread in the beam. The RMS relative
energy spread is given by

σ2
ε =

55

32
p

3

ħhγ2

m c

I3

2I2+ I4
(1.45)

[15, 16], where ħh is Planck’s constant divided by 2π, and I3 the syn-
chrotron radiation integral given by

I3 =

∮

1

|R 3|d s (1.46)

[18].
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Beam Dynamics

1.3.3 Potential and Bunch Profile

Sinceϕ and ε in the equations of motion are canonical variables they
can be related to a Hamiltonian by Hamilton’s equations

dϕ

d t
=
∂H

∂ ε
(1.47)

dε

d t
=−∂H

∂ ϕ
(1.48)

[19]which leads to

H (ε) =ωrf αc

ε2

2
+ f (ϕ) (1.49)

H (ϕ) =− 1

E0T0

∫

�

e V (ϕ)−U0)
�

dϕ+ g (ε) (1.50)

where f and g are unknown functions. Putting this together, with
the initial condition H (0, 0) = 0, yields the Hamiltonian

H (ϕ,ε; t ) =ωrf αc

ε2

2
− 1

E0T0

∫ ϕ

0

�

e V (ϕ′)−U0

�

dϕ′ (1.51)

[20]. The bunch profile is given by the Hamiltonian as

ρ(ϕ,ε) =ρ0e

�

− 1
ωrfαc

H

σ2
ε

�

, (1.52)

whereρ0 is a normalization constant andσε the RMS relative energy
spread [20, 21]. This leads to

ρ(ϕ,ε) =ρ0e

�

− ε2

2σ2
ε
− Φ(ϕ)

α2
c σ

2
ǫ

�

, (1.53)

where the potential has been defined as

Φ(ϕ) =− αc

ωrfE0T0

∫ ϕ

0

�

e V (ϕ′)−U0

�

dϕ′. (1.54)

The longitudinal bunch profile is given by

ρ(ϕ) =ρ1e

�

− Φ(ϕ)

α2
c σ

2
ε

�

(1.55)

[20], and the bunch length can be calculated as the RMS of the bunch
profile. For the case only main cavities present in the machine, this
results in the natural bunch length

σz =
αc c

Ωs

σε (1.56)

[16].
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1.4 Momentum Acceptance and Touschek Lifetime

1.4 Momentum Acceptance and Touschek Lifetime

The momentum acceptance of a ring depends on both the transverse
and longitudinal dynamics. The RF voltage sets an upper limit on the
momentum acceptance because particles with too large momentum
deviation will be so much off-phase with the accelerating field that
their synchrotron oscillations become unstable [12]. However, the
momentum acceptance is also affected by the transverse dynamic
aperture for off-momentum particles, which varies around the ring.
The overall momentum acceptance of the ring is therefore deter-
mined by the minimum of the RF acceptance and the lattice accep-
tance [22].

The source of particles with largest momentum deviation is the
so called Touschek scattering. This refers to collisions between par-
ticles in the beam were transverse momentum is transferred to lon-
gitudinal momentum in such a way that the particles are lost due to
the momentum acceptance of the ring. This will affect the lifetime of
the beam and the Touschek lifetime can be calculated according to

1

τ
=

r 2
e

c q

8πeγ3σz C

∮ F
�
�

δacc(s )

γσ′x (s )

�2�

σx (s )σy (s )σ′x (s )δ
2
a c c
(s )

d s , (1.57)

where q is the bunch charge, e the electron charge, γ the Lorentz
factor, and σz the RMS bunch length. The local momentum accep-
tance is δacc, whereasσx andσy are the horizontal and vertical RMS
beam sizes including contribution from dispersion. The horizontal
RMS divergence in this case is not the full divergence, but the one for
x ≈ 0 given by

σ′
x
(s ) =

ǫx

σx (s )

√

√

√

1+
H (s )σ2

ǫ

ǫx

, (1.58)

where H (s ) is given by Equation (1.66) and σε is the RMS relative
energy spread. The function F (x ) is defined as

F (x ) =

∫ 1

0

�

1

u
− 1

2
ln

1

u
−1
�

e −x/u d u (1.59)

[22]. From Equation (1.57) is is evident that the Touschek lifetime is
proportional to the bunch length.

1.5 Instabilities

Charged particles in a beam is not only affected by electromagnetic
fields from magnets and RF cavities, but also by fields induced by
the beam itself in interaction with its environment [11]. This can
cause collective behaviour which leads to beam instability. The fields
can have short range, giving rise to single-bunch instabilities, or long
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Beam Dynamics

range, resulting in multibunch instabilities. To be able to store high
charge bunches and/or high average current in a machine, the insta-
bilities have to be controlled [23].

The stability of the beam is affected by both the impedance of
the machine and the optics. The impedance is given by the design
and dimension of the vacuum chamber and RF cavities. Smaller
vacuum chamber dimensions increase the impedance, lowering the
threshold current for many instabilities. RF cavities, in turn, can
have higher-order modes, which give rise to coupled-bunch insta-
bilities. In addition, some instabilities depend on the momentum
compaction such that the beam becomes more sensitive when the
momentum compaction is small [23]. Many different types of insta-
bilities can occur in a storage ring and this is a wide and important
research topic since they have the potential to limit the achievable
performance of current and future machines.

1.6 Ultralow Emittance Storage Rings

1.6.1 The Diffraction Limit

The brilliance of a light source is given by

B (λ) =
P (λ)

4π2ǫx ǫy

=
P (λ)

4π2σxσyσ′xσ
′
y

, (1.60)

where P is the photon flux for 0.1% bandwidth and λ the photon
wavelength [12]. However, the radiation emitted by a single electron
has an intrinsic emittance which also needs to be taken into account.
If the radiation is approximated as a Gaussian beam, the brilliance is
then given by

B (λ) =
P (λ)

4π2ǫc ,x ǫc ,y

=
P (λ)

4π2
∑

x

∑

y

∑

x ′

∑

y ′
, (1.61)

where ǫc is the convoluted emittance of the electron beam and the
single-particle photon beam. The convoluted beam sizes and diver-
gences are given by

∑

x ,y

=
q

σ2
x ,y
+σ2

r
(1.62)

∑

x ′,y ′

=
Ç

σ2
x ,y
+σ′

r
2 , (1.63)

whereσx ,y andσ′
x ,y

are the electron beam sizes and divergences and

σr and σ′
r

the contributions from the single-particle photon beam
[24]. If undulator radiation is approximated as a Gaussian beam the
single-particle emittance becomes

ǫr =
λ

4π
(1.64)
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1.6.2 Minimizing the Transverse Emittance

or

ǫr =
λ

2π
(1.65)

depending on which approximation one chooses to use [8]. For
a diffraction-limited light source, the electron beam emittance is
smaller than the contribution from the single-particle photon beam.
This means that all synchrotron light storage rings are diffraction-
limited for some long wavelength. Presently, many facilities around
the world are planning upgrades of their synchrotron light storage
rings to achieve emittance of a few hundred pm rad or below, push-
ing the limit towards diffraction-limited light sources in both trans-
verse planes at keV X-ray energies. The MAX IV 3 GeV storage ring is
the first in this new generation of storage rings with ultralow emit-
tance [8].

1.6.2 Minimizing the Transverse Emittance

As for synchrotron oscillations in the longitudinal plane, the betatron
oscillations in the transverse planes are damped due to the emission
of synchrotron radiation. Also, in the same way, betatron oscillations
are excited due to the stochastic emission of photons and an equi-
librium emittance is reached as a balance between these two pro-
cesses. If a particle with initial zero emittance travelling along the
design orbit emits synchrotron radiation when it is bent in a dipole
field it will lose momentum, and thus start to deviate from the design
orbit. This deviation leads to betatron oscillations when the parti-
cle is focused by the quadrupole magnets in the lattice, and thus the
emittance of the particle is no longer zero. Assuming that the particle
emits radiation at a point s0 inside the dipole magnet, the deviation
from the design orbit will be given by the dispersion ∆u = ηδ and
∆u ′ = η′δ, which according to Equation (1.10) and Equation (1.19)
gives the emittance of the particle

ǫ = γ(s0)∆u 2+2α(s0)∆u∆u ′+β (s0)∆u ′2 =
!

γ(s0)η
2+2α(s0)ηη

′+β (s0)η
′2�δ2 =H (s0)δ

2. (1.66)

To get the emittance of a whole beam, one must average over all pos-
sible energies and emission probabilities. [12]. For a machine were
bending is only done in the horizontal plane, the emittance growth
will occur in this plane and then couple over to the vertical plane
due to errors in the machine. The coupling can also be controlled
by skew quadrupole magnet in the lattice [21]. This means that the
horizontal emittance is usually orders of magnitude larger than the
vertical emittance. It can be shown that the equilibrium horizontal
emittance can be written as

ǫx =
55

32
p

3

ħh

m c
γ2 〈H (s )/R 3(s )〉

Jx 〈1/R 2(s )〉 , (1.67)
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where Jx is the so called horizontal damping partition number [12].
For rings without quadrupole gradients inside the dipole magnets
Jx = 1 and the emittance can therefore be somewhat reduced by
inserting horizontally defocusing quadrupole gradients inside the
dipole magnets. However, the emittance mostly depends on the term

〈H (s )/R 3(s )〉
〈1/R 2(s )〉 , (1.68)

and how this scales with the optics [10]. Since

H (s )
R 3(s )

·

=
1

C

∫ C

0

H (s )
R 3(s )

d s , (1.69)

the emittance only depends on the value ofH (s ) inside the dipole
magnets. Assuming a periodic lattice where the lattice functions are
the same within all bending magnets, it is sufficient to study the scal-
ing ofH (s ) for one dipole magnet since the average over the whole
ring will be the same. For an individual dipole magnet with bend-
ing radius R , the contribution to the emittance can be calculated by
determining

〈H 〉= 1

l

∫ l

0

H (s )d s , (1.70)

where l is the length of the magnet. Assuming a pure dipole magnet,
the lattice functions inside the magnet can be derived to be

β (s ) = β0−2α0s +γ0s 2 (1.71)

α(s ) =α0−γ0s (1.72)

γ(s ) = γ0 (1.73)

η(s ) =η0+η
′
0s +R (1− cosθ ) (1.74)

η′(s ) =η′0+ sinθ , (1.75)

whereα0,β0, γ0,η0 andη′0 are the values at the beginning of the mag-
net, and θ = l /R the bending angle. Assuming η0 =η

′
0 = 0 gives

〈H 〉=β0B +α0R A+γ0R 2C , (1.76)

where

B =
1

2

�

1− sin(2θ )

2θ

�

(1.77)

A =2
1− cosθ

θ
− 3

2

sin2θ

θ
− 1

2
θ +

1

2
sin(2θ ) (1.78)

C =
3

4
+2 cosθ +

5

4

sin(2θ )

2θ
−4

sinθ

θ
+

1

6
θ 2− (1.79)

1

4
θ sin(2θ ) +

3

2
sin2θ . (1.80)
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For small bending angles this can be approximated as

B ≈ 1

3
θ 2
�

1− 1

5
θ 2
�

(1.81)

A ≈−1

4
θ 3
�

1− 5

18
θ 2
�

(1.82)

C ≈ 1

20
θ 4
�

1− 5

14
θ 2
�

, (1.83)

which means 〈H 〉 scales as θ 2 or 1/R 2. Inserting this into Equation
(1.67) means the emittance scales as 1/R 3 or θ 3 for an isomagnetic
ring [11]. Since it was assumed that all dipole magnets in the ring had
the same bending angle

θ =
2π

N
, (1.84)

where N is the number of dipole magnets in the lattice, it can be con-
cluded that the emittance is reduced by having more dipole magnets
[10]. This has led to the development of multibend achromat lattices
with five or more bending magnets per achromat [8]. However, in
this derivation the approximation η0 =η

′
0 = 0 in the beginning of the

dipole magnets was made. It can be shown that if this is not the case,
the emittance can be reduced by minimizing the magnitude of the
dispersion function [11] using strong quadrupole fields [10].

1.6.3 Challenges for Ultralow Emittance Storage Rings

Strong quadrupole fields require strong sextupole fields to correct
the chromaticity, which in turn results in reduced dynamic aperture
and momentum acceptance. It is therefore a challenge to design an
ultralow emittance lattice with enough dynamic aperture to allow in-
jection and achieve sufficient Touschek lifetime [8].

The equilibrium emittance is not only determined by the lattice,
but can also be increased by intrabeam scattering (IBS). The princi-
ple behind IBS is similar as for Touschek scattering, but the particles
scatter at small angles, which do not led to particle loss. Instead the
momentum transfer results in an increase of the 6D emittance, i.e.
increase of transverse emittances as well as bunch length and en-
ergy spread [25]. The effect is more severe at high bunch charge and
for particles of lower energy [10]. For low and medium energy syn-
chrotron light storage rings, the achievable emittance at high bunch
charge could therefore be limited by IBS.

To achieve the strong focusing gradients required for ultralow
emittance lattices it is necessary to employ narrow magnet gaps, re-
sulting in narrow vacuum chambers [10]. As previously mentioned,
narrow vacuum chambers make the machine more sensitive to beam
instabilities, but also heating of vacuum components. In addition,
reducing the dispersion leads to smaller momentum compaction,
which also increases the sensitivity to instabilities [23].

16



Beam Dynamics

One way to meet these challenges is to introduce harmonic cavi-
ties in the ring. Harmonic cavities are operated close to a multiple of
the main RF frequency. By adjusting the amplitude and phase of the
harmonic cavity field relative to the main cavity field, it is possible
to create a RF potential in which the bunches are lengthened. The
theory behind this is described in detail in Chapter 4 and will there-
fore not be discussed in greater detail here. As both Touschek life-
time and IBS depend on the bunch length, longer bunches will help
to achieve sufficient lifetime and mitigate the transverse emittance
blow up. In addition, longer bunches will also decrease the heat load
on vacuum components [7]. Also, as the bunches are lengthened,
the synchrotron frequency spread of the particles in a bunch will in-
crease, leading to increased damping of instabilities [26]. Many fa-
cilities that plan to upgrade their machines to achieve ultralow emit-
tance are therefore currently studying the possibilities to include har-
monic cavities in their rings, e.g. [27, 28, 29]. Unfortunately, this have
consequences which make it non-trivial to serve timing users, as will
be discussed and studied in this thesis.
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CHAPTER 2

TIMING EXPERIMENTS AT SYNCHROTRON

LIGHT STORAGE RINGS

This chapter gives a brief overview of timing experiments conducted at

synchrotron light storage rings and their requirements on the machine

parameters. Common methods to serve timing users are presented as

background for the discussion about potential methods for MAX IV in

later chapters.

2.1 Utilizing the Time Structure of the Source

In this thesis, timing experiments refer to all experiments with spe-
cial requirements on light repetition rate and/or pulse duration. The
thesis focuses on methods to modify the time structure on the ma-
chine side, possibly together with instrumentation in the beamline,
i.e. before the light reaches the sample. The time structure of light
emitted from a synchrotron light storage ring is dependent on the
time structure of the electron beam in the ring. Since a storage ring
employs RF fields to replenish the energy lost by the electrons when
emitting light, the electron beam becomes pulsed with an integer
number of buckets where electrons can be stored stably [12], result-
ing in a pulsed light source. In addition, the pulse duration of the
light will depend on the length of the bunches and the photon flux on
the bunch charge. Some experiments make use of this inherit time
structure of the source. For these experiments the requirement on
the time structure can be set by either the instrumentation and/or
the phenomena to be studied. Figure 2.1 displays an overview of the
time scale of various chemical and physical phenomena, and the typ-
ical time scale of X-ray free electron lasers (FELs) and synchrotron
light storage rings. As can be noted, the experiments vary over a wide
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2.1 Utilizing the Time Structure of the Source

❋✐❣✉$❡ ✷✳✶✳ Overview of the time scale of various chemical and physical
phenomena, and the typical time scale of X-ray free electron lasers (XFELs)
and synchrotron light storage rings (SR). Originally published in J. Phys. Soc.
Jpn. 82, 021003 (2013). © 2013 The Author(s) [31].

time range and it is thus difficult to meet the requirements of all the
experiments with only one source [30].

The experiments include pump-probe techniques for imaging
and spectroscopy, electron and ion time-of-flight spectroscopy and
studies of slow relaxation processes. The requirements on the time
structure highly depends on the specific experiment, but as part of
the development of timing modes at MAX IV, the MAX IV user com-
munity has identified some common requirements for groups of ex-
periments (see Table 2.1), which gives an indication on the general
requirements for these types of experiments. The different types of
experiments and the reasons for their requirements are discussed
further below.

Pump-probe techniques utilize two light pulses, one pump pulse
that triggers a reaction in the sample and one probe pulse that moni-
tors the process at varying time delays. The pulses can be either from
a laser or a synchrotron light source [34]. When operated at a syn-
chrotron light storage ring this means that the laser pulse has to be
synchronized with the pulse from the ring and have the same rep-
etition rate or at least an integer ratio between the repetition rates
[35]. This results in kHz - few MHz repetition rates due to common
repetition rates of lasers and because the sample needs sufficient re-
laxation time to recover to its original state [31]. The time resolution
of the experiment is given by the pulse duration, so when the pulse
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Timing Experiments at Synchrotron Light Storage Rings

Table 2.1: Time structure requirements for common timing experi-
ments proposed for MAX IV [32, 33, 34].

Pump-probe schemes

Pulse duration (RMS) Up to 100 ps
Photon flux (1% BW) ≈ 1014 ph/s
Repetition rate at experiment Up to 6 MHz
Pulse spacing ±100 ns or more for syn-

chronization

Time-of-flight and coincidence

experiments

Pulse duration (RMS) 5-50 ps for ARTOF, other-
wise up to 500 ps

Photon flux (1% BW) ≈ 107 ph/s
Repetition rate at experiment Up to 3 MHz (preferable 10-

100 kHz)
Pulse spacing ±100 ns or more for syn-

chronization

Slow relaxation processes

Pulse spacing sub ns to ms

from the ring is used as a probe the time resolution is given by the
electron bunch length [34]. Shorter pulses are therefore often favor-
able.

In time-of-flight experiments, the kinetic energy of electrons
emitted from a sample radiated by photons can be determined by
measuring their flight time over a well defined trajectory in an elec-
tron spectrometer. The energy resolution of the experiment is in-
creased by smaller detector time resolution and longer flight times.
To obtain the flight times, information is required about both when
the electrons were emitted from the sample and when they arrive at
the detector. Therefore, the repetition rate of the light source must
be such that the measured electrons do not overlap with electrons
emitted from the previous light pulse [31]. In a magnetic bottle elec-
tron spectrometer the energy resolution is increased by increasing
the length of the flight times using a magnetic field which causes the
electrons to perform helical motion [36]. For sufficient time reso-
lution, a magnetic bottle electron spectrometer requires a length of
around 2 m, corresponding to µm flight times [34]. However, no in-
formation about position and angle can be extracted from the data.
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For this purpose an angle-resolved time-of-flight (ARTOF) spectrom-
eter can be used instead. An ARTOF instrument does not only detect
flight times, but also the positions at the detector, and from this infor-
mation about both the kinetic energy and the angles of the emitted
electrons can be deduced. ARTOF instruments have high transmis-
sion, meaning they are also usable at low photon flux [36]. A spe-
cial type of time-of-flight experiments are coincidence experiments
where fragments emitted during an ionization process are measured
in coincidence. By correlating the arrival time of electrons and ions
it is possible to identify electron-ion pairs resulting from the same
ionization event [37].

Multibunch fill pattern.

Single-bunch fill
pattern.

Hybrid fill pattern with
a camshaft bunch in a gap.

The requirements for studying slow relaxation processes are
highly dependent on the process to be studied, and the decay times
varies over a wide time range. Examples of experiments are fluores-
cence or luminescence decay rate measurements. To get an accurate
measurement of the decay time, the pulse spacing of the synchrotron
radiation has to be several times longer than the longest lifetime [30].

2.2 Repetition Rate and Fill Patterns

The maximum light repetition rate that can be obtained from a syn-
chrotron light storage ring is given by the RF frequency. However, if
not all buckets in the machine are filled with electrons, the repetition
rate can be reduced as low as the revolution repetition rate, where
only a single bunch is present in the machine. A comparison of these
parameters for European synchrotron light storage rings that cur-
rently have beamlines for time-resolved studies (according to [38])
and the MAX IV storage rings can be found in Table 2.2. It can be
noted that the bunch spacing in the MAX IV storage ring is larger than
for most other rings due to a lower RF frequency. This gives advan-
tages which will be discussed further later in this thesis.

The overall time structure of the electron beam is described by
the fill pattern, which for many machines can be tailored to the spe-
cific requirements of the users. Operational modes can be divided
into multibunch (where all buckets are filled, see Figure 2.2), single-
bunch (where only one bucket is filled, see Figure 2.3) and hybrid
modes (buckets filled according to a specific pattern, see Figure 2.4).
In hybrid mode it is common to operate with a gap with a single
bunch (usually referred to as camshaft bunch), often with higher
bunch charge than the rest of the bunches. Some facilities also oper-
ate with few-bunch modes where only few buckets are filled.

2.3 Short Pulses

As previously mentioned, the achievable time resolution in timing
experiments are limited by the pulse duration of the emitted light,
and efforts therefore exist to produce very short light pulses. This
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Table 2.2: Energy (E), circumference (C), revolution period (Trev) and
bunch spacing (TRF) for some European synchrotron storage rings.

E [GeV] C [m] Trev [µs] TRF [ns]

ASTRID2 0.58 45.7 0.152 9.53 [39]
BESSY II 0.9-1.9 240 0.8 2 [40, 41]
Diamond 3 561.6 1.87 2 [42, 43]
Elettra 2/2.4 260 0.867 2 [44, 45]
ESRF 6.03 844.4 2.817 2.84 [46, 47]
MAX IV 1.5 GeV 1.5 96 0.32 10 [48]
MAX IV 3 GeV 3 528 1.76 10 [7]
PETRA III 6 2304 7.69 2 [49]
SLS 2.4 288 0.961 2 [50]
SOLEIL 2.75 354.1 1.181 2.84 [51, 52]

is one of the driving forces behind linac-based light sources such as
FELs [53]. Methods also exist to create short light pulses from storage
rings and these will be summarized briefly here.

Some facilities operate with a dedicated low-alpha mode some
time of the year, where the natural bunch length is reduced by re-
ducing the momentum compaction factor. This can for example
be achieved by tuning the optics such that the dispersion becomes
partly negative [54]. Typically, bunch lengths in the order of 1 ps
can be achieved with this method [55], but the bunch charge is usu-
ally lower compared to the nominal optics due to instabilities. Also,
the emittance is often higher for this kind of optics [56]. When
the first order momentum compaction has been substantially re-
duced, the higher order terms become important. These could be
optimized to form several stable points in longitudinal phase space
where bunches can be stored, so called simultaneous alpha buckets
[57, 58]. If the optimization is made such that the local momentum
compaction is different for different fixed points, both short and long
bunches could be stored simultaneously in the ring [59]. Another
way to reduce the bunch length is to utilize a strong RF voltage gra-
dient, or by operating RF cavities of different frequencies to tailor
the voltage gradients seen by the bunches [56]. In this way, bunches
of different lengths could also be stored simultaneously in the same
ring [60].

Even shorter pulse durations can be achieved by a method called
femtoslicing where the light emitted from a slice of a bunch is sepa-
rated. The slice is created by modulating the energy of a part of the
bunch with a short laser pulse while the bunch passes through an
undulator. When the bunch passes through a dispersive region the
energy modulation transfers into a modulation of the transverse co-
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ordinates, and the light emitted from the slice can be separated by
an aperture in the beamline [61, 62]. The method can achieve pulse
durations of 100-300 fs, but the photon flux is low [56].

Finally, special RF cavities can be utilized to deflect the electrons
transversely depending on their longitudinal position. The bunches
then become tilted, resulting in shorter bunch length, and light emit-
ted from different parts can be separated by an aperture in the beam-
line [63].

2.4 Serving High-Brilliance and Timing Users

Simultaneously

Due to the requirements on the time structure for timing experi-
ments there is a conflict between serving timing users and high-
brilliance users simultaneously at the same ring. The average flux is
maximized when operating a ring in multibunch mode, and gaps in
the fill pattern for timing users will result in a decreased flux for other
users [59]. In addition, for some storage rings the stability and prop-
erties of the beam are dependent on a certain fill pattern, e.g. op-
erating with another fill pattern might result in larger emittance or
lower charge per bunch, which will further decrease the brilliance.
As will be discussed in greater detail in Chapter 3, this is a challenge
for future ultralow emittance storage rings. Therefore some facilities
have chosen to focus their upgrade plans, e.g. BESSY VSR [64], on
providing optimal performance for timing users instead of pushing
the limit towards a diffraction-limited source, which otherwise is the
ongoing trend in the world. However, some facilities plan to provide
ultralow emittance while maintaining their current modes for timing
users, e.g. APS [65], ESRF [66] and SOLEIL [67].

Today, hybrid fill patterns are the most common method to serve
timing and high-brilliance users simultaneously. The gap in the fill
pattern is then often dimensioned for choppers in the beamlines,
which give the beamlines possibility to control the light repetition
rate at the sample themselves independently of other beamlines and
also to decrease the repetition rate given by the revolution period of
the ring. A chopper is a device which physically blocks or deflects
undesired light in the beamline before it reaches the sample. Due to
technical challenges, choppers usually require a gap of a few hun-
dred ns in the fill pattern. Instead of choppers a hybrid fill pattern
can be operated together with gated detectors in the beamlines. This,
however, still requires a gap of around hundred ns in the fill pattern
and that the experiment is not negatively affected by unwanted light
hitting the sample.

There are also other methods with the purpose of serving tim-
ing and high-brilliance users simultaneously. An overview of them
is given here, whereas more details for the methods studied in this
thesis are presented later. Common for all of the methods is that the
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properties of individual electron bunches in the bunch train are tai-
lored to be able to separate the light emitted from them.

Pseudo-Single-Bunch (PSB) is a method developed and operated
for users at the Advanced Light Source (ALS) in a hybrid fill pattern
with a camshaft bunch in a 100 ns gap [68, 69, 70]. In this method,
one bunch in the bunch train is kicked onto another orbit by a fast
stripline kicker. The light from the kicked bunch can then be sepa-
rated from the light produced by the multibunch train by an aperture
in the beamline, resulting in single-bunch light without disturbing
high-brilliance users at other beamlines. The method has also been
studied at SOLEIL, but not yet operated for users there [71, 72].

Another method that has been demonstrated in user operation
is Pulse Picking by Resonant Excitation (PPRE), developed and op-
erated for users at BESSY II [73]. The method relies on incoherent
excitation of betatron oscillations in one bunch, resulting in an emit-
tance increase of a single bunch in the bunch train. Part of the light
emitted from this bunch can then be separated from the light pro-
duced by the multibunches by an aperture in the beamline in a sim-
ilar way as for PSB. The main advantages of this method are its sim-
plicity, and that no additional hardware that is not already present in
many rings are required. The drawback is that the achievable pho-
ton flux is much lower than for PSB since only a small part of the light
from the excited bunch can be separated from the multibunch light.

In addition to PPRE, a method called Transverse Resonance
Island Buckets (TRIBs) are studied at BESSY II [74, 75]. In this
method, the nonlinear optics of the ring is tailored to achieve several
stable islands in transverse phase space, which gives the possibility
to store beam with two orbits simultaneously without requiring a fast
kicker as for PSB. These stable islands form when the ring is operated
close to a resonance and with suitable amplitude-dependent tune
shifts [75]. So far automated operation has been achieved in the MLS
storage ring [75] and successful tests together with users have been
conducted at BESSY II, meaning the method is close to be employed
in regular user operation [74, 76] together with top-up injection.

Instead of separating the light emitted from different bunches in
time or transversely, it can be considered to separate them in energy.
If a sufficiently large energy shift can be achieved, the peaks in an un-
dulator spectrum would be shifted, and the light emitted by different
bunches could be separated by the monochromator in the beamline
[59]. This can be achieved by creating simultaneous alpha buckets in
the longitudinal phase space. The method has been demonstrated
[57, 58], but to the author’s knowledge it has not yet been operated
stably for timing users and is not currently pursued by any facility as
a method to serve timing and high-brilliance users simultaneously.
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CHAPTER 3

SERVING TIMING USERS AT THE

MAX IV STORAGE RINGS

In this chapter an overview of the MAX IV storage rings is given. The

focus is on machine parameters of interest for timing experiments and

the challenges of serving timing users at the MAX IV storage rings.

The chapter ends with a discussion about the motivations behind the

methods chosen to be studied in this thesis.

The design concept of the MAX IV facility is based on the no-
tion that it is difficult to satisfy the diverse requirements of the whole
synchrotron light user community with only one source. Therefore,
the facility includes two storage rings operated at different energies
(1.5 GeV and 3 GeV), providing high average brilliance over a wide
range of photon energies, as well as a linac which serves as a full-
energy injector to both rings and as a driver for a short pulse facility
(SPF) capable of providing 100 fs (FWHM) light pulses [7]. An aerial
overview of the facility can be found in Figure 3.1.

The 3 GeV ring [77, 6] is optimized for high-brilliance hard X-
rays and is the first of a new generation of synchrotron light storage
rings which employ multibend achromat lattices to achieve ultralow
emittances of a few hundred pm rad or below. The ring has a 20-
fold seven-bend achromat lattice, reaching a bare lattice emittance
of 328 pm rad [7]. The lattice functions are displayed in Figure 3.2,
whereas the nominal ring parameters can be found in Table 3.1. The
ring makes use of a compact magnet design with small magnet gaps
[78], which achieves larger integrated gradients in shorter magnets,
and reduces the circumference to reach low emittance. However, as
mentioned in previous chapters, small magnet gaps require narrow
vacuum chambers, leading to increased heat load and risk of insta-
bilities [7]. The MAX 1.5 GeV ring [48], on the other hand, has the
purpose of replacing the previous MAX II and MAX III storage rings
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❋✐❣✉$❡ ✸✳✶✳ Areal overview of the MAX IV facility. Photo by P. Nordeng.

as a source of UV and soft X-rays. It also utilizes a compact magnet
design, but has a 12-fold double-bend achromat lattice, resulting in
an emittance of 6 nm rad [7]. The lattice functions are displayed in
Figure 3.3 and the nominal parameters can also be found in Table 3.1.

Table 3.1: Parameters of the MAX IV storage rings [79, 48].

3 GeV ring 1.5 GeV ring

Main RF frequency 99.931 MHz 99.931 MHz
Harmonic number 176 32
Design current 500 mA 500 mA
Circumference 528 m 96 m
Number of achromats 20 12
Length of straight sections 4.7 m 3.5 m
Betatron tunes (hor/ver) 42.20/16.28 11.22/3.15
Beta function in straights (hor/ver) 9/2 5.692/2.837
Emittance (bare lattice) 328 pm rad 5.980 nm rad
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Beta functions and dispersion for one achromat of the 3 GeV
ring. The magnet structure is indicated at the bottom.

Beta functions and dispersion for one achromat of the 1.5 GeV
ring. The magnet structure is indicated at the bottom.
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Comparing Figure 3.2 and Figure 3.3 reveals the large differences
between the optics of the two rings, but the they also have some com-
mon features. Both rings operate with normal conducting main cav-
ities and a 100 MHz RF system [9]. In addition, both rings include
normal conducting, passive, third harmonic cavities to reduce IBS,
increase Touschek lifetime and lower the heat load by lengthening
the electron bunches, as well as to damp instabilities by increasing
the synchrotron frequency spread [7]. The harmonic cavities are an
essential part of the design of both rings and since they are operated
passively (meaning the field in them is induced by the beam), their
effectiveness depends on the fill pattern in the ring. Studies at several
other synchrotron light storage rings operating with or planning for
passive harmonic cavities, e.g. [80, 50, 81, 29, 28] show that fill pat-
terns with gaps give rise to transient effects that decrease the average
bunch lengthening. Both MAX IV rings were therefore designed to
operate with a uniform, multibunch fill pattern with 5 nC charge per
bunch [79]. For the 3 GeV ring, studies have shown that the harmonic
cavities is essential for both the beam stability [82] and for conserving
the ultralow emittance at the design current [83]. It is therefore not
trivial to operate fill patterns with gaps for timing users while main-
taining the emittance, lifetime and stability of the beam, as well as
keeping the heat load at an acceptable level.

The temporal properties of interest for timing experiments are
listed for the different parts of the MAX IV facility in Table 3.2. As
can be noted, the achievable repetition rates at the storage rings are
four orders of magnitude greater than the maximum repetition rate
at the SPF. On the other hand, the bunch duration at the SPF is three
order of magnitude shorter than the bunch durations at the storage
rings. The SPF and the rings therefore complement each other.

However, it is clear that the available repetition rate at the SPF is
not sufficient for some timing experiments, leading to a discussion
about timing modes at the rings initiated by the MAX IV user com-
munity [33, 32]. During the discussions with the user community it

Table 3.2: Time structure of the MAX IV rings and short pulse facility
(SPF). The bunch lengths stated here are for a bare lattice with max-
imum main cavity voltage .

1.5 GeV ring 3 GeV ring SPF

Single-bunch repe-
tition rate

3.125 MHz 0.57 MHz 100 Hz

Revolution period 320 ns 1760 ns
Bunch spacing 10 ns 10 ns 107 ns
Bunch duration 49 ps - 213 ps

(RMS)
29 ps - 165 ps
(RMS)

0.1 ps
(FWHM)
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was concluded that all concerned experiments have critical require-
ments on the repetition rate, whereas only some have critical re-
quirements on the pulse duration. Since bunch lengthening is an es-
sential part of the design of the MAX IV storage rings, it was therefore
decided to first focus on being able to provide the required repeti-
tion rates and then maybe in a future step to consider shorter pulses.
It was decided to focus this thesis on three different topics/methods
to study the possibilities to serve timing users at the MAX IV storage
rings:

• Consequences of operating fill patterns with gaps

• Pulse Picking by Resonant Excitation (PPRE)

• Pseudo-Single-Bunch (PSB)

The studies conducted for these areas are presented in detail in the
following chapters and papers. The two methods, PPRE and PSB,
were chosen because they have been demonstrated in stable user op-
eration at other facilities and were therefore considered as the meth-
ods with highest potential to also be operated stably at the MAX IV
storage rings. Other methods are also of interest, but was excluded
from the scope of this thesis.
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CHAPTER 4

FILL PATTERNS IN DOUBLE RF SYSTEMS

WITH PASSIVE HARMONIC CAVITIES

This chapter explains how bunch lengthening can be achieved with

a double RF system and the theory of beam loading in RF cavities.

The chapter also presents code development and experiments to study

bunch lengthening in rings with passive harmonic cavities when op-

erating fill patterns with gaps.

4.1 Double RF Systems

A double RF system consists of main and harmonic cavities, which
gives the voltage seen by the beam

V (ϕ) = Vrf

�

sin(ϕ+φs ) +k sin(nϕ+nφh )
�

, (4.1)

where Vrf is the main cavity voltage, ϕ the phase deviation from the
synchronous phase φs , k the ratio between the harmonic and main
voltage, n the harmonic of the harmonic cavities and φh the stable
phase of the harmonic cavity field relative to the synchronous phase
[84]. The main and harmonic cavities in the MAX IV 1.5 GeV storage
ring are displayed in Figure 4.1. The cavities in the 3 GeV ring are
similar. According to Section 1.3.3, the potential seen by a beam in a
double RF system becomes

Φ(ϕ) =− αc e Vrf

ωrfE0T0

�

cosφs − cos(ϕ+φs )+

k

n

�

cos(nφh )− cos(nϕ+nφh )
�

− U0

e Vrf
ϕ

ª

(4.2)

[20] and since the bunch length depends on the potential, the bunch
length can be modified by tuning the harmonic cavity voltage and
phase.
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4.1 Double RF Systems

❋✐❣✉$❡ ✹✳✶✳ Main (left) and harmonic (right) cavities installed in the MAX IV
1.5 GeV storage ring. Photo by T. Olsson.

The bunch length can be maximized (without casing bunches
that are asymmetric or a have double-hump profile) by choosing the
harmonic cavity parameters such that the first and second deriva-
tives of the voltage become zero at the synchronous phase [84]. This
forms a quartic potential well and the conditions at which this occurs
are therefore referred to as flat potential conditions

kfp =

√

√

√ 1

n 2
− 1

n 2−1

�

U0

e Vrf

�2

(4.3)

tan
!

nφh ,fp

�

=−
nU0
e Vrf

r

(n 2−1)2−
!

n 2 U0
e Vrf

�2
. (4.4)

The unperturbed synchronous phaseφs 0 in the absence of harmonic
cavity is given by

e Vrf sinφs 0 =U0, (4.5)

which is shifted according to

e Vrf

�

sinφs +k sin(nφh )
�

=U0, (4.6)

in presence of harmonic cavity [20]. For flat potential conditions the
perturbed synchronous phase then becomes [85]

sinφs ,fp =
n 2

n 2−1

U0

Vrf
. (4.7)
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Fill Patterns in Double RF Systems with Passive Harmonic Cavities

The harmonic cavities in the MAX IV storage rings are operated pas-
sively, meaning the field in them are induced by the beam. For pas-
sive harmonic cavities, the voltage and phase cannot be set indepen-
dently, but is given by the beam loading, which is explained in the
next section.

4.2 Beam Loading

When a bunch passes a RF cavity it induced a voltage in the cavity

Vb =−2kl q , (4.8)

where kl is a loss factor defined according to

kl =
ωr RL

2QL

, (4.9)

where ωr is the angular resonance frequency of the cavity, RL the
loaded shunt impedance, QL the loaded quality factor, and q the
bunch charge. The loaded cavity parameters is connected to the un-
loaded cavity parameters by the coupling βc

RL =
R

1+βc

(4.10)

QL =
Q

1+βc

. (4.11)

The bunch itself however only sees half of the induced voltage. For
multiple bunches passing the cavity, the induced voltage is added
to the voltage already present in the cavity from the previous
bunches. The induced voltage seen by a bunch i + 1 as it passes
through the cavity can be described by the phasor

Ṽb ,i+1 = Ṽb ,i e ( jδ−τ)−kl q , (4.12)

where it has been included that the voltage between two bunches
decays exponentially with

τ=
ωr

2QL

∆t , (4.13)

and slips in phase by

δ= (ωr −nωrf)∆t (4.14)

relative to a coordinate system that rotates with the angular RF fre-
quencyωrf as e jωrf t [86]. The time between two bunches is given by

∆t =
∆φ+2πNb

ωrf
(4.15)
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4.3 Self-Consistent Calculation including the Bunch Form Factor

where ∆φ is the phase difference between the bunches and Nb the
number of RF buckets between them [80]. For a uniform, multibunch
fill pattern all bunches have the same charge and are equally spaced.
Phasor addition then leads to that the voltage seen by a bunch after
a large number of bunches have passed the cavity becomes

Ṽb =−2RL I0 cosΨe − jΨ (4.16)

where I0 is the average beam current and Ψ the tuning angle of the
cavity defined as [86]

tanΨ =−2QL

ωr −nωrf

ωr

. (4.17)

For a double RF system with passive harmonic cavities, the harmonic
cavity voltage can be written as

Vhc(ϕ) =−2RhcI0 cosΨhc cos(nϕ−Ψhc). (4.18)

Comparison with Equation (4.1) results in the relations [20]

k =−2RhcI0 cosΨhc

Vrf
(4.19)

nφh =
π

2
−Ψhc. (4.20)

4.3 Self-Consistent Calculation including the Bunch

Form Factor

The derivations of the beam loading in the previous section assumed
that the bunches could be approximated as point charges, but the
charge distribution of a bunch can be taken into account by includ-
ing a form factor, which relates the voltage induced by a charge distri-
bution to the voltage induced by a point charge [86]. The form factor
is given by the Fourier transform of the bunch distribution ρ at the
nth harmonic of the RF frequency normalized to the DC component
[20]

F̃n = Fn e jφF,n =
F [ρ(ϕ)]ω=nωrf

|F [ρ(ϕ)]ω=0|
, (4.21)

resulting in a modification of the voltage induced by a bunch passing
a RF cavity

Vb = 2Fn kl q e jφF,n . (4.22)

A self-consistent calculation of the beam loading for a uniform fill
had previously been implemented by Tavares and Andersson [20].
Building on this, a self-consistent calculation of the beam loading
for fill patterns with gaps can be achieved by calculating the voltage
seen by every bunch using phasor addition including an individual
form factor for every bunch calculated from the bunch profiles. By
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iterating the calculation, a steady-state solution for the synchronous
phases and profiles of the bunches is eventually found.

A single particle tracking code named FillPatternSim was devel-
oped to simulate the transient beam loading for various fill patterns
including the bunch form factor. The code is based on a previous
implementation by Milas [50] according to the model presented by
Byrd [80], but it also includes the bunch form factor. So far only the
form factor amplitude Fn has been implemented in a self-consistent
way in the code. The code describes every bucket as a single parti-
cle. Every turn the induced cavity field for every bucket is calculated
using phasor addition including the form factor calculated from the
beam profiles obtained during the previous turn. The phase and en-
ergy deviation of every particle for turn n+1 is then updated accord-
ing to the equations of motion

ǫn+1 = (1−2λ)ǫn +
1

E0

�

e Vmc(ϕ) + e Vhc(ϕ)−U0

�

(4.23)

ϕn+1 =ϕn +2πhαǫn+1, (4.24)

where λ = 1
τs f0

with τs being the longitudinal damping time and f0

the revolution frequency [80]. If the steady-state solution for the cav-
ity fields has not yet been found, the energy deviations of the parti-
cles will oscillate, resulting in new phase deviations, until the phases
of the particles are such that the cavity fields will be reproduced ev-
ery turn and all the particles find an individual synchronous phase
where the energy loss is compensated. To improve the convergence
and to decrease the execution time, the form factor for every bucket
is only calculated and updated every 1000th turn from the bunch
profiles from the previous turn. In addition, for the same reasons
the damping term was increased to λ = 1

2 . This is of importance for
simulations close to the flat potential conditions, since there small
phase deviations result in signification modification of the fields and
the code might never converge to the steady-state solution because
the modification of the energy deviation every turn is too large.

Paper V describes comparisons between FillPatternSim and two
other codes, one semi-analytical code based on an iterative matrix
formulation and the multiparticle tracking code mbtrack [87]. The
simulations show good agreement between FillPatternSim and the
matrix formulation, whereas differences can be noted compared to
mbtrack for fill patterns with short gaps where the bunches become
asymmetric and the form factor phase cannot be neglected. This re-
mains to be implemented in the code in a self-consistent way. In ad-
dition, the execution time of the code could be reduced by parallelis-
ing the calculation of the form factors.
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4.4 Experiments at the MAX II Storage Ring

First attempts to measure bunch lengths for various fill patterns and
compare to simulations were performed at the now decommissioned
MAX II storage ring. This is described in Paper III and Paper IV.
The measurements turned out to be difficult due to lack of diagnos-
tics and too many unknowns in the machine, but they were, how-
ever, useful for determining approaches to continue the studies at
the MAX IV storage rings. Here, the most important conclusions from
the measurements are summarized.

Three different codes were used to benchmark the measure-
ments for fill patterns without gaps, the self-consistent code de-
veloped by Tavares and Andersson [20], an earlier version of
FillPatternSim and mbtrack [87].

The MAX II storage ring had three 100 MHz RF cavities and one
500 MHz passive harmonic cavity. Unfortunately, no recent mea-
surement of the cavity parameters had been conducted, but mea-
surements had been done on cavities with a similar design in the
MAX III storage ring, and these parameters were therefore used in the
simulations. However, calculations of the required shunt impedance
to reach flat potential conditions in MAX II at the regular operating
currents and main cavity voltages showed that the shunt impedance
of the harmonic cavity was too low. Whether this actually was the
case or not will remain unknown since a conclusive result would have
required measurement of the shunt impedance, which was not per-
formed before decommissioning. However, comparisons between
measured and simulated bunch lengths concluded that the nomi-
nal energy spread was not sufficient to achieve the measured bunch
lengths, indicating that the harmonic cavity was not able to com-
pletely damp the instabilities. The simulations could be used to es-
timate the required energy spread, but the energy spread could not
be measured due to lack of diagnostics. The simulations, however,
showed good agreement between the three codes for the measure-
ment settings. For fill patterns with gaps only the earlier version of
FillPatternSim and mbtrack were compared. The focus of this com-
parison was mainly to benchmark the implementation of the form
factor amplitude in FillPatternSim. For the range of settings mea-
sured in MAX II, the implementation gave reliable results, but for set-
tings close to flat potential the code had problems reaching steady-
state and a variation of the form factor over the bunch train could
be seen also for fill patterns without gaps. Measurements of bunch
lengths with a gap in the fill pattern showed varying lengths over the
bunch train, but both codes predicted variations over the train that
would be too low to measure with the measurement setup, which
indicated that the measured variations were not mainly caused by
the transient in the harmonic cavities. The two codes, however, pre-
dicted different transients and it was concluded that questions ex-
isted concerning the feedback to compensate beam loading in the
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main cavities. For example, this early version of FillPatternSim did
not predict the Robinson instability according to theory where a cav-
ity resonance frequency above a multiple of the main RF frequency
should be unstable and vice versa [21]. This was fixed in later ver-
sions of FillPatternSim together with a new implementation of the
feedback to compensate beam loading in the main cavities.

The measurements highlighted the importance of measuring the
energy spread and bunch length simultaneously in order to properly
evaluate the effect of a harmonic cavity. This is not only important for
understanding how the energy spread varies with tuning of the cav-
ity, but also in order to evaluate the error in the bunch length mea-
surement since also other effects, such as potential well distortion
and IBS [23], affect the bunch length. The measurements also high-
lighted the importance of well know cavity parameters and calibra-
tions of the cavity fields.

4.5 Experiments at the MAX IV 3 GeV Storage Ring

The work started at MAX II was continued at the MAX IV storage
rings. Wiser from the experience at MAX II, it was decided to first fo-
cus on benchmarking the synchronous phase transient instead of the
bunch length. The results from these measurements are described
in Paper V. Both the MAX IV storage rings now include bunch-by-
bunch feedback systems [88] for control and diagnostics of instabili-
ties, but when the measurements were conducted only the system in
the 3 GeV ring had been commissioned and therefore the measure-
ments were conducted at this ring. The bunch-by-bunch feedback
system has the possibility to measure the phase offset of all individ-
ual bunches when introducing a gap in the fill pattern.

The MAX IV 3 GeV storage ring has three harmonic cavities, but
they are currently under commissioning and therefore the measure-
ments had to be performed at lower harmonic voltage than required
to achieve design bunch lengthening. The harmonic cavity detuning
was calculated from measured cavity fields at uniform fill, assum-
ing a form factor of 1, which at the achievable voltages was a suffi-
cient approximation. The total main cavity voltage was determined
by measuring the synchrotron frequency at low current and assum-
ing design parameters for beam energy, momentum compaction and
energy loss. The simulations were conducted for a range of main
cavity voltages between 988.3 kV and 1026 kV to account for the un-
certainty when determining the voltage in this way. The main cavity
detuning was assumed to be the optimal detuning to minimize the
reflected power since the detuning is controlled by a feedback for
this purpose. At the time of the measurements, only five out of the
maximum six main cavities were installed in the machine, of which
one was not powered and detuned to only have a small effect on the
beam. The detuning of this cavity was determined by calibrating
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the potentiometer of the tuning mechanism to measurements of the
cavity resonance frequency. The synchronous phase transient was
then measured with the bunch-by-bunch feedback system where the
phase shift was calibrated by moving the main cavity RF phase rela-
tive to the local oscillator of the phase detector.

Figure 4.2 displays the measured synchronous phase transient
together with results from FillPatternSim, the matrix formulation
and mbtrack. These simulations included active main cavities with
feedback compensating the beam loading, one passive main cavity
and the passive harmonic cavities. The measurement agreed well
with the simulations, and only small differences could be seen be-
tween the results from the different codes. To evaluate the phase
transient as a function of the number of filled buckets, the mea-
sured transients were fitted with third degree polynomials and the
phase deviation over the bunch train calculated from the fits. A third
degree polynomial fit was chosen due to better agreement with the
shape of the transient in simulations than a linear fit. Figure 4.3 dis-
plays a comparison between the phase deviation over the bunch
train for two different measurement series and corresponding sim-
ulations. The differences between the measurements and the sim-
ulations were within the expected error due to uncertainties in the
cavity fields and the phase calibration.

Measured and simulated synchronous phase shift as function
of bucket number for 100 mA average current and 131 filled buckets. The
simulation results for a main cavity voltage of 988.3 kV (solid) and 1026 kV
(dashed) are displayed. The error bars on the measurement corresponds to
the error in the fit of the phase calibration.
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Measured and simulated transient as function of number of
filled buncket for two different measurement series. The simulation results
for a main cavity voltage of 988.3 kV (solid) and 1026 kV (dashed) are dis-
played. The error bars on the measurement corresponds to the error in the
fit of the phase calibration as well as error in the fit of the transient.

4.6 Effect of the Bunch Form Factor

To evaluate the importance of the form factor, simulations were per-
formed at nominal settings of the MAX IV 3 GeV storage ring. At the
500 mA design current, several different settings of the cavities could
be considered, but in the comparisons the parameters displayed in
Table 4.1 were used. They correspond to the design 4.5% momen-
tum acceptance with harmonic cavity parameters according to the-
oretical flat potential conditions for a bare lattice without insertion
devices. In these simulations, the main cavities were assumed to be
ideal.

Table 4.1: Cavity parameters used in simulations at design current.

RF voltage 1.02 MV
Harmonic shunt impedance 2.33165 MΩ
Harmonic Q factor 20800
Harmonic detuning 49.361 kHz

Simulations were first performed with only one particle in mb-

track and the form factor set to 1 in FillPatternSim. To avoid over-
stretching the bunches, the shunt impedance was reduced to the
required impedance to achieve flat potential conditions with form
factor 1. Simulations were then performed with 10 000 particles in
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mbtrack and including the form factor amplitude in FillPatternSim.
Figure 4.4 displays a comparison of the average bunch length and
variation over the bunch train for mbtrack and FillPatternSim with
and without the form factor included in the simulation as a func-
tion of gap length. For long gaps (above 200 ns) the average bunch
length is similar for mbtrack and FillPatternSim both with and with-
out the bunch form factor. The bunch length in this case is around
130 ps, corresponding to roughly 3.25 times bunch lengthening. The
variation over the bunch train, however, differs between mbtrack and
FillPatternSim, but the result is closer when including the form fac-
tor amplitude in the simulation. It can also be noted that there ex-
ists a gap length where the variation over the bunch train is mini-
mized. This, however, occurs at different gap length for the two codes
and depends on whether the form factor is included in the simula-
tion or not. The results show that for simulations of long gaps, when
the average bunch lengthening is reduced to below 3 times, the av-
erage bunch length can be estimated by approximating the bunch
form factor to 1 and reducing the shunt impedance accordingly, but
to fully estimate the bunch length variation over the bunch train the
form factor has to be included in the simulation. For simulation of
short gaps, the form factor has to be included both to be able to esti-
mate the average bunch length and the variation over the train.

Figure 4.5 displays a comparison of the bunch profiles for fill pat-
terns with 173, 164 and 155 filled buckets. For short gaps the bunch
profiles in the beginning and end of the bunch train become signifi-
cantly asymmetric and then it is not valid to neglect the form factor
phase in the simulation. For longer gaps, however, good agreement
can be achieved by only including the form factor amplitude.

4.7 Future Work

The simulation results show that a self-consistent simulation is re-
quired for shorter gaps because the bunch profiles become asym-
metric and only for long gaps or low harmonic voltage when the
bunch lengthening is drastically reduced it is sufficient to approxi-
mate the form factor to 1. Including the form factor amplitude in the
simulation results in better agreement between the results from sin-
gle and multiparticle tracking, but at short gaps the form factor phase
cannot be neglected since the bunches become asymmetric. This re-
mains to be implemented in FillPatternSim in a self-consistent way.

The three simulation codes were compared to measurements for
a case where it is sufficient to approximate the form factor to 1.
Further studies are required to also benchmark the codes for cases
where this approximation is not valid. To perform such benchmark-
ing, it is necessary to achieve harmonic fields close to flat potential
conditions, but also to be able to measure the energy spread as well
as other phenomena that affect the bunch profiles, such as potential
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Figure 4.4: Mean (top) and RMS (bottom) of the bunch length over
the bunch train with and without form factor included in the simula-
tion for mbtrack and FillPatternSim as a function of gap length. The
analytical value for a uniform fill pattern is indicated (black dashed).

well distortion and IBS, as learned from the measurements at MAX II.
Studies of these phenomena are ongoing as part of the commission-
ing of the MAX IV 3 GeV storage ring to fully understand the contri-
butions to the bunch profiles observed in the machine. It can also be
considered to continue these studies at the MAX IV 1.5 GeV ring as
the commissioning process of the diagnostic beamlines at that ring
progresses since there harmonic cavity fields close to flat potential
conditions have already been achieved.

The simulation results show that introducing a gap of a few ns
length in the MAX IV 3 GeV storage ring would result in a reduc-
tion of the average bunch lengthening, jeopardizing the effective-
ness of the harmonic cavities. Various compensation schemes could
be considered and studied when the codes have been sufficiently
benchmarked. In addition, for the purpose of these simulations,
the possibility to define arbitrary fill patterns in mbtrack was imple-
mented, which gives a valuable tool to study the effect on instabili-
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Figure 4.5: Bunch profiles for beginning (left), middle (center) and
end (right) of the bunch train for fill patterns with 173 (top), 164 (cen-
ter) and 155 (bottom) filled buckets. The colors are in accordance
with Figure 4.4, mbtrack (blue), form factor 1 (orange) and including
the form factor amplitude (green).

ties when operating with various fill patterns and schemes to com-
pensate transient beam loading. The studies of different fill patterns
in the MAX IV storage rings have therefore just started and many in-
teresting research opportunities concerning this topic exists for the
future.
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CHAPTER 5

PULSE PICKING BY RESONANT

EXCITATION AT THE MAX IV 3 GEV
STORAGE RING

This chapter presents measurements and simulations for the MAX IV

3 GeV storage ring to study the feasibility of Pulse Picking by Resonant

Excitation at this ring. The chapter also includes a discussion about

the feasibility of the method at diffraction-limited storage rings.

5.1 Serving Timing Users by Emittance Growth

Pulse Picking by Resonant Excitation (PPRE) is a method developed
and operated at BESSY II to serve timing users while operating with a
hybrid fill pattern [73]. The method relies on excitation of incoherent
betatron oscillations of the electrons in a single bunch in the bunch
train, resulting in increased emittance for this bunch. Part of the light
emitted from the excited bunch can then be separated from the light
produced by the other bunches by an aperture in the beamline (see
Figure 5.1), resulting in single-bunch light for the beamline without
disturbing users at other beamlines.

The main advantage of this method is its simplicity and the pos-
sibility to perform the excitation in either transverse plane if a spe-
cific plane has to be conserved for monochromatization [73]. In ad-
dition, for many machines, the excitation can be performed with
hardware that is already present in the machine, and thus no addi-
tional hardware are required. The main drawback is the achievable
flux since only a fraction of the light emitted from a bunch can be
utilized by the beamline. The method is of interest for MAX IV due
to its simplicity, which could give the ability to serve timing users in
multibunch mode with short implementation time due to no need
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❋✐❣✉$❡ ✺✳✶✳ Extraction of light from a single bunch with PPRE.

for extensive hardware development and installation of new equip-
ment. The method could therefore possibly be utilized to serve tim-
ing users while developing more advanced schemes which would
provide more flux to the users.

5.2 Emittance Growth by Excitation

As mentioned, the PPRE method is based on excitation of incoherent
betratron oscillations of the electrons in a single bunch in the bunch
train. This can be achieved by a gated stripline kicker feed by an input
signal with a frequency close to the betatron tune. The tune spread
of the electrons in the bunch caused by chromatic and amplitude-
dependent tune shifts, instabilities and tune variations results in an
incoherent excitation of the electrons [73]. If the incoherent excita-
tion is sufficiently large taking the damping into account, this results
in an emittance increase which is greater than the induced beam os-
cillation [89].

As previously mentioned, both the MAX IV storage rings have
bunch-by-bunch feedback systems [88] used for control and diag-
nostics of instabilities. This system has the ability to drive individ-
ual bunches in the bunch train in either transverse plane, and can
thus both provide the excitation required for PPRE and diagnostics
to evaluate the result of the excitation.

5.3 Measurement Results

First measurements for PPRE were conducted at the MAX IV 3 GeV
storage ring. They are described in Paper VI. The ring choice
was mainly based on the commissioning progress of the bunch-by-
bunch feedback systems and the diagnostic beamlines. During the
measurements, the beam was excited horizontally with the bunch-
by-bunch feedback system and the beam size measured at one of
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the diagnostic beamlines. The feedback system has the capability
to excite individual bunches in the bunch train, but to be able to
measure the induced beam size increase all injected bunches had
to be exited since the exposure time of the camera at the beamline
was too long to distinguish between individual bunches. Also due
to exposure time, the camera could not distinguish between beam
movement and emittance increase so both of them results in a larger
measured beam size. However, the bunch-by-bunch feedback sys-
tem measures the RMS oscillation of the bunches and by comparing
the increase in measured beam size to the increase in beam oscilla-
tion it is possible to find excitation frequencies where the beam size
increases more than the oscillation, implying an increase of the emit-
tance. Figure 5.2 displays beam oscillation and size in both trans-
verse planes as function of horizontal excitation frequency. During
the measurements the delivery optics at that time were used, and
therefore the tunes were slightly different compared to the design
optics. The beam sizes corresponds to the size at the position of the
diagnostic beamline.
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❋✐❣✉$❡ ✺✳✷✳ Bunch oscillation (RMS) and size as function of excitation fre-
quency. In this measurement, the horizontal betatron tune was measured to
117.5 MHz. The measurement was conducted at an excitation amplitude of
0.1.

For the 3 GeV ring, the beam size measurement utilizes the obsta-
cle diffraction method [90] and has been optimized in both planes to
measure the small nominal beam size. Unfortunately, this puts an
upper limitation on the beam size that can be measured reliably and
therefore measurement results could only be obtained when exciting
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at low amplitudes. The frequency was scanned around the horizon-
tal betatron tune. Two peaks (around 116.1 kHz and 119.5 kHz) are
visible where the size increases without corresponding peak in the
oscillation, indicating that the beam size growth was mainly caused
by emittance increase. In addition, the beam size increased when
exciting at the synchrotron sidebands (around 116.7 kHz and 118.6
kHz), but since the beam size could not be measured reliable in these
areas it was not possible to draw any conclusions about the beam
size growth. It can also be noted that the horizontal excitation at
these frequencies results in a small increase of the vertical beam size
without equal increase of the vertical oscillation, indicating this is
caused by growth of the vertical emittance, i.e. coupling in the lat-
tice. The bunch-by-bunch feedback system also provides the possi-
bility to sweep the excitation frequency for a given span and period,
but during the measurements the effect of the sweep pattern on the
measured beam sizes and oscillations was small.

Further improvement of the diagnostics is required to be able to
fully benchmark the measurements against simulations. To be able
to measure larger beam sizes, either a new branch of the beamline
has to be developed, or preferably, the measurements could be con-
ducted in collaboration with one of the experimental beamlines. A
calibration of the transverse frontend of the bunch-by-bunch feed-
back system was performed to be able to get µm values for the mea-
sured RMS beam oscillation, but it was concluded that the noise of
the system is on the order of, or larger, than the RMS oscillation of
an unexcited beam. Attempts were then made to instead measure
the beam oscillation utilizing turn-by-turn data from the beam po-
sition monitors (BPMs) of the ring, but work remains to get reliable
measurements.

5.4 Simulation Results

Beam dynamics simulations were performed for the design optics
in Accelerator Toolbox (see Paper VII) with cavity and radiation ef-
fects utilizing the atfastring function which allowed tracking for sev-
eral damping times including quantum diffusion [91]. The func-
tion includes linear chromaticity and amplitude-dependent tune
shifts, and it was modified to also include second order chromatic-
ity. During the simulations 1000 particles were used. The particles
were first tracked for 60 000 turns without excitation to reach nomi-
nal values for beam size and emittance in the straight sections. The
particles were then tracked another 100 000 turns while kicked by a
sinusoidal varying kick every turn

θ = A cos(2π f t ), (5.1)

where A is the excitation amplitude, f the excitation frequency and
t the time from the start of the simulation given by i Trev, with i =
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0, 1, 2 . . . and Trev being the revolution period. The simulations were
only performed with horizontal excitation since the previous mea-
surements were done in this plane. The amplitude of the bunch-by-
bunch feedback system used for excitation were calibrated to esti-
mate the achievable kick amplitudes to between roughly 0.3-1.7µrad
(corresponding to 0.1-1 excitation amplitude). Since the measure-
ments were performed, the achievable excitation amplitude had in-
creased somewhat due to an upgrade. Since the measurements were
performed at the delivery optics at the time of the measurements,
and the beam sizes were measured at the position of the diagnostic
beamline and not in a straight section, it is not possible to directly
compare with the simulation results for the design optics, but the
simulations show similar behaviour as the measurements. Figure 5.3
displays simulated beam oscillation and beam size for the design
optics (which has a linear chromaticity of +1 in both transverse
planes) with a 50 nrad kick. It is evident than an increase in beam
size without equally large increase of the beam oscillation can be
achieved when exciting at the synchrotron sidebands, which agrees
with the observations during the measurements. During the mea-
surements, excitation at low amplitude resulted in a beam size in-
crease of roughly 1.5 times close to the second left synchrotron side-
band. In the simulations, this is achieved for a 50 nrad kick, which
is consistent with the excitation amplitudes being lower during the
measurements. However, the amplitude increase due to the upgrade
was likely below this, indicating that the simulations are perhaps
somewhat overestimating the beam size increase.
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❋✐❣✉$❡ ✺✳✸✳ Beam oscillation (RMS) and size as function of horizontal exci-
tation frequency for the design optics with a 50 nrad kick. The position of the
betatron tune (solid) and the synchrotron sidebands (dashed) are marked.

Figure 5.4 displays simulated ratio between beam oscillation and
size, as well as emittance increase for the design optics. It can be
seen that the resulting pattern of the excitation depends on the kick
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amplitude, and that large emittance increase can be achieved already
for low excitation amplitudes.
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To study if small changes of the nonlinear optics could increase
the emittance growth, the simulations were repeated with differ-
ent second order chromaticity and amplitude-dependent tune shifts.
The changes were done on the nonlinear element in the fastring el-
ement instead of modifying the strength of the sextupoles and oc-
tupoles in the lattice to be able to study the effects independently. As
displayed in Figure 5.5, up to 100% increase of the second order chro-
maticity had no significant effect on the emittance increase. Greater
difference could be seen by increasing the amplitude-dependent
tune shifts, but mainly when exciting around the betatron tune. It
is therefore not expected that sufficiently small modifications of the
nonlinear optics to not severely affect the dynamic aperture, will re-
sult in any major improvement of the emittance growth for PPRE.

Previously, an optics with +4 chromaticity in both transverse
planes has been developed for the MAX IV 3 GeV storage ring [92].
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(a) Increase of second order chromatic tune shift.
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(b) Increase of amplitude-dependent tune shifts.

❋✐❣✉$❡ ✺✳✺✳ Beam oscillation (RMS) (solid) and size (dashed) as function
of horizontal excitation frequency for the design optics with increased chro-
matic and amplitude-dependent tune shifts for a 300 nrad kick. The position
of the synchrotron sidebands are marked.

Figure 5.6 displays simulated beam oscillation and beam size for the
design optics and the high-chromaticity optics. It is evident that the
linear chromaticity has a large effect on the excitation. However, the
beam size increase at the second synchrotron side band is on the
same scale as for the design optics, so modifying the linear chro-
maticity would only lead to an increase of the emittance growth if
exciting the beam at higher synchrotron sidebands.

5.5 Performance for Users

For the users both the flux and the purity with respect to the light
emitted from the multibunches are of importance. The purity can
be defined as the ratio between the flux emitted from the excited
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❋✐❣✉$❡ ✺✳✻✳ Beam oscillation (RMS) and size as function of horizontal exci-
tation frequency for the design and high-chromaticity optics with a 300 nrad
kick. The position of the betatron tune (solid) and the synchrotron side-
bands (dashed) are marked.

bunch and one of the unexcited bunches. The flux and purity can
to some degree be optimized by the position of the aperture which
separates the light, but fundamentally it is determined by the emit-
tance increase of the excited bunch. However, since the separation
is performed on the emitted photon beams, the diffraction contri-
bution to the beam sizes cannot be neglected. Assuming beamlines
with no intermediate focus before the monochromator (meaning the
separation of the light will be performed at a position with unfo-
cused photon beams) the separation depends on the beam diver-
gence. Figure 5.7 displays the ratio between the horizontal photon
beam divergence of an excited and unexcited bunch as function of
photon energy for some different emittances for two typical exam-
ples of soft and hard X-ray beamlines at the MAX IV 3 GeV storage
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ring. It is clear that for lower photon energies, the beam divergence
becomes diffraction-limited and thus a larger emittance increase is
required to achieve a large ratio between the beam divergence of an
excited and unexcited bunch.
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Figure 5.7: Ratio between horizontal photon beam divergence for ex-
cited and unexcited bunch as function of photon energy and 10, 25,
50 and 100 times emittance increase. Two typical examples for soft
(solid) and hard (dashed) X-ray beamlines are displayed.

To study the required emittance increase to achieve a certain pu-
rity for users, calculations of the undulator radiation were performed
using SPECTRA [93]. Figure 5.8 displays the ratio between the pho-
ton flux of an excited and unexcited bunch for some different emit-
tances for the two example beamlines. It is evident that the emit-
tance increase has to be substantially larger at low photon energies
to achieve similar purity as at high photon energies.

5.6 Future Work

PPRE show potential to at least serve some timing users at the MAX IV
3 GeV storage ring. Improvements to the diagnostics are required
for further measurements and benchmarking of the simulations, but
preferable this should be done in collaboration with one of the exper-
imental beamlines, since they also have the possibility to measure
the flux and purity, which are required to fully evaluate the necessary
emittance growth.

The simulations should be benchmarked with mbtrack, which
also gives the possibility to include the harmonic cavities in the sim-
ulation. In addition, measurements and simulations for the MAX IV
1.5 GeV storage ring could be performed when the commissioning of
the diagnostic beamlines at that ring has achieved reliable beam size
measurements.
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❋✐❣✉$❡ ✺✳✽✳ Ratio between photon flux for excited and unexcited beam for
10, 25, 50 and 100 times emittance increase. Two typical examples for soft
(top) and hard (bottom) X-ray beamlines are displayed.

Since the feasibility of the PPRE method in the transverse planes
is limited by the diffraction, it could be considered to instead op-
erate PPRE in the longitudinal plane. The bunch-by-bunch feed-
back system has the ability to increase the energy spread of a single
bunch in the beam. If a sufficient energy spread could be achieved
to broaden the peaks in the undulator spectrum, light from an ex-
cited bunch could possibly be separated from the multibunch light
by the monochromator in the beamline. This is an option that could
be interesting to study further.
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CHAPTER 6

PSEUDO-SINGLE-BUNCH MODE FOR THE

MAX IV 1.5 GEV STORAGE RING

This chapter summarizes the design of a pseudo-single-bunch mode

at the MAX IV 1.5 GeV storage ring. The aim of the studies was to de-

termine the feasibility and required machine parameters to serve tim-

ing users with a PSB mode in any beamline while operating the ring

in multibunch mode for high-brilliance users. The challenges due to

beamline design and a soft X-ray energy range are discussed.

6.1 Pseudo-Single-Bunch in Multibunch Operation

The Pseudo-Single-Bunch (PSB) method has been developed and
operated for users at ALS [68, 69, 70]. In the method, one bunch in the
bunch train is kicked onto another orbit by a fast stripline kicker (see
Figure 6.1). The light from the kicked bunch can then be separated
from the light produced by the multibunch train by an aperture in
the beamline, resulting in single-bunch light at that beamline while
serving high-brilliance users at other beamlines.

At ALS, PSB was operated in a hybrid fill pattern with a camshaft
bunch in a 100 ns gap [68], but due to the 100 MHz RF frequency and
recent development in fast kicker design, there is potential to operate
PSB in multibunch mode at MAX IV. As mentioned in Chapter 2, the
100 MHz frequency results in 10 ns bunch spacing, which is longer
than for most other machines. A kicker pulse shorter than 20 ns
would therefore enable PSB in multibunch operation, and thus serve
timing and high-brilliance users simultaneously without compro-
mising the performances of the harmonic cavities. Ongoing devel-
opment in fast kicker design has shown pulse lengths which puts this
within reach. Studies conducted at ALS and the Advanced Photon
Source (APS) have shown rise and fall times below 5 ns, albeit at
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❋✐❣✉$❡ ✻✳✶✳ Principle of the Pseudo-Single-Bunch operation at MAX IV

much lower repetition rates than required for a PSB kicker at the MAX
IV 1.5 GeV storage ring, but at higher voltage [94, 95].

For the MAX IV 1.5 GeV storage ring this is also of interest due
to the short 320 ns revolution period. A gap of one or a few hun-
dred ns in the fill pattern, to suit a kicker with longer pulse duration
or beamline choppers, would substantially lower the photon flux for
high-brilliance users. Therefore operation with a hybrid fill pattern is
not favourable, and if implemented, would likely be limited to a few
weeks per year, reducing the available beamtime for timing users.

6.2 Kick-and-Cancel Operation

A PSB mode can be implemented and operated in different ways.
The most basic design consists of installing one kicker in the ring
and kick a single bunch in the bunch train onto a different closed
orbit. This affects all beamlines at the ring, but might not be opti-
mal for all beamlines and users. Other options rely on several kick-
ers, giving the possibility to tailor the orbit throughout the entire ring
[96, 97]. The design presented in this thesis (and in Paper VIII) uti-
lizes one kicker and, unlike the implementation at ALS, the studies
are focused on optimizing the mode to serve as many beamlines and
users as possible with a single kicker. The reason behind this design
choice is the technical challenge to synchronize several kickers and
the available space in the ring.

For a design utilizing only one kicker there are two principle
ways of operation, uncanceled or kick-and-cancel (KAC). During un-
canceled operation the PSB is kicked at the single-bunch repetition
rate or lower [96, 97] and relies on the transverse damping to restore
the orbit. During KAC operation, the PSB is kicked onto another orbit
and then kicked back after a few turns. This ensures a well-defined
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orbit at all times, and by adjusting the period between the KAC cycles
the repetition rate of the light seen by the beamlines can be selected
[68]. Due to these advantages, it was decided to pursue a KAC design.

6.3 Consequences of Beamline Design and Soft X-ray

Range

For user operation of a PSB mode it is essential to achieve sufficent
separation between the light from the PSB and the light from the rest
of the multibunch train. The separation of unfocused photon beams
at a distance d from the beamline source point is given by

S = u +d u ′, (6.1)

where u and u ′ are the position and angle of the PSB electron beam
centroid at the source point. While the separation at the beamline
source point is purely given by the position of the PSB electron orbit,
as the distance from the source increases, the angle of the electron
orbit becomes the dominating factor for the resulting separation.
Therefore, for beamlines in which the source is imaged into an in-
termediate focus before the monochromator (where the separation
can be performed with focused photon beams), it is the PSB elec-
tron beam position that is of relevance. On the other hand, for beam-
lines without intermediate focus, where the separation has to be per-
formed with defocused photon beams, both the PSB electron beam
position and angle have to be taken into account. These two differ-
ent principles for separating the light is referred to as focused and
unfocused separation in reference to the state of the photon beams
at the separation point. As will be discussed in the following sections,
these different beamline designs will have consequences for both the
machine requirements and the achievable performance for users.

For a beamline with an intermediate focus utilizing focused sep-
aration of the light, the separation is given by

S =Nfσ0, (6.2)

where
Nf =

u

σ0
(6.3)

and σ0 is the RMS photon beam size at the source. For a beam-
line without intermediate focus utilizing unfocused separation, the
evolution of the beam size along the beamline can be described by
Gaussian beam formalism resulting in

σd = dσ′0, (6.4)

whereσ′0 is the RMS photon beam divergence at the source. The sep-
aration at a distance d from the source point is in this case given by

S =Nufσd (6.5)
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where

Nuf =
u

dσ′0
+

u ′

σ′0
. (6.6)

Comparing equation (6.3) and equation (6.6), it can be noted that
the required electron beam orbit is determined by either the photon
beam size or divergence at the source depending on the separation
method.

Figure 1 displays the RMS photon beam size and divergence for a
2.5 m undulator as a function of photon energy1 for the photon en-
ergy range of interest for the users at the MAX IV 1.5 GeV storage ring.
It is clear that the contribution from diffraction to the photon beam
size and divergence cannot be neglected. For the majority of the pho-
ton energies the beam size and divergence are larger in the horizontal
than in the vertical plane. Therefore, the required kick to achieve a
certain separation is minimized by performing the kick in the vertical
plane.

6.4 Tune Choice for Feasibility in any Beamline

Without modifying the nominal betatron tunes of the machine, a
KAC scheme can be obtained by applying three kicks. In this case, the
angle of the second kick has to be dimensioned to set the beam on-
axis at the kicker position during the third turn. The kick during the
third turn then restores the nominal orbit. This scheme, however, re-
quires a kicker that can kick with two different kick strengths and po-
larities at the single bunch repetition rate. The kicker requirements
can be relaxed by modifying the betatron tunes such that only kicks
of equal angle and polarity are required by the KAC scheme. This is
achieved by finding a combination of tune and kicks where the or-
bit is restored within a few turns [68]. In addition, the kick frequency
can be reduced if the tune and kick scheme are modified such that
the phase advance restores the beam orbit with an extended period
between kicks. Many different kick schemes can be considered, but
it was decided to focus on schemes requiring only two kicks since an
increased number of kicks makes the scheme more sensitive to the
stability of the kicker [68]. A KAC scheme can be described as a su-
perposition of the electron orbit for a series of kicks, where, in order
to restore the orbit, the superposition for all kicks has to be zero [101].
For two kicks this results in the tune requirement iQ = 0.5+m , where
i is the number of turns between kicks and m an integer. After modi-
fications of the nominal lattice and simulations of the effect of a tune

1In this calculation the approximation

σr =

p
2λL

2π
σ′r =

√

√ λ

2L
, (6.7)

where λ is the photon wavelength and L the undulator length [98] was used for the
diffraction contribution to the convoluted beam since this is in better agreement for
undulator radiation [99, 100] than the commonly used approximation [24]
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❋✐❣✉$❡ ✶✳ Approximated convoluted photon beam size and divergence for a
2.5 m undulator as function of photon energy between 4-1500 eV. The dashed
lines mark the corresponding electron beam size and divergence.

change on the dynamic aperture and Touschek lifetime, it was con-
cluded that a vertical tune of 3.167 or 3.25 would be most suitable for
operation in the real machine due to only small changes of the beta
functions in the straight sections (and thus the beam size seen by the
beamlines) compared to the nominal tunes.

The choice of tune, however, is also of importance to optimize the
feasibility of the PSB mode in as many beamlines as possible. The
electron beam orbit at a position s2 when applying a kick θ at a posi-
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tion s1 upstreams is given by

u (s2) =
Æ

βs2
βs1

sin (∆Ψ)θ (6.8)

u ′(s2) =

√

√

√
βs1

βs2

!

cos (∆Ψ)−αs2
sin (∆Ψ)
�

θ , (6.9)

where ∆Ψ is the phase advance between s1 and s2 [12]. For the sim-
plest design of a PSB mode, the kicker and the source points of the
beamlines are placed in the middle of the straight sections, which for
the MAX IV 1.5 GeV storage ring gives the electron beam orbit at the
beamline positions

u (sn ) = θβ sin
!

∆Ψsn

�

(6.10)

u ′(sn ) = θ cos
!

∆Ψsn

�

, (6.11)

where ∆Ψsn
is the phase advance between the kicker and the corre-

sponding beamline. Since the phase advance of the MAX IV 1.5 GeV
storage ring bare lattice is equal for each achromat, it is given by

∆Ψsn
= 2πn

Q

Nachr
= 2πn∆Ψachr, (6.12)

where n is an integer describing how many achromats away the
beamline is from the kicker and Nachr the total number of achromats.
The phase advance per achromat is denoted by∆Ψachr.

To evaluate the separation at different beamlines, two transfer
functions T , describing the transfer between the applied kick and the
resulting separation, were defined for the two ways to separate the
light. For beamlines with an intermediate focus, the focused trans-
fer function Tf was defined as

S = Tfθ , (6.13)

with

Tf =
Nfσ0

θ
=β sin (2π∆Ψachrn ) , (6.14)

where the sine function has the frequency ∆Ψachr and is sampled in
the points n . Similarly, for beamlines without intermediate focus, the
unfocused transfer function Tu f was defined as

S = Tufdθ (6.15)

with

Tuf =
Nufσ

′
0

θ
=
β sin (2π∆Ψachrn )

d
+ cos (2π∆Ψachrn ) . (6.16)

The two lattice candidates were then evaluated for each beamline
position over all turns by the merit functions

MA = max
1≤i≤n

(|Ti |) , (6.17)
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which describes the maximum of the absolute transfer function over
all turns, and

MB = |Tma x −Tma x−1|, (6.18)

which describes the absolute difference between the transfer func-
tions of the turn with maximum transfer and the turn closest to it.
The focused and unfocused MA are displayed in Figure 6.3. For un-
focused separation the merit functions depend on the distance to
the source so separation could be preferred at different distances de-
pending on the beamline position. Studying the MA , the vertical tune
3.167 is more promising than 3.25 for maximizing the separation in
as many beamlines as possible for both focused and unfocused sepa-
ration. This is because the PSB makes more turns before kicked back,
and thus the probability increases for having at least one turn with
sufficient value of the transfer function at every beamline. For a given
MA , the required kick to achieve a certain focused or unfocused sep-
aration can be dimensioned according to

θf =
Nfσ0

MA,f
(6.19)

θuf =
Nufσ

′
0

MA,uf
. (6.20)

If the kick, for example, is dimensioned for MA,f = 2.5 m or MA,uf = 1,
the resulting required kick angles to achieve 10σ separation of the
photon beams are presented in Table 6.1.

Table 6.1: Estimated required kick to achieve 10σ separation in the
vertical plane for MA,f = 2.5 m and MA,uf = 1, respectively.

Photon energy Focused Unfocused

40 eV 148 µrad 789 µrad
200 eV 123 µrad 355 µrad
1000 eV 72 µrad 164 µrad

The MB for several vertical tune choices are displayed in Figure
6.4. More turns before the PSB is kicked back increases the difficulty
to separate the radiation emitted from different turns, and thus leads
to a smaller MB . This can cause problems for some experiments
since not only light from the turn with largest separation from the
multibunch train will be seen by the beamline, but also some of the
light produced by the PSB during other turns. Comparing the MB

values it is evident that overlapping of light from different PSB turns
is a larger concern for unfocused than for focused separation, but it
is a problem for some beamlines in both cases. It can, however, be
solved by requiring choppers in the beamlines that wish to utilize the
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(b) Unfocused separation for a distance 8 m (solid), 12 m (dashed) and 16 m (dotted)
from the source. The distances corresponds to positions where light separation is pos-
sible in the present MAX IV 1.5 GeV ring beamlines.

❋✐❣✉$❡ ✻✳✸✳ The merit function MA for the two vertical tune choices.

PSB mode. By setting this requirement it is possible to choose a PSB
mode operated at the vertical tune 3.167 instead of 3.25, which gives
large separation in all beamlines.

6.5 Simulations of Electron Beam Orbit and

Beamlines

Simulated PSB electron orbit for the kicks in Table 6.1 is displayed
in Figure 6.5 for a vertical tune of 3.167. Presently, the orbit limi-
tations for machine protection are set to ±0.5 mm, but the studies
behind this limitation did not consider a certain fill pattern so the ef-
fects from irradiating parts of the vacuum chamber have to be further
analysed to determine requirements for a PSB mode.

The output from the simulations of the electron beam orbit was
used to simulate the photon beam separation for undulator radia-
tion. For these simulations, an example undulator with period length
59.5 mm, total length 2.5 m and a maximum K value of 6 was
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sible in the present MAX IV 1.5 GeV ring beamlines.

❋✐❣✉$❡ ✻✳✹✳ The merit function MB for the two vertical tune choices.

used. The parameters were chosen to represent a common undula-
tor in the MAX IV 1.5 GeV storage ring. For this undulator, 40 eV and
200 eV are first harmonics whereas 1000 eV is a third harmonic. For
a kick of 123 µrad (dimensioned to achieve 10σ separation at 200 eV
photon energy for focused separation) a comparison for different
photon energies at the source is displayed in Figure 6.6. A similar
comparison for 355 µrad kick (dimensioned to achieve 10σ separa-
tion at 200 eV photon energy for unfocused separation) at 8 m from
the source is displayed in Figure 6.7. It is evident that for photon en-
ergies below 200 eV, which the kick is dimensioned for, the maximum
separation is reduced for both focused and unfocused separation,
whereas for higher photon energies it is increased.
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(a) Photon energy 40 eV.
Separation to multibunch: 4.49 FWHM/2.
Separation to closest PSB: 2.25 FWHM/2.

(b) Photon energy 200 eV.
Separation to multibunch: 10.18 FWHM/2.
Separation to closest PSB: 5.09 FWHM/2.

(c) Photon energy 1000 eV.
Separation to multibunch: 15.73 FWHM/2.
Separation to closest PSB: 7.86 FWHM/2.

Simulations for a vertical tune of 3.167 for different photon
energies at the source. In this example 123µrad kick and a beamline position
six achromats from the kicker were used. The photon energy ranges were set
to 0.1%BW.
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(a) Photon energy 40 eV.
Separation to multibunch: 4.11 FWHM/2.
Separation to closest PSB: 2.09 FWHM/2.

(b) Photon energy 200 eV.
Separation to multibunch: 9.54 FWHM/2.
Separation to closest PSB: 4.85 FWHM/2.

(c) Photon energy 1000 eV.
Separation to multibunch: 19.94 FWHM/2.
Separation to closest PSB: 10.13 FWHM/2.

Simulations for a vertical tune of 3.167 for different photon
energies at a screen 8 m from the source. In this example 355 µrad kick and
a beamline position four achromats from the kicker was used. The photon
energy ranges were set to 0.1%BW.
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6.6 Purity

For the users, the purity between the light from the PSB and the light
from the rest of the multibunch train is of great importance. Here, the
purity is defined as the ratio between the light from the PSB and one
of the multibunch bunches. Since the principle of the PSB method is
to place an aperture such that the radiation emitted from the multi-
bunches is blocked, the purity will depend on the size of the aperture.

To study the purity as function of photon energy for a given kick,
simulations were performed with the example undulator described
in the previous section for two different example beamlines, one
beamline utilizing focused separation where the source is imaged
onto a slit placed 16 m from the source by a mirror placed 8 m from
the source, and one utilizing unfocused separation with a slit placed
8 m from the source. Figure 6.8 displays the purity for focused sep-
aration, whereas the corresponding purity for unfocused separation
is displayed in Figure 6.9. In both cases the size of the slit was cho-
sen as a trade off between purity and flux. Despite similar separa-
tion from the multibunch train, the purity is substantially smaller
for unfocused than for focused separation. The reason for this lies
in the properties of the angular beam profile of undulator radiation.
For unfocused separation, the photon beam profile at the separation
point will be dominated by the angular beam profile of the source.
For a certain photon energy, in addition to a central peak, radiation
is also emitted in a ring pattern around the central peak due to radia-
tion from higher harmonics being shifted to lower frequency at large
angles [102]. This ring pattern can be recognized in the beam profiles
presented in Figure 6.7. It is evident that the ring pattern caused by
the angular beam profile can seriously reduce the purity if the kick
is such that the PSB will be situated at the same angle as the rings
produced by the multibunches.

Figure 6.10 displays the purity for focused and unfocused sepa-
ration as function of electron beam position and angle at the source,
respectively. Depending on exact user requirements, sufficient pu-
rity could possibly be achieved for focused separation below the 10σ
separation used as an example. For unfocused separation, however,
substantial purity increase can only be achieved if the PSB is kicked
beyond the strongest rings. The angular position of the rings are
given by [102]

θn ,l =
1

γ

�

l

n

�

1+
K 2

2

��1/2

, (6.21)

where n is the harmonic, l = 1, 2, 3 . . . and K the undulator parame-

ter. Applying the on-axis undulator equation λ = λu

2γ2n

�

1+ K 2

2

�

[102],

this can be written as

θn ,l =

√

√ 2l

λu

λ , (6.22)
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❋✐❣✉$❡ ✻✳✽✳ Purity tuning curves for a vertical tune of 3.167, 123 µrad kick
and focused separation for a±2σ×±2σ slit. In this example a beamline po-
sition six achromats from the kicker was used. In the simulations 500 000
rays were used and the photon energy ranges set to 0.1%BW. For the energy
ranges where no purity is presented the flux through the slit from a multi-
bunch was calculated to be zero.

where λu is the undulator period. The wavelength is connected to
the PSB kick by equation (6.20) and (6.7) as

θuf ≈Nufσ
′
0 ≈Nufσ

′
r
=Nuf

√

√ λ

2L
, (6.23)

resulting in

θn ,l =

√

√4l L

λu

θuf

Nuf
. (6.24)

A kick beyond a ring requires θn ,l < θuf, which leads to the require-

68



Pseudo-Single-Bunch Mode for the MAX IV 1.5 GeV Storage Ring

40 100 200 300 400

Photon energy [eV]

 0.0

 2.0

 4.0

 6.0

 8.0

P
u
ri
ty

1st harmonicx 103

2σ' x 1σ'

2σ' x 2σ'

40 100 200 300 400

Photon energy [eV]

106

108

1010

1012

1014

F
lu

x
 [

p
h
/s

]

1st harmonic

PSB (colors follow left plot)

MB (colors follow left plot

50 200 400 600 800 1000

Photon energy [eV]

 0.0

 1.0

 2.0

 3.0

 4.0

 5.0

P
u
ri
ty

3rd harmonicx 104

2σ' x 1σ'

2σ' x 2σ'

50 200 400 600 800 1000

Photon energy [eV]

105

108

1011

1014

F
lu

x
 [

p
h
/s

]

3rd harmonic

PSB (colors follow left plot)

MB (colors follow left plot)

90 200 400 600 800 1000

Photon energy [eV]

 0.0

 2.0

 4.0

 6.0

 8.0

P
u
ri
ty

5th harmonicx 103

2σ' x 1σ'

2σ' x 2σ'

90 200 400 600 800 1000

Photon energy [eV]

105

108

1011

1014

F
lu

x
 [
p
h
/s

]

5th harmonic

PSB (colors follow left plot)

MB (colors follow left plot)

❋✐❣✉$❡ ✻✳✾✳ Purity tuning curves for a vertical tune of 3.167, 355 µrad kick
and unfocused separation at a distance 8 m from the source for two different
slit sizes. In this example a beamline position four achromats from the kicker
was used. In the simulations 500 000 rays were used and the photon energy
ranges set to 0.1%BW.

ment

Nuf >

√

√4l L

λu

, (6.25)

and a separation above 10σ as found in Figure 6.10.
From the purity, the integrated purity that will be seen by a beam-

line which integrates over time can be calculated for a given charge
distribution in the ring, KAC operation scheme and beamline con-
figuration by calculating the number of multibunches per PSB and
taking into account the charge distribution among the buckets. As
displayed in Figure 6.11, the integrated purity increases linearly with
the PSB frequency and proportionally to the relative charge in the
PSB compared to the multibunches. However, when using a chop-
per the integrated purity is given by the length of the window and is
no longer dependent on the PSB frequency.
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❋✐❣✉$❡ ✻✳✶✵✳ Purity for focused and unfocused separation as function of
electron beam position and angle at the source in units of photon beam size
and beam divergence at the source, respectively. In this example a first har-
monic 200 eV photon energy was used. The dashed lines mark the theoreti-
cal positions of the rings in the angular beam profile. In the simulations 500
000 rays were used, the photon energy ranges set to 0.1%BW and the slit sizes
to ±2σ×±2σ and ±2σ×±1σ, respectively. For the energy ranges where no
purity is presented the flux through the slit from a multibunch was calcu-
lated to be zero.

6.7 Kicker Requirements

The ALS PSB mode utilizes a stripline kicker for deflecting the PSB
transversely [103], and a similar design is considered for a PSB mode
at the MAX IV 1.5 GeV storage ring. For this kicker, three parame-
ters are set by the PSB mode design: pulse length, repetition rate and
kick amplitude. Since the aim of the development of PSB modes at
the MAX IV rings is to serve timing users without requiring gaps in
the multibunch fill, the pulse length is critical and determined by
the interval between bunches in the multibunch train, resulting in a
rise/fall time of< 10 ns and a maximum total pulse length of≤ 20 ns.
The maximum repetition rate is set by the tune choice or the maxi-
mum PSB frequency that should be available for users if this is higher
than determined by the tune. Finally, the required kick is determined
by the purity requirements of the users.

The maximum pulse length sets a limit on the maximum length of
a stripline since the propagation time of the pulse along the stripline
and the bunch length also has to be taken into account. The maxi-
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❋✐❣✉$❡ ✻✳✶✶✳ Estimated integrated purity for given values of purity as a func-
tion of stable frequencies for even fill, a fill with 3 times more charge in the
PSB and even fill with a 200 ns chopper window. Here, a KAC mode with 3
turns in a cycle was used.

mum length is given by

L ≤ τG −τR −τb

2
c , (6.26)

where τG is the gap between adjacent bunches, τR the rise/fall time
of the pulse and τb the bunch length [104]. The profile of a length-
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ened bunch in the MAX IV 1.5 GeV storage has a full width of roughly
1.3 ns, which, with 10 ns spacing between bunches, leads to a maxi-
mum rise time of 6.7 ns for a 0.3 m kicker, 4.7 ns for a 0.6 m kicker, or
2.0 ns for a 1 m kicker.

The kick requirement determines the necessary voltage on each
stripline according to

±V =
E · h ·θ

4 · L · g
, (6.27)

where E is the beam energy in eV, h the transverse distance between
the striplines, θ the kick, L the length of a stripline, and g a geome-
try factor [103]. Since the length of a stripline is a factor in equation
(6.27), the voltage and pulse length are not independent. It is possi-
ble to decrease the voltage requirement by placing several stripline
modules after one another (thus increasing the total length with-
out requiring shorter rise/fall time). This, however, means the kicker
will occupy more space in the ring (due to required spacing between
modules), in addition to requiring several pulsers [105], which have
to be synchronized to a high degree in order to preserve the PSB
beam quality.

The kicker specifications for some different designs can be found
in Figure 6.12. A geometry factor between 0.95 and 1 is expected to
be feasible. In these calculations, 20 mm spacing vertically has been
used in accordance with the nominal vacuum chamber dimensions
in the straight sections of the MAX IV 1.5 GeV storage ring [79].
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6.8 Consequences for the MAX IV 1.5 GeV Storage

Ring

None of the five current beamlines at the MAX IV 1.5 GeV storage
ring has an intermediate focus and therefore comparison with other
methods are required to determine if a PSB mode is the best choice
for increasing the available beamtime for timing users at these beam-
lines. However, as mentioned previously, space exists for five new
beamlines and if these beamlines are designed with an intermedi-
ate focus a PSB mode can serve timing users at these beamlines with
high purity while the ring is operated in multibunch mode without
extensive machine upgrades. For this PSB mode three requirements
are proposed:

• Kick performed in the vertical plane.

• Dimension the kick to achieve a given number of sigma sep-
aration at a given photon energy in all beamlines based on a
trade off between user purity requirements and machine limi-
tations.

• Choppers with a time window<320 ns in all beamlines wishing
to operate in PSB mode.

The purity requirements of the users remains to be fully deter-
mined. However, for the photon energy range of interest, diffraction
substantially influences the machine requirements and it is not ex-
pected to be feasible to achieve sufficient purity for all users over
the whole energy range 4 - 1500 eV. For the lowest photon energies
a single-bunch mode or another method will still be required. The
choice of kick magnitude therefore has to be a balance between user
requirements and machine limitations. For focused separation the
10σ separation estimated in this article could possibly be reduced
after more detailed studies of the purity including the quality and sta-
bility of the beamline optics. Beamline experiments will be required
to obtain a better estimation of the purity and separation require-
ments. Presently, the beamlines at the MAX IV 1.5 GeV ring are un-
der construction or commissioning, but such studies will follow once
they come online. For unfocused separation, however, the purity is
limited by the angular beam profile and a substantial gain in purity
would require kicks that are beyond machine limitations. Once the
purity requirements have been determined, further studies could be
conducted to find undulator designs or operation modes that would
improve the purity, but this might pose restrictions on the photon
energy range or polarization.

Adding a chopper to the beamline offers several advantages. It
will greatly improve the integrated purity and make it feasible for
beamlines to choose their operation frequency independently of one

73



6.8 Consequences for the MAX IV 1.5 GeV Storage Ring

another. The requirements for such choppers are similar to the re-
quirements for choppers for operation in single-bunch mode and
they could thus be utilized for operation in both modes. In addition,
by requiring a chopper in each beamline that wishes to utilize the
PSB mode, it will be possible to choose a mode operated at a verti-
cal tune of 3.167 despite the overlap of radiation from different PSB
turns. Compared to a vertical tune of 3.25, this gives high MA in all
beamlines. This choice also reduces the required repetition rate of
the kicker to 1.04 MHz compared to 1.56 MHz for a 3.25 tune.

74



CHAPTER 7

CONCLUSIONS AND OUTLOOK

This chapter summarizes the conclusions drawn from the studies per-

formed in the scope of this thesis and relates the results to future de-

velopment of methods to serve timing users at other storage rings. The

chapter also presents suggestions for coming steps in the development

of timing modes at MAX IV and in general for the development of

methods to serve timing users at future storage rings.

7.1 Opportunities for Timing Modes at the MAX IV

Storage Rings

In this thesis three different topics/methods have been studied to
evaluate the possibilities to serve timing users at the MAX IV stor-
age rings. It was shown that introducing a gap in the fill pattern
of the 3 GeV ring would reduce the achievable bunch lengthening.
Future studies might show that this can be compensated to some de-
gree, but likely not completely without introducing active compen-
sation. The ring is still under commissioning, so it remains to be seen
how important the bunch lengthening is for the performance, but at
the moment it is expected that design bunch lengthening will be re-
quired. So far, the MAX IV Laboratory has not committed to oper-
ate a timing mode at the 3 GeV ring, and the author expects that the
science case for this is not sufficiently strong unless a timing mode
can be provided by some other method with lower consequences for
the high-brilliance users, since the machine has been built with the
purpose of providing ultralow emittance light for these users. The
MAX IV Laboratory has, however, committed to provide some kind
of timing mode at the 1.5 GeV ring. Initially, it will be a single-bunch
mode operated perhaps a couple of weeks per year, but in the fu-
ture some other method that would allow more beamtime for timing
users could be considered. This can be a hybrid mode, but due to
the short revolution time of the ring compared to the gap require-
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ment of choppers, this is not favorable both due to the reduced flux
to other users and the reduced effectiveness of the harmonic cavi-
ties. Therefore, serving timing users by operating with gaps in the fill
pattern is not favourable for either ring.

However, other methods show potential to serve timing users at
the MAX IV storage rings in multibunch fill. It was shown that the
emittance of a single bunch can be increased at the 3 GeV ring with
hardware already present in the machine and thus operate a PPRE
mode. This is also feasible at the 1.5 GeV ring, but has not yet been
studied in detail there. The performance of the mode depends on
the user requirements, which remains to be fully determined, but it
is expected that at least some timing users could be served by such
a mode if the increased emittance of one bunch is accepted by the
high-brilliance users. For both rings, the method is mostly suitable
at high photon energies due to the diffraction-limit. For this reason it
is not expected to be able to serve timing users over the whole photon
energy range of both rings.

It was also shown that a PSB mode could be implemented at the
1.5 GeV ring to serve timing users in multibunch mode. The perfor-
mance for the present beamlines is not optimal due to the lack of
intermediate focus before the monochromators, but space exists for
future beamlines which might be built with such a focus, and thus
a substantial increase in performance. This mode, however, require
extensive hardware development of a sufficiently fast stripline kicker
which can operate stably at MHz repetition rate. This is not trivial,
but is in line with ongoing development towards fast kickers for in-
jection, and therefore an attractive research direction. In addition,
the requirements for a PSB mode are lower at the 3 GeV ring than
for the 1.5 GeV ring due to the higher photon energy range, smaller
emittance and longer circumference. Therefore, demonstration of a
stable PSB mode operated at the 1.5 GeV ring could lead to a strong
case for implementation of a PSB mode also at the 3 GeV ring.

7.2 Collaboration with Beamlines and Users

During the scope of this thesis, many discussions were conducted
with beamline scientists and users to determine the user require-
ments. These discussions were very fruitful and it became evident
that the purity requirement of the users is the most important factor
to determine the machine requirements. Unfortunately, this require-
ment do not seem to be well known. The users can give requirements
on flux, repetition rate and bunch duration, but most of them do not
seem to have experience of conducting their experiments under con-
ditions when the purity is the limiting factor, which likely will be the
case for methods such as PPRE and PSB. For a single-bunch or hybrid
mode, lack of purity could possibly be adjusted by active cleaning
of buckets or a longer gap, but this is not equally easy for PPRE and
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PSB where the achievable performance will be limited by machine
constraints. Tuning freedom exists for PPRE, but for a PSB mode
that requires hardware development, the purity requirements need
to be determined to provide sufficient input to the kicker design. At
MAX IV, the planned implementation of a single-bunch mode at the
1.5 GeV ring provides an opportunity to experimentally determine
purity requirements together with the beamline scientists and users.

7.3 The Future of Timing Experiments at

Synchrotron Light Storage Rings

The studies conducted in this thesis showed that the performance
of both a PPRE and a PSB mode is limited by the diffraction. Both
methods can serve users well at high photon energies, but neither is
advantageous at low photon energies. Since the diffraction contribu-
tion to the photon beam is a fundamental property of light, it cannot
be avoided. It is the author’s comprehension that the research on
methods to serve timing users and high-brilliance users simultane-
ously during recent years has been focused on separating the light
from different bunches transversely. However, for low photon ener-
gies when the performance of such methods is limited by the diffrac-
tion, methods that rely on longitudinal or energy separation perhaps
have potential to provide higher performance. This is also of impor-
tance for future diffraction-limited light sources where the photon
beam will be diffraction-limited at higher photon energies. It is, how-
ever, not trivial to foresee if methods that rely on separation in longi-
tudinal phase space can be operated stably together with harmonic
cavities, so detailed studies are required to determine the potential
of such methods.

Finally, it can be concluded that continuous development of
methods to serve timing users will be of importance as more
and more facilities upgrade their rings to achieve lower emittance.
Especially, this will be of importance for low and medium energy
machines were harmonic cavities might be required to conserve
the ultralow emittance at high bunch charge. Some facilities con-
sider lower beam current, active harmonic cavities or special tim-
ing modes with higher emittance, but fundamentally there exists a
conflict between serving timing users and high-brilliance users at
the same ring. This conflict will be enhanced as lattices are pushed
towards lower emittance. At the moment, the ongoing trend in the
world is to reduce the emittance, but in the future a parallel trend
could perhaps appear with storage rings optimized for timing users
with variable repetition rates and short bunches, complementing the
development of linac-based sources such as FELs.

77





BIBLIOGRAPHY

[1] A. L. Robinson, History of Synchrotron Radiation Sources,
X-Ray Data Booklet - Section 2.2 History of Synchrotron
Radiation, Available at http://xdb.lbl.gov/Section2/Sec_2-2.
html.

[2] N. Mårtensson and M. Eriksson, The saga of MAX IV, the first

multi-bend achromat synchrotron light source, Nucl Instrum
Methods Phys Res A, (2018), in press.

[3] B. Forkman, A. Nyberg and M. Nygren, MAX-lab i förklarat ljus

- från Ur-MAX till MAX IV, MAX IV Laboratory, (2016).

[4] Å. Andersson et al., The MAX II Synchrotron Radiation Storage

Ring, Nucl Instrum Methods Phys Res A, 343, 644-649, (1994).

[5] M. Sjöström, E. Wallén, M. Eriksson, L.-J. Lindgren, The MAX

III Storage Ring, Nucl Instrum Methods Phys Res A, 601:3, 229-
244, (2009).

[6] M. Eriksson et al., The MAX IV Synchrotron Light Source, In pro-
ceedings of IPAC’11, (2011).

[7] P. F. Tavares, S. C. Leemann, M. Sjöström and Å. Andersson, The

MAX IV Storage Ring Project, J. Synchrotron Rad, 21, 862-877,
(2014).

[8] R. Hettel, DLSR Design and Plans: An International Overview,
J. Synchrotron Rad, 21, 843-855, (2014).

[9] Å. Andersson et al., The 100 MHz RF System for the MAX IV

Storage Rings, In proceedings of IPAC’11, (2011).

[10] M. Borland et al., Lattice Design Challengers for Fourth-

Generation Storage-Ring Light Sources, J. Synchrotron Rad, 21,
912-936, (2014).

[11] H. Wiedemann, Particle Accelerator Physics, Springer Berlin
Heidelberg, New York, (2007).

79



BIBLIOGRAPHY

[12] K. Wille, The Physics of Particle Accelerators - An Introduction,
Oxford University Press, Oxford, (2000).

[13] M. Conte and W. W. MacKay, An Introduction to the Physics of

Particle Accelerators, World Scientific, (2008).

[14] S. C. Leemann and A. Streun, Perspectives for Future Light

Source Lattices Incorporating yet Uncommon Magnets, Phys.
Rev. ST Accel. Beams, 14, 030701 , (2011).

[15] M. Sands, The Physics of Electron Storage Rings: An

Introduction, SLAC-121, (1970).

[16] J. B. Murphy, Synchrotron Light Source Data Book, (1996).

[17] J. M. Jowett, Introductory Statistical Mechanics for Electron

Storage Rings, AIP Conf. Proc. 153, 864-970, SLAC-PUB-4033,
(1987).

[18] R. H. Helm, M. J. Lee, P. L. Morton and M. Sands, Evaluation of

Synchrotron Radiation Integrals, IEEE Transactions on Nuclear
Science, 20, 900-901, (1973).

[19] Goldstein, Safko and Poole, Classical Mechanics, Pearson
Education Limited, Harlow, (2014).

[20] P. F. Tavares, Å. Andersson, A. Hansson and J. Breunlin,
Equilibrium Bunch Density Distribution with Passive

Harmonic Cavities in a Storage Ring, Phys. Rev. ST Accel.
Beams, 17, 064401, (2014).

[21] S. Y. Lee, Accelerator Physics, World Scientific, (2012).

[22] A. Streun, Momentum acceptance and Touschek lifetime, SLS
Note 18/97, (1997).

[23] R. Nagaoka and K. L. F. Bane, Collective Effects in a Diffraction-

Limited Storage Ring, J. Synchrotron Rad, 21, 937-960, (2014).

[24] K. J. Kim, Optical and Power Characteristics of Synchrotron

Radiation Sources, Optical Engineering 32:2, 342—352, (1995).

[25] A. Piwinski, Intra-beam-scattering, In proceedings of 9th
International Conference on High Energy Accelerators, 405,
(1974).

[26] F. J. Cullinan, R. Nagaoka, G. Skripka, P. F. Tavares, Transverse

Coupled-Bunch Instability Thresholds in the Presence of a

Harmonic-Cavity-Flattened RF Potential, Phys. Rev. Accel.
Beams, 19, 124401, 2469-9888, (2016).

80



BIBLIOGRAPHY

[27] N. Yamamoto, T. Takahashi and S. Sakanaka, Reduction and

Compensation of the Transient Beam Loading Effect in a

Double RF System of Synchrotron Light Sources, Phys. Rev.
Accel. Beams, 21, 012001, 2469-9888, (2018).

[28] J. M. Byrd, S. De Santis, T. Luo and C. Steier, Phase Transients

in the Higher Harmonic RF System for the ALS-U Proposal, In
proceedings of IPAC’15, (2015).

[29] M. Borland, T. Berenc, R. Lindberg and A. Xiao, Tracking

Studies of a Higher-Harmonic Bunch-Lengthening Cavity for

the APS Upgrade, In proceedings of IPAC’15, (2015).

[30] V. Rehn, Time-Resolved Spectroscopy in Synchrotron Radiation,
Nucl. Inst. and Meth., 177, 193-205, (1980).

[31] S. Yamamoto and I. Matsuda, Time-Resolved Photoelectron

Spectroscopies Using Synchrotron Radiation: Past, Present, and

Future, J. Phys. Soc. Jpn., 82, 021003, (2013).

[32] S. L Sorensen et al. Preliminary Report on Alternate

Bunch Schemes for the MAX IV Storage Rings, Available at
https://indico.maxiv.lu.se/event/60/attachments/405/645/
Timing_at_MAX_IV_status_September_2014.pdf, (2015).

[33] S. L. Sorensen, Timing Modes at the MAX IV Storage

Rings, Available at https://indico.maxiv.lu.se/event/60/
attachments/405/646/Timing_at_MAX_IV_report_1.pdf,
(2015).

[34] N.Walsh et al., Science Case for Single-Bunch mode at the

1.5 GeV ring, Summary available at https://www.maxiv.lu.
se/science/accelerator-physics/current-projects/timing-
modes-for-the-max-iv-storage-rings/, (2016).

[35] F. J. Wuilleumier and M. Meyer, Pump–Probe Experiments

in Atoms Involving Laser and Synchrotron Radiation: An

Overview, J. Phys. B: At. Mol. Opt. Phys., 39, R425-R477, (2006).

[36] C. Stråhlman, Time-of-Flight Ion and Electron Spectroscopy:

Applications and Challenges at Storage Ring Light Sources, PhD
Thesis, Lund University, (2016).

[37] T. Arion and U. Hergenhahn, Coincidence Spectroscopy: Past,

Present and Perspectives, Journal of Electron Spectroscopy and
Related Phenomena, 200, 222-231, (2015).

[38] Wayforlight - The European light sources single entry point,
Available at http://www.wayforlight.eu/en/.

[39] N. Hertel, S. Vrønning Hoffmann, ASTRID2: A New Danish

Low-Emittance SR Source, Synchrotron Radiation News, 24:1,
19-23, (2011).

81



BIBLIOGRAPHY

[40] D. Krämer, BESSY II: Exceeding Design Parameters - The First

Year of User Service, In proceedings of EPAC’00, (2000).

[41] M. Abo-Bakr, W. Anders, P. Kuske and G. Wüstefeld, Bunch

Length Measurements at BESSY, In proceedings of PAC’03,
(2003).

[42] R. P. Walker et al., Diamond Light Source: A 10-year View of the

Past and Vision of the Future, In proceedings of IPAC’17, (2017).

[43] R. Bate, M. Jensen and D. M. Dykes, The Diamond Light

Source RF System, In proceedings of the 11th Workshop on RF
Superconductivity, (2003).

[44] E. Karantzoulis, A. Carniel, S. Krecic and C. Pasotti, Elettra

Status and Upgrade, In proceedings of IPAC’16, (2016).

[45] A. Massarotti et al., RF Power System for the Trieste Synchrotron

Storage Ring Elettra, In proceedings of EPAC’90, (1990).

[46] ESRF, Parameters, Available at http://www.esrf.eu/home/
UsersAndScience/Accelerators/parameters.html.

[47] ESRF, Instrumentation & Equipment, Available at
http://www.esrf.eu/home/UsersAndScience/Accelerators/
instrumentation--equipment.html#RF.

[48] S. C. Leemann, Lattice Design for the MAX IV Storage Rings,
ICFA newsletter 71, (2017).

[49] DESY, Machine Parameters PETRA III (Design Values),
Available at http://photon-science.desy.de/facilities/petra_
iii/machine/parameters/index_eng.html.

[50] N. Milas and L. Stingelin, Impact of Filling Patterns on Bunch

Length and Lifetime at the SLS, In proceedings of IPAC’10,
(2010).

[51] P. Marchand et al., Commissioning of the SOLEIL RF Systems,
In proceedings of EPAC’06, (2006).

[52] SOLEIL, Parameters of the Accelerators / Storage Ring, Available
at https://www.synchrotron-soleil.fr/en/research/sources-
and-accelerators/parameters-accelerators-storage-ring.

[53] C. Pellegrini, Free Electron Lasers: Development and

Applications, Particle Accelerators, 33, 159-170, (1990).

[54] J. Feikes, K. Holldack, P. Kuske and G. Wüstefeld, Compressed

Electron Bunches for THz-Generation - Operating BESSY II in a

Dedicated Low Alpha Mode, In proceedings of EPAC’04, (2004).

82



BIBLIOGRAPHY

[55] A.-S. Müller and Z. Dai, Short-pulse Operation of Storage Ring

Light Sources, In proceedings of IPAC’13, (2013).

[56] X. Huang, T. Rabedeau and J. Safranek, Generation of

Picosecond Electron Bunches in Storage Rings, J. Synchrotron
Rad, 21, 961-967, (2014).

[57] J. B. Murphy and S. L. Kramer, First Observation of

Simultaneous Alpha Buckets in a Quasi-Isochronous Storage

Ring, Phys. Rev. Lett., 84:24, (2000).

[58] M. Ries et al., Simultaneous Long and Short Bunch Operation

in an Electron Storage Ring - a Hybrid Mode based on Nonlinear

Momentum Compaction, In proceedings of IPAC’11, (2011).

[59] D. Robin, G. Portmann, F. Sannibale and W. Wan, Novel

Schemes for Simultaneously Satisfying High Flux and

Dynamics Experiments in a Synchrotron Light Source, In
proceedings of EPAC’08, (2008).

[60] G. Wüstefeld, A. Jankowiak and M. Ries, Simultaneous Long

and Short Electron Bunches in the BESSY II Storage Ring, In pro-
ceedings of IPAC’11, (2011).

[61] A. A. Zholents and M. S. Zolotorev, Femtosecond X-Ray Pulses

of Synchrotron Radiation, Phys. Rev. Lett., 76:6, (1996).

[62] R. W. Schoenlein, Generation of Femtosecond Pulses of

Synchrotron Radiation, Science, 287:5461, 2237-2240, (2000).

[63] A. Zholents, P. Heimann, M. Zolotorev and J. Byrd, Generation

of Subpicosecond X-ray Pulses using RF Orbit Deflection, Nucl
Instrum Methods Phys Res A, 425:1-2, 385-389, (1999).

[64] A. Jankowiak et al. The BESSY VSR Project for Short X-Ray Pulse

Production, In proceedings of IPAC’16, (2016).

[65] S. Henderson, Status of the APS Upgrade Project, In proceed-
ings of IPAC’15, (2015).

[66] P. Raimondi, The ESRF Low-emittance Upgrade, In proceedings
of IPAC’16, (2016).

[67] L. Nadolski, SOLEIL Status and Upgrade Proposals, XXIV ESLS
Meeting, Lund, (2016).

[68] C. Sun, G. Portmann, M. Hertlein, J. Kirz and D. S. Robin,
Pseudo-Single-Bunch with Adjustable Frequency: A New

Operation Mode for Synchrotron Light Sources, Phys. Rev. Lett.,
109, 264801, (2012).

83



BIBLIOGRAPHY

[69] C. Sun, D. S. Robin, C. Steier and G. Portmann,
Characterization of Pseudosingle Bunch Kick-and-Cancel

Operational Mode, Phys. Rev. ST Accel. Beams, 18, 120702,
(2015).

[70] M. Hertlein et al. X-rays only when you want them: Optimized

Pump–Probe Experiments using Pseudo-Single-Bunch

Operation, J. Synchrotron Rad., 22, 729-735, (2015).

[71] L. S. Nadolski et al, First Measurements with a Kicked Off Axis

Bunch For Pseudo Single Bunch Mode Studies at SOLEIL, In pro-
ceedings of IPAC’11, (2011).

[72] M.-E. Couprie, Versatile Modes of Operation to Meet User Needs

at SOLEIL, Synchrotron Radiation News, 26, 14-18, (2013).

[73] K. Holldack et al. Single Bunch X-ray Pulses on Demand from a

Multi-Bunch Synchrotron Radiation Source, Nature Comm., 5,
(2014).

[74] P. Goslawski et al. Resonance Island Experiments at BESSY II for

User Applications, In proceedings of IPAC’16, (2016).

[75] M. Ries et al., Transverse Resonance Island Buckets at the MLS

and BESSY II, In proceedings of IPAC’15, (2015).

[76] HZB Berlin, Twin Orbit operation successfully tested at

BESSY II, Available at https://www.helmholtz-berlin.de/
pubbin/news_seite?nid=14794;sprache=en.

[77] S. C. Leemann et al., Beam Dynamics and Expected

Performance of Sweden’s new Storage-Ring Light Source:

MAX IV, Phys. Rev. ST Accel. Beams, 12, 120701, (2009).

[78] M. Johansson, B. Anderberg and L.-J. Lindgren, Magnet Design

for a Low-Emittance Storage Ring, J. Synchrotron Rad., 21,
1600-5775, (2014).

[79] MAX IV Laboratory, The MAX IV Detailed Design Report, (2010).

[80] J. Byrd, S. De Santis, J. Jacob and V. Serriere, Transient Beam

Loading Effects in Harmonic RF Systems for Light Sources, Phys.
Rev. ST Accel. Beams, 5, 092001, (2002).

[81] G. Bassi, A. Blednykh, S. Krinsky and J. Rose, Self-Consistent

Simulations of Passive Landau Cavity Effects, In proceedings
of IPAC’13, (2013).

[82] G. Skipka, P. F. Tavares, M. Klein and R. Nagaoka, Transverse

Instabilities in the MAX IV 3 GeV ring, In proceedings of
IPAC’14, (2014).

84



BIBLIOGRAPHY

[83] S. C. Leemann, Interplay of Touschek Scattering, Intrabeam

Scattering, and RF Cavities in Ultralow-Emittance Storage

Rings, Phys. Rev. ST Accel. Beams, 17, 050705, (2014).

[84] A. Hofmann and S. Myers, Beam Dynamics in a Double RF

System, CERN-ISR-TH-RF-80-26, (1980).

[85] J. Byrd and M. Georgsson, Lifetime Increase using Passive

Harmonic Cavities in Synchrotron Light Sources, Phys. Rev. ST
Accel. Beams, 4, 030701, (2001).

[86] P. B. Wilson, Fundamental-mode RF Design in e+e- Storage

Ring Factories, In Frontiers of Particle Beams: Factories with
e+e - Rings, (1994).

[87] G. Skripka et al., Simultaneous Computation of Intrabunch

and Interbunch Collective Beam Motions in Storage Rings, Nucl
Instrum Methods Phys Res A, 806, 221-230, (2016).

[88] D. Olsson, L. Malmgren and A. Karlsson, The Bunch-by-Bunch

Feedback System in the MAX IV 3 GeV Ring, LUTEDX/(TEAT-
7253)/(2017), Department of Electromagnetic Theory, Lund
University, (2017).

[89] P. Kuske, Emittance Manipulations at BESSY I, In proceedings
of EPAC’98, (1998).

[90] J. Breunlin and Å. Andersson, Emittance Diagnostics at the

MAX IV 3 GeV Storage Ring, In proceedings of IPAC’16, (2016).

[91] B. Nash et al. New Functionality for Beam Dynamics in

Accelerator Toolbox (AT), In proceedings of IPAC’17, (2017).

[92] T. Olsson and S. C. Leemann, High-Chromaticity Optics for the

MAX IV 3 GeV Storage Ring, In proceedings of IPAC’13, (2013).

[93] T. Tanaka and H. Kitamura, SPECTRA : a synchrotron radiation

calculation code, J. Synchrotron Rad., 8, 1221-1228, (2001).

[94] C. Pappas et al., Prototyping for ALS-U Fast Kickers, In proceed-
ings of IPAC’16, (2016).

[95] F. Lenkszus et al., Fast Injection System R&D for the APS

Upgrade, In proceedings of IPAC’15, (2015).

[96] G. Portmann et al., Creating a Pseudo Single Bunch at the ALS,
In proceedings of PAC’07, (2007).

[97] G. Portmann et al., Creating a Pseudo Single Bunch at the ALS

– First Results, In proceedings of BIW’08, (2008).

[98] H. Onuki and P. Elleaume, Undulators, Wigglers and their

Applications, CRC Press, London, (2003).

85



BIBLIOGRAPHY

[99] R. Pärna et al., FinEstBeaMS – A wide-range Finnish-Estonian

Beamline for Materials Science at the 1.5 GeV storage ring at the

MAX IV Laboratory, Nucl Instrum Methods Phys Res A, 859, 83-
89, (2017).

[100] W. Grizolli, Optical Studied for Synchrotron Radiation

Beamlines - Ray Optics, Polarization and Wave Optics,
PhD thesis, Lund University, (2015).

[101] C. Sun, D. S. Robin, C. Steier and G. Portmann, Pseudo Single

Bunch with Adjustable Frequency, In proceedings of IPAC’13,
(2013).

[102] K. J. Kim, Characteristics of Synchrotron Radiation, AIP Conf.
Proc. 184, 565, (1989).

[103] S. Kwiatkowski et al., Camshaft Bunch Kicker Design for the ALS

Storage Ring, In proceedings of EPAC’06, (2006).

[104] S. De Santis et al., Injection/Extraction Kicker for the ALS-U

Project, In proceedings of IPAC’14, (2014).

[105] C. Pappas, Fast Kicker Systems for the ALS-U, In proceedings of
IPAC’14, (2014).

86



COMMENTS ON THE PAPERS

I Meeting report: Workshop on Timing Modes for

Low-Emittance Storage Rings

This paper describes a workshop arranged at MAX IV concern-
ing methods to serve timing users at low-emittance storage
rings. The workshop was arranged with the purpose of getting
international input on the discussions about possibilities for
timing modes at MAX IV. The conclusions from this workshop
lead to the motivations behind the methods chosen to be stud-
ied in this thesis. I was a co-organizer of the workshop and
wrote a large part of the report.

II Preparing the MAX IV Storage Rings for Timing-Based

Experiments

The paper summarizes the challenges and opportunities for
serving timing users at the MAX IV storage rings from both the
accelerator and beamline perspective. I wrote the part of the
paper related to the challenges for the accelerators.

III Bunch Length Measurements with Passive Harmonic

Cavities for Uniform Fill Patterns in a 100 MHz RF System

The paper describes bunch length measurements with uni-
form, multibunch fill in the MAX II storage ring. The purpose of
the measurements was to evaluate the measurement method
and simulation codes for future studies of fill patterns in the
MAX IV storage ring. I participated in the measurements, per-
formed the simulations and wrote the paper.
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Comments on the papers

IV Bunch Length Measurements with Passive Harmonic

Cavities for Non-Uniform Fill Patterns in a 100 MHz RF

System

This paper describes bunch length measurements for fill pat-
terns with gaps in the MAX II storage ring. As for the previous
paper, the purpose was to evaluate the measurement method
and simulation codes for future studies of fill patterns in the
MAX IV storage ring. I participated in the measurements, per-
formed the simulations and wrote the paper.

V Self-Consistent Calculation of Transient Beam Loading in

Diffraction-Limited Storage Rings with Passive Harmonic

Cavities

The paper describes code development and benchmarking of
three different codes to simulate fill patterns with gaps in a
self-consistent way including the bunch form factor. The pa-
per concludes the efforts that started with the two previous
papers. The paper also includes a discussion about the im-
portance of including the bunch form factor in simulations. I
conducted most of the measurements, performed most of the
mbtrack simulations, developed the FillPatternSim code and
wrote most of the paper.

VI First Measurements of Pulse Picking by Resonant Excitation

(PPRE) at the MAX IV 3 GeV Storage Ring

The paper describes the first measurements of PPRE at the
MAX IV 3 GeV storage ring. The beam was excited with the
bunch-by-bunch feedback system otherwise utilized for con-
trolling and diagnosing beam instabilities. The effect of the
excitation was evaluated by measuring the beam size at a di-
agnostic beamline. I conducted the measurements and wrote
the paper.

VII Pulse-Picking by Resonant Excitation (PPRE) for Timing

Users at the MAX IV 3 GeV Storage Ring

This paper presents beam dynamics simulations of PPRE at the
MAX IV 3 GeV storage ring and estimates the performance of
the method for users. I performed the simulations and wrote
the paper.
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VIII Pseudo-Single-Bunch Mode for a 100 MHz Storage Ring

Serving Soft X-ray Timing Experiments

This paper describes design choices, machine and hardware
requirements, and achievable performance of a PSB mode at
the MAX IV 1.5 GeV storage ring. The aim was to operate PSB in
multibunch mode by utilizing a sufficiently fast stripline kicker
to kick one bunch out off the bunch train without requiring a
gap in the fill pattern. I studied the design requirements, con-
ducted the simulations and wrote the paper.
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