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Laser, eh, is about coherence, not power!
Rodolfo Bonifacio





ABSTRACT

The test free-electron laser (test-FEL) at MAX-lab in Lund demon-
strated for the first time circularly polarized coherent femtosecond
pulses at 66 nm wavelength. A 375 MeV electron bunch was seeded
by a femtosecond laser at 263 nm and coherent harmonics were ex-
tracted in an APPLE-II type elliptical undulator. A thermionic gun
with a barium oxide cathode was adapted for photocathode oper-
ation, and the performance of the gun was tested. Measurements
showed the production of 200 pC of electrons with a normalized emit-
tance of 5.5 mm mrad and a quantum efficiency of 1.1·10−4. To ensure
the electron bunch overlap with the 500 fs seed laser pulse and to mea-
sure the bunch length, an electro-optical spectral decoding setup was
built. The bunch length of about 1 ps was measured and it was de-
termined that the long-term drifts in timing were accelerator-related.
Electro-optical spectral decoding was used for the first time for on-
line feedback to stabilize the overlap between the laser pulse and the
electron bunch. This stabilization ensured lasing of the FEL on every
shot and contributed to the detection of higher linearly polarized har-
monics (44 nm). This thesis presents an introduction to the processes
that occur in the undulators: modulation, bunching and radiation. It
describes the test-FEL setup and the emittance of an electron beam.
Electro-optical spectral decoding is explained and its advantages and
limitations are discussed. The feedback based on a simple controller
is presented.
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POPULÄRVETENSKAPLIG SAMMANFATTNING

I denna avhandling ges en introduktion till fyra artiklar där resul-
tat från och delar av en frielektron-laser (FEL) beskrivs. Denna typ
av laser skiljer sig från de konventionella lasrar de flesta av oss har
träffat på, t.ex. i form av en laserpekare. Den första märkbara skill-
naden är att frielektron-lasrar är stora, ofta flera hundra meter långa.
De kräver en accelerator och långa magnetstrukturer, s.k. undula-
torer, för att fungera. Istället för att använda material som kristaller,
halvledare, gaser eller plasma, använder de istället fria obundna elek-
troner. Högenergetiska elektroner från acceleratorn förlorar lite en-
ergi och alstrar ljus i undulatorerna.

Den FEL som presenteras här är ca 60 m lång. Syftet med anläg-
gningen är att studera produktion av ljus med korta våglängder och
variabel polarisation. Polarisation är en viktig egenskap hos ljus med
många tillämpningar inom vetenskap och teknik. Genom att använda
den existerande acceleratorn på MAX-lab, en konventionell laser och
två undulatorer, manipuleras elektronerna att alstra ljus med godtyck-
lig polarisation och kortare våglängd än den konventionella laser som
används för att starta processen. Växelverkan mellan elektronerna
och ljus från den konventionella lasern förbättrar kvaliteten på ljuset
från FELen. Metoden att starta frielektronlasern med en konven-
tionell laser kallas seeding (sådd).

För att detta ska fungera måste man träffa elektronpulsen med en
laserpuls i både tid och rum. Att överlappa dem rumsligt är inte så ut-
manande, men överlapp tidsmässigt kan vara det. Elektronpulsen är
ungefär en tredjedels millimeter lång och laserpulsen ungefär en tion-
dels, och båda färdas med ljusets hastighet. Elektro-optisk laserteknik
användes för att kontrollera och mäta det tidsmässiga överlappet
mellan elektroner och laserpuls. Tekniken användes också för att,
via återkoppling av laserns fördröjning, säkerställa överlapp för varje
skott. Detta ger en klar förbättring av anläggningen till en mycket liten
kostnad.
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POPULAR SCIENTIFIC INTRODUCTION

This thesis presents an introduction to four papers describing the
components and the results from a free-electron laser (FEL) at MAX-
lab in Lund. This type of laser is very different from conventional
lasers familiar to most of us, like laser pointers. The first noticeable
difference is that FELs are very large. They consist of an accelera-
tor and a long magnetic devices called undulators. They can easily
be hundreds of meters long. Instead of using materials like crystals,
semiconductors, gases or plasmas, this laser instead uses electrons
themselves. The high-energy electrons from the accelerator feed the
FEL and, at the expense of a slight loss in energy, produce light in un-
dulators.

The FEL presented in this work is about 60 m long, and the aim of
these studies was to investigate the production of short-wavelength
light with variable polarization. Polarization is an important prop-
erty of light applied widely in technology and science. Using the exist-
ing MAX-lab accelerator, a conventional laser and two undulators, the
electrons were manipulated to produce light with arbitrary polariza-
tion and wavelength shorter than that of the conventional laser used
in this process. The interaction of electrons with a laser pulse from
the conventional laser improves the properties of the light produced
by the FEL. Starting the free-electron laser with a conventional laser is
called seeding.

For seeding to work, it is necessary for the laser pulse to hit the
bunch of electrons exactly in time and position. Overlapping the pulse
spatially is not so challenging, but temporal overlapping can be. The
electron bunch is about a third of a millimeter long and the laser pulse
about a tenth of a mm, and both are traveling at speed of light. An
electro-optical laser technique was used to measure and achieve the
overlap. It was also used to develop feedback that ensures overlap on
every shot. This significantly improved the operation of the test-FEL
at a very low cost.
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PREFACE

I started my PhD studies in May 2007, on a project called MAXLAS,
which was a collaborative project between Lund University, the Lund
Laser Centre and MAX-lab. MAXLAS was an EU funded Marie Curie
Early Stage Research Training project. The first three years of my posi-
tion were financed by the EU (Marie Curie) and the last year by Lund
University. The work was carried out at MAX-lab, which is a Swedish
national laboratory in Lund. The main objective of my PhD studies
was to build an electro-optical system that could be used to mea-
sure the arrival time of a bunch of electrons relative to the seed laser
pulse, and possibly measure the electron bunch length. Considering
the limited number of people engaged in this project, the work ac-
tually spanned almost all aspects of running the test-FEL, from the
electron gun to the spectrometer. I participated in the daily running
and measurements and essentially everything that involved the test-
FEL. This allowed me to obtain a broader understanding of the whole
project and the interesting physics behind it. Working at MAX-lab on
this project was varied and interesting, and I am glad that I had the
chance to participate in it. The most impressive achievement of the
FEL team was the creation of at 66 nm in circular polarization in the
spring of 2010 – a small world record, at least until FERMI in Trieste
starts operating in circular mode.

Scope and outline of this thesis

This thesis includes four of several publications I have worked on.
They were published during my time in Lund and are about the test-
FEL. An introduction to the papers and the related theory are given
here, on a level that a new graduate student should be comfortable
with. The intended audience is researchers and students in groups in
a similar field of research. An effort has been made to present material
that concerns only the test-FEL, but the principles are of interest and
useful for other projects.

This thesis is divided in six chapters, two of which are Introduction
and the chapter Summary and Outlook. The two most important are
Chapter 2 (Coherent harmonic generation) and Chapter 5 (Electro-
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Preface

optical spectral decoding). Chapter 2 presents the theory behind the
test-FEL, and is related to Paper II and slightly to Paper I. Paper II de-
scribes how the harmonics are produced and, for the first time, the
production of 66 nm light with circular polarization. Chapter 5 de-
scribes the electro-optical technique that functions as a longitudinal
diagnostic and is most related to Papers III and IV. Chapter 4 provides
a short introduction to emittance and a technique for measuring the
emittance. The material in that chapter is most relevant for Paper I.
Chapter 3 describes the hardware of the test-FEL and is important and
related to all the other chapters. The papers follow the development
of the project and they cover different aspects of one machine. For
example, the work presented in Paper II depended highly on the work
that resulted in Papers I, III and IV. Some of the chapters are con-
cluded with a short discussion that presents the wider scope in which
that chapter relates to other chapters and papers.
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CHAPTER 1

INTRODUCTION

The history of free-electron lasers (FELs) begins after the Second
World War. In 1947 John R. Pierce published a paper on exponential
gain in traveling wave tubes [1], and periodic magnetic structures (un-
dulators) appear in the publications of Ginzburg and, independently,
Motz in the 1950’s [2]. Improvements continue, Phillips noticed that
density modulation of electron beam can be achieved by interaction
with transverse components of RF fields [3]. A historical overview of
these contributions can be found in [4]. Since so many people have
contributed to their development, it would not be fair to say that the
FEL was discovered by one single person, although John Madey comes
closest, with his paper published in 1971 [5]. He also demonstrated
the intensity gain of the FEL signal at Stanford. Colson showed that
Madey’s theory could be simplified [6]. The technology of FELs re-
ceived a further boost thanks to the Strategic Defense Initiative by
the US in the 1980’s, with plans to use FELs to shoot down nuclear
missiles. Modern FELs for scientific purposes have developed into
research facilities, similar to synchrotron light sources, where users
come to perform their measurements. The more well-known of these
are FLASH in Germany, XFEL in Japan and LCLS in the US, which are
pushing wavelength (and engineering) frontiers.

The first conventional laser was produced in 1957. Q-switching
as a method of generating high peak powers was demonstrated in
1962 [7]. Mode locking opened the doors for femtosecond pulses in
1964 [8], and chirped pulse amplification in 1985 allowed significant
improvement is laser intensity [9]. The frontier of attosecond pulses
was opened in 1987 with high harmonic generation [10, 11], and the
use of such pulses together with free-electron lasers has recently been
achieved [12].

Seeded FELs employ a combination of developments in FELs
and conventional lasers. The coherence qualities and high power of
conventional laser are used to improve the properties of FEL light.
Methods of seeding are available only at wavelengths where coherent

1



Figure 1.1. Layout of MAX-lab. The accelerator used for all three rings, nu-
clear physics experiments and the test-FEL is in the basement. The test-FEL is
positioned inside the MAX II ring and uses the radiation shielding of the ring.
This allows easy access to the components of the FEL.

lasers are available.
The test-FEL at MAX-lab is a seeded free-electron laser, and it

was constructed with the goal of gaining experience in this field of
research, and developing a source of vacuum-ultraviolet light with
variable polarization. The project is a joint venture between the
Lund Laser Centre (LLC), MAX-lab and the Helmholtz Zentrum Berlin
(HZB), which provided the undulators. The undulators are positioned
inside the MAX-II ring. Apart from its beam dump, the test-FEL does
not have separate radiation shielding, but shares the shielding with
the ring. The accelerator serves three storage rings, nuclear physics
research and the test-FEL. The layout of the lab is shown in Figure 1.1.
In order to generate high peak currents, the electron gun (source of
electrons), which operates thermionically, is used as a photocathode
gun. The electrons are accelerated to 375 MeV, compressed to about
1 ps and transported to the undulators.

The undulators consist of series of permanent magnets. They are
constructed in such a way that the magnetic field they produce is
perpendicular to the axis of the undulator but alternates in direction
along the axis. An electron beam traveling along the axis will thus be
influenced by an alternating magnetic field. The electrons produce
light in the direction of the electron beam (i.e. the forward direction).
The wavelength of the light depends on the energy of electrons, the
period of the magnetic field (also called the undulator period) and the
strength of the magnetic field. The intensity of the light can be signifi-
cantly increased by bunching the electrons into small microbunches,
separated by one wavelength of the light.

2



CHAPTER 2

COHERENT HARMONIC GENERATION

This chapter describes the generation of coherent harmonics. A scheme
in which the interaction between relativistic electrons and a laser pulse
inside an undulator is used to induce bunching of electrons within
the electron bunch, with a period of the wavelength of the laser light.
Higher harmonics of this bunching are then used to produce light in
another undulator at a frequency that is a harmonic of the laser.

2.1 Introduction

This chapter is divided into three main parts that describe modula-
tion, bunching and radiation. All three processes take place through-
out the undulators and one cannot easily separate them from each
other. However, they are descibed in a certain order since their im-
portance on the final result changes along the way. Modulation is de-
scribed first, followed by bunching and finally radiation.

As we will see in the radiation section the goal is to achieve
grouping, or bunching, of electrons into small microbunches inside

Figure 2.1. Overview of coherent harmonic generation. In the first radia-
tor (modulator) the energy within the bunch is modulated using a seed laser
pulse. Energy modulation is converted to density modulation in the first un-
dulator and the dispersion chicane. The radiation is extracted at a higher har-
monic from the second undulator.

3



2.2 Modulation

x

y

z

λw

Figure 2.2. The coordinate system
used. Electrons travel in the
z -direction and wiggle in x , while
their y -coordinates remain constant.

the electron bunch in such a way that the distance between mi-
crobunches in the laboratory frame equals the wavelength of the light
that is to be produced. The distance can also be an integer multiple of
the wavelength of the light that is being produced, in which case we
talk about harmonics. Microbunching will lead to coherence of the
light pulse produced, resulting in a huge increase in power. To reach
this goal we first modulate the energy of electrons within the bunch
and then use the difference in energy to make some of the electrons
travel a longer path, and some of them a shorter path, through a series
of magnets. In order to achieve modulation, the electrons must inter-
act with a light field inside an undulator. This light can be produced by
the electrons themselves, or we can add a laser pulse in the first undu-
lator. If we add the laser the process will start faster and the length of
the first undulator can be shorter, although these are not the only ad-
vantages of using a laser instead of the light spontaneously produced
by the electrons. The first undulator is the modulator. The second un-
dulator, the radiator, is used to extract the radiation at a multiple of
the original laser frequency. Throughout this thesis, the term undula-
tor will be interchangeably used with the term wiggler1.

2.2 Modulation

Modulation is a process in which the energy of the electrons within
the bunch is modulated (changed) so that certain parts of the bunch
have excess energy, while other parts have less energy than the aver-
age. These domains are interleaving. The excess or lack of energy is
relative to the resonance energy level set by the resonance condition
(explained in 2.2.2). The energy of the electrons is influenced by the
light present inside the undulator. The light in our case is generated
by an external laser. The way in which the electrons travel through
an undulator is crucial for the ensuing energy exchange between the
light and electrons.

In this section we solve the equations of motion for an electron
traveling through an undulator. This is given special attention since
the nature of electron movement causes the production of harmonics
of radiation in planar undulators, but not in helical undulators. This
is addressed in the chapter on radiation (Section 2.4). Once the equa-
tions of motion have been solved, we add the laser field and require
that the energy of the electrons is changed (i.e. that the laser field does
some work). This will lead to the simple pendulum-like Hamiltonian
for the whole process. Analysis of the phase space then gives a some-
what clearer picture of what leads to microbunching. The processes

1This is because these two are similar, the only difference between them being the
angle through which they force the electrons to “wiggle” relative to the opening angle.
This ratio of angles is given by the K-parameter which is discussed later. Undulators
have K-parameters smaller than one, while wigglers have K-parameters much higher
than one. Our undulators/wigglers have K-parameters comparable to one.
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described are those taking place in the first undulator of our test-FEL,
and provide the background for modulation testing (Paper II).

It is very important to stress that these equations are not complete.
The equations we are about to consider stem from the Lorentz equa-
tion and describe the motion of electrons within an undulator and a
light field [6]. Maxwell’s equations must be included, and they lead to
a description in which energy is conserved. When including Maxwell’s
equations it is necessary to deal with two additional equations that
describe how the light field changes when the electrons emit radia-
tion, or gain energy from the field [13, 14]. These equations are not
treated here, since the modulation can be explained without them2.
When it comes to radiation, Maxwell’s equations are implicitly in-
cluded, and are not presented explicitly in this thesis. The additional
two equations are absolutely crucial for the description of X-ray free-
electron lasers since seed pulses are not available, and the only way of
generating X-ray light for the electrons to interact with is to produce it
from the electrons themselves.

In the following section the motion of electrons through a planar
undulator, and their simultaneous change in energy is described. It
will be shown that the trajectory of electrons in the reference frame
moving with average electron velocity has a shape resembling the
number 8. Although highly relativistic electrons move almost at the
speed of light, the average velocity will be slightly lower due to the
undulator. This is because the electrons “wiggle” which reduces their
longitudinal velocity. This means that the light entering the undulator
will overtake, or slip past the electrons since it is traveling at the speed
of light; this is called slippage. The transverse oscillations of electrons
relative to the oscillations of the laser field, specifically the phase be-
tween them, will determine the exchange of energy between the laser
and electrons. One way to ensure that this energy exchange does not
die out due to slippage is to apply the resonant condition, which re-
quires that electrons travel one wiggle period while the light travels
that wiggle period plus one more light period (Figure 2.6).

2.2.1 Electron motion in an undulator without a laser field

x

y

z

B0

λw

Figure 2.3. Idealized 1D magnetic
induction inside an undulator with a
period of λw .

We assume a planar undulator/wiggler with a periodic magnetic field
of the form (as in Figure 2.3)

B= By ŷ= B0 cos (kw z ) ŷ (2.1)

where the undulator wave number kw = 2π/λw is given by the length
of a wiggler period λw (typically centimeters). The wiggler has Nw

periods. In order to solve the motion of an electron inside the wiggler
one can start from the Lorentz force:

F= e By (x̂vz − ẑvx ) (2.2)

2In case of a seeded FEL.
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2.2.1 Electron motion in an undulator without a laser field

which leads to only two coupled equations for the x and z coordi-
nates:

γm ẍ = e By vz (2.3)

γm z̈ =−e By vx (2.4)

There is no motion in the y -direction. We take vx � vz since the mag-
netic (B) field is such that vx never becomes significant (wiggle angles
are always very small). We use the approximations vx � c , vz ≈ βc ,
and express vx as

vx =
dx

dt
=

dz

dt

dx

dz
= vz x ′ (2.5)

where one more differentiation, while keeping vz constant, leads to

ẍ = v 2
z x ′′ = c 2x ′′ (2.6)

With this and equation (2.3) we obtain the second derivative of x with
respect to z:

x ′′(z ) =
e B0vz

γm c 2
cos (kw z )≈

e B0

γm c
cos (kw z ) (2.7)

Integrating twice leads to the transverse position

x (z ) =−
e B0

γm c k 2
w

cos (kw z )+x ′0z +x0 (2.8)

In the absence of field errors in the undulator3 (see Figure 2.4),
assuming the correct initial position and momentum of the electron,
and introducing the K-parameter

K ≡
e B0

m c kw
(2.9)

which depends only on the undulator, the transverse position can be
written:

Figure 2.4. Errors in the undulator
lead to offsets in deflection and
position. Undulators usually have
coils with DC current running through
them that correct for the nonzero
integral of the field. The main
contribution to this offset is from
fringe fields (at the ends of the
undulator).

x (z ) =−
K

γkw
cos (kw z ) (2.10)

Using vx = vz x ′ ≈ c x ′ gives the horizontal velocity as

vx (z ) =
c K

γ
sin (kw z ) (2.11)

We can now find changes in vz from vx by substituting vx into

v 2 = v 2
x +v 2

z =β
2 c 2 (2.12)

3If the B-field, described by a cosine, would due to an imperfection get a phase shift
by a +error and later along the undulator lost the phase shift (-error) this would in first
integral contribute to deflection of the electron while second integral would contribute
to the position offset.
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Coherent Harmonic Generation

Assuming conservation of energy (β = const.) any transverse mo-
tion (wiggling) comes at the expense of axial/longitudinal speed vz .
Transverse motion of the electrons inside the wiggler reduces their
longitudinal speed vz . With the trigonometric identity sin2α = (1−
cos 2α)/2 and the approximation (1+x )α = 1+αx for x � 1 when ap-
plying the square root we obtain vz expressed as the average velocity
v̄z in the z -direction plus the oscillatory term:

vz (z ) = v̄z +
K 2c

4γ2
cos (2kw z ) (2.13)

v̄z ≡ c

�

1−
2+K 2

4γ2

�

(2.14)

Separating the z coordinate into an average and an oscillatory part
z = z̄ +z osc where z̄ = v̄z t and using identities for cosine of a sum and
solve

vosc =
dz osc

dt
=

K 2c

4γ2
cos (2kw (z̄ + z osc)) (2.15)

to obtain the longitudinal position expressed in terms of the average
position. Similarly for x -oscillations, we obtain:

z osc(z̄ ) =
K 2

8γ2kw
sin (2kw z̄ )

xosc(z̄ ) =−
K

γkw
cos (kw z̄ )

(2.16)

The electrons wiggle left and right while traveling through the undu-
lator, but also oscillate a little backwards and forwards. This leads to
a figure of 8 shape since the oscillations in the longitudinal direction
have twice the frequency of transverse oscillations. By comparing the
amplitudes of the oscillations we see that the longitudinal oscillations
are a factor of K /(8γ) smaller.

γ 1.5γ 2γ

K=0.5

K=1.0

K=1.5

x

z

Figure 2.5. Electron motion
described by equations (2.16) in the
reference frame of average velocity
resembles the number 8. This motion
gives rise to higher harmonics for
incoherent radiation produced by the
undulator. The oscillations in z are
enlarged in this image and, in reality,
they are a factor of K /(8γ) smaller
than transverse oscillations.

2.2.2 Electron motion in an undulator with a laser field

The motion of an electron within an undulator in the transverse di-
rection allows the exchange of energy between the electron and the
light field propagating along the undulator. This light field will have
an electric (E) field component in the transverse direction, allowing
for energy exchange. The light field is produced by a classical laser
and introduced into the undulator for the purpose of electron energy
modulation. However, some criteria must be fulfilled in order for the
average of this energy exchange not to be zero, as the electrons and
the laser field are traveling along the undulator. We will now study the
basics of this exchange and the requirements that must be met. We
model the laser field as a linearly polarized plane wave. We follow only
the electric field and neglect the interaction with the magnetic com-
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2.2.2 Electron motion in an undulator with a laser field

ponent of light4. The laser’s E-field has only an x -component, and is
a traveling wave along z with wave number kL = 2π/λL and circular
frequencyωL = 2πν :

EL(z , t ) = EL0 cos (kLz −ωLt ) (2.17)

A change in the electron’s energy can be expressed as a product of the
current it creates and the electric field

dW

dt
= j EL =−e ẋ EL =−e vz x ′EL ≈−e c x ′EL (2.18)

By inserting x ′ and expressing a product of sine and cosine as a sum
of two sines we obtain

dW

dt
=−

e c K EL0

2γ
[sin ((kw +kL)z −ωLt )+ sin ((kw −kL)z +ωLt )]

(2.19)
Since we are interested in the energy exchange (between the laser field
and an electron) we note that this will happen inside the undulator in
the case when the two sine terms do not oscillate over time, so that
their integral over time is zero. The argument of the first sine we will
call θ+ and of the second θ− which can be written collectively as:

θ± ≡ (kw ±kL)z ∓ωLt (2.20)

We are presently interested in the situation when at least one of the
sines is not oscillating in time, which means the theta is constant:

dθ±
dt
= (kw +kL) v̄z ∓ωL = 0 (2.21)

With the dispersion relation in vacuum (ωL = c kL) this gives two cri-
teria

λL =±λw

�

2+K 2

4γ2

�

(2.22)

The second criterion cannot be fulfilled. It is easy to check that if the
first criterion is fulfilled then θ− is oscillating rapidly (with an average
of zero), which means that only the first sine term contributes if the
parameters are set such that

λL =λw

�

2+K 2

4γ2

�

, or

kL = kw

�

4γ2

2+K 2

� (2.23)

This is known as the resonance condition. This requirement is equiv-
alent to demanding that in time it takes electrons to travel one period

4The assumption is made that the laser vector potential is small compared to the
wiggler vector potential by a factor of γ2 since the vector field scales with λ; this is not
the same as assuming that the laser B-field is smaller than the undulator B-field, (see
[15], page 79).
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Coherent Harmonic Generation

Figure 2.6. In the time the electron
travels one wiggle period the light
travels the same distance plus one
light wavelength (since it travels faster
through the undulator). This leads to
the same formula (2.23) as the
requirement that the ponderomotive
force remains constant in time. (A)
Those electrons for which the E-field
is pointing in the opposite direction to
their velocity will gain energy. The
images in the lower right corner show
the point of the wiggle period we are
looking at in this situation. (B) A
quarter of a wiggle period later, the
light has advanced ahead of the
electrons. At this point, the transverse
velocity of the electrons is zero and
there is no energy exchange. (C)
Similar to (A), but the velocity is
pointing the other direction and the
same electrons gain energy. (D)
Similar to (B).

of wiggle, the light travels the same distance plus one more light wave-
length. For the energy change we can write (discarding the± notation
and using only θ instead of θ+):

dW

dt
=

d
�

γm c 2
�

dt
=−

e c K EL0

2γ
sinθ (2.24)

The sign of the energy change (gain or loss) depends only on θ , which
is often referred to as the ponderomotive phase. By introducing an-
other dimensionless parameter analogous to the K-parameter we ob-
tain the change in γ as:

dγ

dt
=−

c kL K L

2γ
sinθ (2.25)

L ≡
e EL0

m c 2kL
(2.26)

The L-parameter is proportional to the laser E-field, in the same way
as K-parameter is proportional to the B-field from the undulator. In
order to fulfill the criterion in (2.23) several parameters can be varied:
the wavelength of the light, the K-parameter of the undulator, and the
energy of the electron. The wavelength of the light is fixed since this is
the most difficult parameter to change (requires major changes to the
laser). Similarly for the energy of the electrons. Luckily, the remain-
ing parameter can be changed. The K-parameter can be changed by
opening or closing the undulator (this effectively increases or reduces
B0). So far we have considered one electron with a certain γ, inter-
acting with the field in the undulator. In reality, electrons from the
accelerator come in bunches containing hundreds of millions of elec-
trons, and their energy is distributed around an average energy5 γ.
This distribution of energy is called the energy spread. We now need to
make an important distinction, the average energy of electrons, γ, is
not necessarily the same as the resonant energy that fulfills the reso-
nance condition. For a fixed K-parameter and wavelength of the laser
light, the electron energy that fulfills the energy exchange criteria will
be referred to as the resonant gamma, γR :

γR ≡

r

kL
�

2+K 2
�

4kw
(2.27)

Since we have established that the energy change depends on the
ponderomotive phase, we are interested in how that phase evolves
along the undulator. We start with the derivative of the phase:

dθ

dz
= (kw +kL)−

ωL

v̄z
(2.28)

5Although we talk about energy, the constant factor from γme c 2 is omitted, and we
write only γ. Whenever actual energy is needed γmust be multiplied by me c 2.
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2.2.2 Electron motion in an undulator with a laser field

and by inserting the dispersion relation, resonant kL from equa-
tion (2.23) and expressing the average velocity v̄z from (2.14) through
the approximation

1

v̄z
=

1

c

�

1+
2+K 2

4γ2

�

(2.29)

we obtain the equation
dθ

dz
= 2kw

∆γ
γR

(2.30)

where we have introduced∆γ as∆γ≡ γ−γR and assumed that γ/γR ≈
1. We can rewrite equation (2.24) for energy change by writing:

d

dz

�

∆γ
γR

�

=
1

γR

dγ

dz
=

1

γR

dγ

dt

dt

dz
(2.31)

This leads to two coupled equations that describe the change in phase
and energy along the z -coordinate:

dθ

dz
= 2kw

∆γ
γR

(2.32)

d

dz

∆γ
γR
=−

kL K L

2γ2
R

sinθ (2.33)

This can be similarly rewritten with respect to time, and with the ab-
breviation ν ≡∆γ/γR it becomes:

dθ

dt
= 2c kwν (2.34)

dν

dt
=−

c kL K L

2γ2
R

sinθ (2.35)

These two equations are similar to Hamilton’s equations of a mathe-
matical pendulum [16], due to that resemblance we can write:

dθ

dt
=
∂H

∂ ν
= 2c kwν (2.36)

dν

dt
=−

∂H

∂ θ
=−

c kL K L

2γ2
R

sinθ (2.37)

Like Hamilton’s equations for mathematical pendulum, these lead to
a similar Hamiltonian, which with a constant of integration such that
H (0, 0) = 0, becomes:

H (ν ,θ ) = c kwν
2+

c kL K L

2γ2
R

(1− cosθ ) (2.38)

We will use this Hamiltonian to see the character of the solutions to
the equations obtained. It should be noted that the dimensions of our
Hamiltonian are inverse seconds (frequency), and it will thus describe
the frequency of rotation of a certain electron within a potential de-
pending on the electron’s initial position. One should not think of it as
describing the energy of an electron, since this is contained in ν .
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2.2.3 Phase space and the Hamiltonian

We introduce ξ and Ω and rewrite the Hamiltonian and the Hamilton
equations:

H (ξ,θ ) =
ξ2

2
+Ω2 (1− cosθ ) (2.39)

ξ2 ≡ 2kw cν2 (2.40)

Ω2 ≡
c kL K L

2γ2
R

(2.41)

dξ

dt
=−Ω2 sinθ (2.42)

dθ

dt
= ξ (2.43)

θ , which we have named ponderomotive phase, corresponds to a co- Figure 2.7. (left) The electron
energy change depending on its phase
according to Hamilton’s equations.
Electrons gain energy proportional to
−sinθ . (right) The electron phase
(position) change depending on its
energy deviation from the resonant
energy according to Hamilton’s
equations. Electrons with excess of
energy move forward (positive θ ).

ordinate ζ along the z -axis; as an angle it wraps (takes same value
again) after a period negligibly longer than λL

ζ≡
θ

kw +kL
=
θ

2π

λwλL

λw +λL
≈
θ

2π
λL (2.44)

z (t ) = v̄z t +ζ(t ) (2.45)

Here we have ignored6 z osc. When an electron has a higher value of θ
this means it is moving forward in the electron bunch. The range of θ
is from −π to π. If it goes forward more than π, the phase wraps and
becomes −π again. However, the electron then belongs to another
segment (the segment ahead). In this way, the whole electron bunch
is split into segments, each one optical wavelength long. There are
typically thousands of such segments, and in our case we follow only
one and assume that the same thing, through periodicity, happens to
all the others. The coordinate ξ is only rescaled energy deviation from
the resonance condition ν . Apart from the scaling, the coordinate ξ
still represents a lack or excess of energy relative to γR , so in that re-
spect the coordinate is nothing new, only the scaling has changed. Ω
is the angular frequency. From Hamilton’s equations we can write the
equation for θ , and from this equation it becomes clear that Ω repre-
sents the frequency

θ̈ +Ω2 sinθ = 0 (2.46)

We recognize this as a pendulum equation, commonly solved for
small angles, that leads to free oscillations with frequencyΩ. However,
we are now interested in all solutions, not just the small-angle solu-
tions. We are interested in curves in phase space (a space containing
all possible ξ and θ ) where the Hamiltonian is constant H (ξ,θ ) =Hc .
The Hamilton equations tell us that the electrons rotate clockwise in

6This can be justified by looking at the amplitude of z osc at the resonance condi-

tion. The amplitude reduces to λL

(4π(1+2/K 2)) ≈
λL
8π .
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2.2.3 Phase space and the Hamiltonian

0

ϑ

2Ω

ξ

-2Ω

+π-π 0

Bucket

Separatrix

Half-height
2Ω

Separatrix

Figure 2.8. The separatrix forms the
borders of the bucket. The height of
the bucket is proportional to the
square root of the laser’s E-field
(fourth root of the intensity).

Figure 2.9. Small-angle solutions
behave as a harmonic oscillator with
characteristic frequency Ω0 (left).
Large-angle solutions (right) have an
oscillation frequency depending on
the phase θmax which is always
smaller than Ω0.

Figure 2.10. Complete phase space
diagram with all solutions. It can be
seen that electrons with positive θ (on
the right side) lose energy and
electrons in the upper half move
forwards (positive energy offset).

phase space. We will divide the regions of interest based on the char-
acteristics of the solutions. A pendulum can oscillate around a sta-
ble equilibrium (sway) or rotate if it has enough angular momentum.
Similar to classical mechanics, we can find a curve in phase space that
separates the two regions of rotation and oscillation from each other.
This curve is called the separatrix7 and is given by:

ξs =±2Ωcos

�

θ

2

�

(2.47)

The value of the Hamiltonian on the separatrix is Hcs = 2Ω2. Two
points (ξ = 0, θ = ±π) and the center of the bucket (ξ = 0, θ = 0)
are equilibrium points. Only the latter one is stable. Theoretically,
electrons with such phase-space coordinates do not move in phase-
space. Anything inside the separatrix is called the bucket8. We see
that from the definition of Ω, the amplitude of the bucket depends on
the laser’s electric field. We define the bucket half-height as the maxi-
mum ξ value on the separatrix

ξmax = 2Ω=

r

8c kw

2+K 2
K L (2.48)

If we look at small-angle solutions we can approximate sinθ ≈ θ
and this leads to an equation for a harmonic oscillator with the ex-
pected solution θ = sin (Ω0t ). These solutions are presented in the
phase space diagram by circles close to the center of the bucket.
The oscillation frequency Ω0 is known as the synchrotron frequency.
Large-angles do not allow such an approximation. The oscillation fre-
quency depends on θmax. Solving this problem leads to a complete
elliptical integral of the first kind9 κ. The oscillation frequency can be
written as

Ω
Ω0
=

π
2

κ
�

sin θmax

2

� (2.49)

Using an approximation for κ this can be written as (up to about
θmax = 3

4
π):

Ω
Ω0
≈

1

1+ 1
4

sin2
�

θmax

2

� (2.50)

from which it is apparent that the frequency falls for larger values of
θmax.

7The equation for the separatrix is obtained by calculating the “energy” level in
H(ξ= 0, θ =±π) and then inserting into the Hamiltonian.

8This is in analogy with the RF buckets in storage rings.
9The elliptical integral of the first kind can be calculated numerically and tabulated.

It is usually denoted K but here we use κ in order not to confuse it with the undulator
parameter K . Some properties of κ: κ(0) = π

2 ; κ(α) = π
2 (1+α

2/4+ 9α4/64+ . . . ); κ(α→
π
2 ) =∞. κ is a constantly growing function as we approach α= π

2 .
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Figure 2.11. An electron bunch with
homogeneous longitudinal density
starts interacting with the laser inside
the undulator. The lower image shows
the longitudinal position of the
electrons divided into bins, that is, the
longitudinal density, which is
homogeneous.

Figure 2.12. The energy becomes
modulated and some electrons have
extra energy (relative to the resonance
condition), and some have less. The
changes in the longitudinal density
are very small.

Motion outside the bucket is untrapped motion where electrons
are traveling to segments ahead (if they are above the bucket) or to-
wards segments behind (if they are below the bucket). This is anal-
ogous to the pendulum that has enough angular momentum to just
rotate. Once electrons find themselves in a bucket they will not leave
it, and electrons outside it will not enter it. This is not entirely true. It
is only true within the limits of the theory we have developed so far.
It is possible for electrons to enter or leave the bucket if the bucket it-
self grows or shrinks. So far we have not discussed this option (from
the beginning our laser field amplitude EL0 was assumed constant).
The bucket does grow due to the energy lost by the electrons. This
is exactly where the energy of the free-electron lasers comes from.
Electrons are made to lose energy and give it to the light bucket. This
allows even more electrons to be captured and the laser field is gen-
erated. However, the theory of high-gain FELs is much more compli-
cated and is outside the scope of this thesis. To explain the modula-
tion that takes place inside the test-FEL this theory will suffice.

We now have the mechanism to completely describe energy mod-
ulation. An electron bunch with bunch length σe enters the undu-
lator. We assume a homogeneous density of electrons, “flat top”, for
a bunch with a length of about a thousand or so periods of λL . We
use this assumption as the argument for periodicity between buck-
ets. We also assume a light pulse with constant intensity for as long
as it lasts. Energy modulation requires a strong light field, and pulsed
lasers are used to deliver such strong electric fields. The undulator is
set to a K-parameter such that the light from the laser satisfies the res-
onance condition where γ, the average energy of the electrons, now
equals γR . Such electrons will lie on a line in phase space with ξ = 0
and take all the values of θ . In Figures 2.11 – 2.13 we track 19 such
electrons and the projection of their current position. The projec-
tion corresponds to their spatial density in the longitudinal direction.
Rotation in phase space starts due to their interaction with the light
and their energy is modulated. A small modulation in density occurs.
After Figure 2.12 our model ceases to be valid. Further along the un-
dulator the two equations that describe the change in the light bucket
due to the radiation from electrons must be included. We now ei-
ther need Maxwell’s equations, or we can continue our model without
them. In the latter case our model will be valid only for low currents.
That is, if the number of electrons is low enough not to significantly
change the light field. If we continue beyond modulation and with a
low current, we still arrive at similar results to the theory that includes
Maxwell’s equations. The reader should be aware that this is a dis-
tortion of the proper four-equation model. Two important states of
electron distribution follow, microbunching in Figure 2.13 (left) and
overbunching in Figure 2.13 (right). The electrons start to accumulate
at a certain position. Electrons will bunch together inside each bucket
and then again periodically after each λL , through the whole electron
bunch. This is microbunching. As we will see later, microbunching
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2.3 Compression and bunching

Figure 2.13. After a distance along
the undulator good bunching is
produced. Most of the electrons are
longitudinally grouped. Emission
from them will add coherently with
electrons in buckets ahead and
behind them (left). If the interaction
continues too long the overbunching
begins and density modulation falls
(right).

Figure 2.14. Compression causes
electrons with higher energy to end up
in front of the center of the bucket and
those with lower energy behind. When
compression is applied to the
situation in Figure 2.12 it can be used
to achieve microbunching.

is the cause of the high intensity and coherence produced by free-
electron lasers. The problem at smaller facilities is that it takes many
undulator periods for microbunching to develop. For that reason we
are interested only in “imprinting” the energy changes and then find-
ing another way to make microbunching develop faster. If our un-
dulator is too short for microbunching to develop we will stop at the
situation as shown in Figure 2.12. The energy change along the bunch
is somewhat linear around the center (the chirp in the energy is rel-
atively linear) and this linear trend can be used for compression. We
therefore leave the interaction with light (exit the undulator) and use
compression.

2.3 Compression and bunching

In general, compression means a process in which something is made
shorter. Throughout this thesis the compression of several things is
discussed, for example, an electron bunch in an accelerator or a laser
pulse during chirped pulse amplification (CPA). In this section we are
looking for a compression phenomenon that will make electrons with
lower energy travel a longer path and electrons with higher energy
travel a shorter path. This will lead to a conversion from energy modu-
lation to density modulation along the bunch, similar to microbunch-
ing. This compression will be very weak compared to the compres-
sion performed in the accelerator to make the whole electron bunch
shorter, and will thus not influence the length of the electron bunch.
We have seen already that electrons with different energies perform
oscillatory motion through an undulator with higher or lower ampli-
tudes, and move with different speeds depending on their energy. We
have seen that longitudinal velocity v̄z depends on the energy (γ) of
an electron and the amplitudes of “the figure of 8” motion were also
dependent on the energy of the electron. Thus, electrons with dif-
ferent energies taking different paths already happens in an undula-
tor. The easiest and conventional way in accelerator physics to obtain
the desired effect is to use chicanes. A chicane is a segment of elec-
tron beam pipeline (transport) that has several (usually three or four)
dipole magnets, some of which are displaced in order to force elec-
trons with different energies to travel different path lengths. The inset
of Figure 2.15 shows such a chicane. The chicane allows us to achieve
microbunching from energy modulation, although our undulator is
not sufficiently long. A parameter that describes how good a device is
in translating energy deviation into different paths is called R56. R56

is a parameter connecting the longitudinal displacement ∆z to the
momentum (energy) offset ∆p

p
in the following way. Its dimension is

[length].

∆z =R56
∆p

p
(2.51)
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Coherent Harmonic Generation

It is easy to recognize what this means in our phase space since, as
we have seen,∆z ∼∆θ and ∆p

p
∼ ∆E

E
which with certain limitations10

is the same as ∆γ
γR
∼
p

ξ . That is to say, R56 specifies how much an

electron is being pushed forwards in phase space because of its en-
ergy deviation. Figure 2.14 illustrates this and how it can lead to mi-
crobunching. If we use too large a value of R56 this leads to over-
bunching and is counterproductive since it ruins the density modula-
tion. Chicane dipoles are usually electromagnetic, and it is possible to
control how much compression the chicane is causing. We now pro-
ceed to calculate R56 for a chicane consisting of four electromagnets.
Figure 2.15 shows only half of such a chicane since it is symmetric (the
inset shows the complete chicane).

The distance between the two halves, being independent of en-
ergy, can be neglected. The path length through the first half of the
chicane (half-path) for energy E is z :

z (E )
2
= 2l arc(E )+

d

cosα(E )
(2.52)

and the total path difference is twice that. ρ (radius of curvature) can
be calculated using the following formula:

ρ[m ] =

Æ

E 2

c 2 −m 2c 2

e B
≈

109

c

E [G e V ]
B [T ]

(2.53)

where B is the magnetic field. We usually know the peak field of the
magnets, but this falls on the sides of the magnets. A particle traveling
through such a magnet will be influenced by a certain field integral Φ.
This integral depends on the current I running through the coils and
can be obtained through Φ=φI . φ [Tm/A] can be measured. The in-
tegral is usually measured or simulated numerically. We shift from the
integral of the field to the nominal B and effective length l eff, as would
be the case if we had a dipole magnet with an ideal magnetic field
inside and no field outside (this is called the hard edge approxima-
tion). Such an ideal dipole would need to be l eff long to give the same
field integral. In principle, we decided to keep the magnetic field but
had to adjust the length of the dipole. From Figure 2.15 we have that
ρ sinα= l eff and ρα= l arc. The deflection angle α is then:

Figure 2.15. One half of a chicane
consisting of four dipole magnets.
Parameters used in the calculation are
shown. The inset figure shows the
complete chicane and the fact that the
longer path is taken by electrons with
an energy lower than the average.

α=
c

109

φ I

E [G e V ]
(2.54)

We rewrite the R56 definition as:

R56 =
dz

dE
E =

dz

dα

dα

d E
E (2.55)

10Technically, E is the average energy of the electrons, while γR is set by the undu-
lator and the laser. This comparison holds as long as the electrons’ average γ is not far
from γR , and those are the cases we are interested in here.
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2.4 Radiation

Since

z = 4ρα+2
d

cosα
= 4

l eff

sinα
α+2

d

cosα
(2.56)

we have for both derivatives

dz

dα
= 4 l eff

sinα−αcosα

sin2α
+2 d

sinα

cos2α
dα

dE
E =−

c

109

Φ
E 2

E =−α

Finally, R56 becomes:

R56 =−α
�

4 l eff

sinα−αcosα

sin2α
+2 d

sinα

cos2α

�

The vertical displacement D can be easily read out from
Figure 2.15 and its numerical values are shown later in Figure 3.4.

D = 2 ρ (1− cosα)+d tanα

= 2
l eff

sinα
(1− cosα)+d tanα

2.4 Radiation

Radiation11 produced by the relativistic charges in a magnetic field is
called synchrotron radiation. The radiation is a result of the accelera-
tion of the charged particles. Electrons can be steered in a magnetic
field, and this corresponds to a considerable change in velocity (vector
quantity) components. No change in speed (scalar quantity) is neces-
sary and thus the energy can remain practically the same. The energy
of relativistic electrons is significantly higher than that of the radia-
tion they produce, and we often consider their energy to remain un-
changed, although there are small losses that are turned into light. An
electron passing through a dipole will produce radiation in a forward
tangential direction in a flashlight-like cone with an opening angle in-
versely proportional to the electron energy. It is possible to signifi-
cantly improve the spectral and spatial characteristics of the light pro-
duced by stacking Nw dipoles, one after the other, while changing the
direction of the magnetic field to keep the radiation traveling straight.
Such devices are called wigglers or undulators. The total power of ra-
diation [16] produced by an undulator per electron is 12

Psp =
e 4γ2 B 2

0

12πε0c m 2
=

e 2cγ2K 2k 2
w

12πε0
(2.57)

11By radiation we mean the radiation of light and not ionizing radiation in general.
12The same as produced by a bending magnet which has a field that is

p
2 weaker

than the peak field of the undulator. This can be understood by remembering that the
field of the undulator is B0 sin(kw z ) so the average square to which the average radia-
tion is proportional is B 2

0/2.
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Coherent Harmonic Generation

As we can see, the power depends quadratically on the K-parameter,
and does not depend on the number of periods Nw . This is the to-
tal power of the radiation, and one should keep in mind that the un-
dulator will spectrally (and spatially) concentrate the radiation. This
concentration will yield the increase in useful radiation impinging on
a detector, although the total power is independent of Nw . Assuming
Ne electrons entering the undulator such that their longitudinal dis-
tribution along the bunch is random and relatively homogeneous,
they will radiate as they pass through the undulator. The phases of
radiation produced by each one of them will be distributed, like their
positions. This will give light of intensity that is proportional to Ne (E-

field proportional to
p

Ne ). If we write the E-field produced by each
electron as cosΨi the intensity will be proportional to the number of
electrons:

Figure 2.16. A very short electron
bunch would produce coherent
radiation. Since no accelerator
available today can produce bunches
with lengths less than the wavelength
of light, one way of regaining the
coherence of the radiation is to
introduce correlations between
positions of the electrons within the
electron bunch. The bunch then does
not need to be shorter than the
wavelength of the coherent light it
produces.

Isp ∼

 

Ne
∑

i=1

cosΨi

!2

=
∑

Ne

cos2Ψi ∼Ne (2.58)

since all the mixed terms after squaring cancel each other out due to
the random distribution of phases. This radiation is called sponta-
neous radiation. If the electrons are not homogeneously spaced but
come in one bunch that is much shorter than the wavelength of the
light produced, or they come microbunched (see Figure 2.16) so that
their phases are correlated, the mixed terms will not cancel out, and
the radiation produced will be proportional to the square of the num-
ber of electrons according to:

Ico ∼

 

Ne
∑

i=1

cosΨi

!2

=
Ne
∑

i=1

cos2Ψi +
Ne ,Ne
∑

i ,j ;i 6=j

cosΨi cosΨj ∼N 2
e (2.59)

as there are (Ne
2 −Ne ) mixed terms. Since Ne can easily be on the

order of 107 this means seven orders of magnitude more radiation!
Not only that, the radiation is coherent and is thus called coherent ra-
diation. This is the whole purpose of microbunching (for which we
needed modulation and compression).

2.4.1 Spontaneous radiation from a planar undulator

The wavelength of the light produced depends, on the electron en-
ergy, undulator K-parameter and period of the undulator λw . The
spectral characteristics will depend on the angle at which the radia-
tion is observed relative to the axis of the undulator. For electrons,
in their reference frame, the period of the undulator is relativistically
contracted to λw

γ
. Accounting for the relativistic Doppler effect will

add an additional factor of 1
2γ

, which leads to the wavelength of the

light produced of λw

2γ2 . Adding corrections for the reduced traveling

speed through the undulator due to wiggling introduces the factor
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2.4.1 Spontaneous radiation from a planar undulator

Figure 2.17. Radiation produced by the undulator spreads with an opening
angle inversely proportional to γ, but the central part, with a bandwidth of
∆λ
λ
= 1

Nw
, narrows with

p

Nw [17].

(1+ K 2

2
), and by adding the angular dependence to it we finally obtain

λL =
λw

2γ2

�

1+
K 2

2
+γ2θ 2

�

(2.60)

This wavelength we call the fundamental. The angle θ is an angle
between a detector and the axis of the undulator. The fundamen-
tal is not the only wavelength produced by a planar undulator. The
undulator will also produce higher harmonics (multiples of the fre-
quency) with wavelength λL

n
, where n is an integer. When n has the

value one, we obtain the fundamental, otherwise we get the second
and third harmonics, and so on. Due to the transverse properties
of these modes, even modes will not be directly visible on the axis
(θ = 0 =⇒ n = 1, 3, 5, . . . ). Even modes will be visible if we are observ-
ing slightly off-axis, or if the opening angle of the on-axis detector is
large enough. The origins of these higher harmonics are longitudinal
oscillations in the average reference frame and transverse relativistic
effects [17, 18]. The angular dependence of the radiation will be re-
sponsible for a slight red shift with increasing angle. This also means
that the spectra seen by a detector of finite-size (finite opening angle)
will be asymmetric and show red “tails”. From Wiedemann [18] and
[15] we know that the photon flux from a beam with current I and σ
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Figure 2.18. Spectrum from a
planar undulator visible on-axis (in a
square covering angle 0.1

γ
× 0.1

γ
). The

detector can see only odd harmonics.
The intensity of the harmonics relative
to the fundamental depends on the
K-parameter.

 1  2  3  4  5  6  7

N
p
h
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Figure 2.19. Spectrum of a planar
undulator (integrated number of
photons) emitted into a square
detector that covers an angle
0.6
γ
× 0.6

γ
). Even harmonics become

visible but have much lower intensity.
Odd harmonics show red-shifted
asymmetry.

and π polarization is given by:

d Ṅph(ω)
dΩ

=
e 2

4πε0ħhc
γ2N 2

w

dω

ω

I

e

∞
∑

n=1

n 2(F 2
σ+ F 2

π )Sinc2 (2.61)

Sinc≡
sinπNw

ω−ωn

ω1

πNw
ω−ωn

ω1

(2.62)

Fσ ≡
2γθΣ1 cosφ−KΣ2

1+ K 2

2
+γ2θ 2

(2.63)

Fπ ≡
2γθΣ1 sinφ

1+ K 2

2
+γ2θ 2

(2.64)

where

Σ1(n )≡
∞
∑

m=−∞
J−m (u )Jn−2m (v ) (2.65)

Σ2(n )≡
∞
∑

m=−∞
J−m (u ) (Jn−2m−1(v )+ Jn−2m+1(v )) (2.66)

u ≡
ω

ω1

β̄K 2

4
�

1+ K 2

2
+γ2θ 2

� (2.67)

v ≡
ω

ω1

2β̄K γθ cosφ
�

1+ K 2

2
+γ2θ 2

� (2.68)

β̄ ≡β
�

1−
K 2

4γ2

�

(2.69)

and θ is an angle relative to the beam axis while φ is an azimuthal
angle. This looks quite complicated. The important parts of the last
equation are the spectral and spatial components. The Sinc function
separates harmonics in the frequency domain and reaches a maxi-
mum only for one harmonic (all other harmonics have negligible con-
tribution to the Sinc function). It also describes the frequency band-
width of the spontaneous radiation. The absolute bandwidth of each
mode remains the same, but relative to the central frequency of each
mode the bandwidth falls as

∆ωn

ωn
=

1

nNw
(2.70)

Fσ and Fπ describe the amplitudes of modes in the spatial domain for
two polarizations. The σ polarization corresponds to a polarization
where the E-field lies in the plane in which the electrons are wiggling
(in our case, the x -plane) while π is orthogonal plane. Figure 2.20
shows the spatial distributions of a number of photons for the first
four harmonics. The spatial distribution is the reason why only odd
harmonics are visible on the axis (θ = 0). Increasing Nw concen-
trates the radiation better spectrally and angularly since it reduces
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2.4.2 Spontaneous radiation from a helical undulator

Figure 2.20. Calculated transverse distribution of radiation for the funda-
mental, second, third and fourth harmonics in a narrow bandwidth around
given frequencies. The frequencies are expressed as a factor of the funda-
mental frequency. Each image shows the total distribution and on the left
separately for each kind of polarization (σ polarization upper images, π po-
larization lower images). Each image is normalized to the maximum intensity
in that image. For example, a pattern given by the π polarization for an image
with frequency 1.00 is not visible in the total distribution. This means that the
relative contribution of this polarization is small. Note the absence of on-axis
radiation for even harmonics. The parameters describing the undulator are:
K = 2.5, Nw = 10, and λw = 2.5 cm. The electron γ= 1000. The x -axis covers
an angle of 3

2γ
.

the flashlight-like cone angle in which the radiation is predominantly
transmitted. This formula can be somewhat simplified if one is only
interested only in the on-axis case.

It is worth pointing out that a K-parameter much smaller than 1
means that the on-axis detector will see radiation from all parts of
the sinusoidal path through the undulator, while K > 1 means that
the flashlight cone does not always illuminate the detector, and the
detector receives only radiation from certain parts of electron’s path.
Fourier transform of such radiation leads to more harmonics (wig-
glers, K � 1) compared to an undulator (K � 1) and the absence of
even harmonics on the axis in the undulator case.

2.4.2 Spontaneous radiation from a helical undulator

A helical undulator is an undulator in which the magnetic field rotates
along the central axis, while in the planar it was only changing direc-
tion in one plane. The rotating magnetic field causes the electrons to
travel in a helical path along the undulator and changes the polariza-
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Figure 2.21. The upper and lower
half of a planar undulator are divided
into four arrays. Diagonal elements
can be shifted back and forth to create
a magnetic field that changes
direction along the undulator.
Anti-parallel movement of two
diagonal arrays, as shown here, will
give rotated linear polarization.
Parallel movement of diagonal arrays
gives elliptical polarization, and in
special cases circular polarization.

Figure 2.22. One period of an
APPLE-II type undulator has four
magnet segments in four arrays. Two
diagonal arrays can be translated in
the z -direction. This configuration is
called Halbach I.

tion of the radiation produced. One way to construct an undulator
that is able to switch between linear and helical mode is an APPLE-II
type undulator. APPLE stands for Advanced Polarizing Photon Light
Emitter [19]. This type of undulator consists of four arrays of per-
manent magnets, see Figure 2.21. In practice, the permanent mag-
nets in one such array of APPLE-II type undulators are not stacked
vertically, but are arranged in a so-called Halbach I configuration in
order to achieve higher fields, as shown in Figure 2.22. The period
of the undulator is four magnet segments long, with orientation +y ,
+z , −y , −z for the upper arrays and +y , −z , −y , +z for the lower
arrays. These arrays can be moved individually in the longitudinal di-
rection. Depending on the displacement, the radiator can produce
any required kind of polarization. The undulator will produce pure
circular polarization only for certain shifts between arrays, while for
all the other shifts this polarization will, in general, be elliptical, see
the Appendix.

Shifting two diagonal arrays forward or backward over a certain
distance changes the magnetic field in the undulator, causing the
electrons to travel in a helical path along the undulator. In case of
circular polarization the electrons will travel along a helix around a
central axis with a radius of [16]

rhel =
K

γkw
(2.71)

The longitudinal speed will be constant (unlike the planar undulator)

vz ≈ c

�

1−
1+K 2

2γ2

�

(2.72)

and thus we will not have higher harmonics. This difference in elec-
tron motion will also lead to different wavelengths of the fundamental

λL =
λw

2γ2

�

1+K 2
�

(2.73)

because the factor originating from the velocity in the z-direction is
changed. A magnetic field that twists like a right-handed screw will
cause electrons to travel in a way that will give left circular polarization
(positive helicity13).

The following equation describes the transverse properties of cir-
cularly polarized radiation coming from a helical undulator [21] for
which it is assumed that Nw � 1 and θ is small; the number of pho-

13Quote from [20], pg. 300.

(. . . ) the rotation is counterclockwise when the observer is facing into
the oncoming wave. This wave is called left circularly polarized in op-
tics. In the terminology of modern physics such a wave is said to have
positive helicity.

21



2.4.3 Coherent radiation

Figure 2.23. Transverse profile of
radiation from a helical undulator for
four frequencies close to the
fundamental frequency. The values
give the fractions of the fundamental
frequency. This undulator had the
same parameters as the planar
undulator in Figure 2.20, but here the
x -axis covers an angle of 3/γ.

tons per second is:

d Ṅph(ω)
dΩ

=
2e 2γ2N 2

w

πε0ħhc

dω

ω

I

e

∞
∑

n=1

�

nξ

K

sin(νn )
νn

�2

Fc (nχ) (2.74)

Fc (nχ)≡ J 2
n+1(nχ)+ J 2

n−1(nχ)−
2+2K 2

K 2
J 2

n (nχ) (2.75)

χ ≡
2K γθ

1+K 2+γ2θ 2
(2.76)

ξ≡
K 2/2

1+K 2+γ2θ 2
(2.77)

νn ≡
�

n −
ω

2γ2ωw

�

1+K 2+γ2θ 2
�

�

Nwπ (2.78)

ωw ≡
2πc

λw
(2.79)

The solution is symmetric with respect to the azimuthal angle φ and
is presented in Figure 2.23. It can be seen that the radiation shows a
red shift as we move from the axis, and the fundamental frequency
spreads on-axis into a cone. There are no significant higher harmon-
ics.

2.4.3 Coherent radiation

Let us now consider coherent radiation from microbunched elec-
trons. The following applies to helical and planar undulators. We have
seen that electrons will microbunch into a structure that periodically
repeats itself every wavelength of the fundamental mode. This peri-
odicity allows us to write the electron current as a Fourier series14

j (t ) =
a 0

2
+

N
∑

n=1

�

a n cos(nωLt +φn )
�

(2.80)

The value of N in principle goes to infinity, but we can stop at a rela-
tively low values since we are interested only in the Fourier series ap-
proximation of the current. We can also see immediately that a 0 will
be 2j0 since without the modulation we must return to the original
current. This decomposition leads to a factor describing the increase
in intensity of the radiation due to coherent emission in the nth har-
monic Ico,n relative to the spontaneous intensity Isp,n [22].

Ico,n =
�

a nδEδφ
�2

Ne Isp,n (2.81)

δE is a reduction factor due to the energy spread in the electron
bunch. Not all electrons entering the modulator undulator will have
the same energy, but they will be distributed around an average en-
ergy. The less they are distributed the better; the easier it is for modu-
lation and microbunching to become prominent enough and increase

14This can be done for time or position along the bunch.
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the values of a n . δφ is a reduction factor due to the angular spread in
the electron beam. As we will see in the next chapter on emittance
the electrons have a statistical distribution of angles within the bunch
(they are not all traveling in the same direction). These angles will
also change the effectiveness of bunching. The dominant contribu-
tion here is obviously Ne . Assuming a Gaussian distribution of energy
(with σE ) and angles (with σφ) it can be shown (page 182, [22]) that
the reduction factors are

δE = exp

�

−
1

2

�

2πnασE Lb

λL E

�2
�

(2.82)

δφ =

Ç

1+ B

2B 2
(2.83)

B 2 ≡ 1+
�

2πn Lbσφ

λL

�2

(2.84)

where Lb is the bunch length and α the momentum compaction of
the modulator undulator. Momentum compaction is closely related
to R56 and appears in this equation because the modulator undulator
also performs bunching. The momentum compaction can be written
as R56/lα, where lα is the length over which compression is applied. If
a chicane is added after the undulator, the effective αmust be calcu-
lated.

One important characteristic of coherent radiation is that it has
a significantly narrower bandwidth since it is a result of interference
between Nλ sources, unlike spontaneous radiation where we have in-
terference of ∼Nw . The linewidth will be given by:

δω

ωn

�

�

�

�

co

=
1

nNλ
=
λL

Lb n
(2.85)

2.5 Coherent harmonic generation

Without the classical laser pulse in the modulator, and with a suffi-
ciently long undulator, the interaction between the electrons and the
spontaneous radiation they produced would start spontaneously. If
the undulator is long enough, modulation, bunching and finally ra-
diation will take place. This is known as Self-Amplified Stimulated
Emission (SASE) [23–25]. The radiation produced would be spec-
trally limited only by the bandwidth of the undulator, and would be
noisy and spiky within that bandwidth since it originates from noise.
Each pulse would have a different spectrum. Since this leads to fi-
nal radiation with an unstable spectrum, and requires long undula-
tors a seed laser is used to replace the function that was performed
by noise/spontaneous radiation. This stabilizes the spectrum and al-
lows a shorter undulator to be used. The introduction of a seed laser
pulse thus shortens the process and provides coherence, but at the
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2.6 Discussion

cost of limiting oneself to frequencies where such seed lasers are avail-
able and their harmonics. This setup is called High-Gain Harmonic
Generation (HGHG) [26, 27]. Our setup is very similar to the HGHG
presented in paper [27]. The reason we do not refer to our setup as
having high-gain generation is because our setup does not enter the
exponential gain regime, which is a characteristic of high-power free-
electron lasers. The advantage of our setup and HGHG compared to
SASE is in longitudinal coherence, not power.

2.6 Discussion

Paper II presents the results of coherent harmonic generation with the
test-FEL setup described in Chapter 3. The highlight of the paper is
coherent harmonic generation in the vacuum-ultraviolet region with
circular polarization. The polarization of the harmonics produced is
characterized by the Stokes vectors briefly described in the Appendix.
These harmonics were produced by seeding at a laser wavelength of
263 nm, bunching by the modulator and the chicane, and then ex-
tracting the higher harmonic with the radiator-undulator resonant
with the higher harmonics. To achieve proper modulation, the modu-
lator undulator must be set correctly. The resonant wavelength of the
undulator is set by the gap and the electron energy. Since the energy
of the electrons was not known precisely, the correct value of the gap
was determined by observing the spontaneous radiation of the mod-
ulator. Opening the radiator to the maximum gap effectively removes
the influence of the radiator. The gap of the modulator was set so that
the spectrum of its spontaneous fundamental mode overlapped with
the laser spectrum. This gap can later be tuned more precisely (once
lasing has been achieved). The value of the gap was about 15.1 mm.
The effects of changing the modulator gap on the intensity of a co-
herent harmonic are investigated in Paper II and shown in Figure 8
of that paper. The intensity of harmonics as a function of the modu-
lator gap (wavelength of the fundamental harmonic) was measured,
as well as the intensity of the harmonics versus the compression of
the chicane. In order for the test-FEL to function properly, the elec-
tron bunch arrival time relative to the laser seed pulse and the bunch
compression must be measured. This is solved by the laser technique
presented in Paper III. Constantly available information about the ar-
rival time allows for feedback. This feedback controls the laser timing
to keep it optimal, it stabilizes the operation of the test-FEL and im-
proves the signal-to-noise ratio for higher harmonics. This feedback
was still under construction during most of the measurements pre-
sented in Paper II and the measurements (for example Figure 3 and 4)
are done without it. Feedback was added for measurements of linearly
polarized higher harmonics (44 nm and 52 nm) and was in use while
collecting the data shown in Figure 6. The shortest wavelength pro-
duced depends on the modulation, the emittance (see Chapter 4) and
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energy spread, and one can express the emittance as a contribution to
the energy spread [28, 29].
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CHAPTER 3

THE TEST-FEL

This chapter provides a description of the test-FEL, its main compo-
nents and their role in the system.

The test-FEL was built using upgraded existing infrastructure (the
accelerator and transport to the MAX-II ring) and newly purchased
equipment (the laser system) in cooperation with the Helmholtz
Zentrum Berlin (HZB), which provided the undulators.

The laser system plays two roles. One at the beginning of accel-
eration when it provides a laser pulse for the photocathode gun, and
later when it provides the seed laser pulse in the modulator undula-
tor. These two locations are 60 m apart, and the lasers pulses must
be synchronized, for that reason two amplifiers share a common op-
tical master oscillator and deliver pulses with the required character-
istics. Since both pulses are actually amplified oscillator pulses they
are synchronized. The synchronization is up to a time shift because
the pulses travel different paths. This shift must be determined and
removed. The amplifier providing the laser pulse for the photocath-
ode gun is called the gun laser. It is located in the gun hutch, together

Figure 3.1. Schematics of a test-FEL setup at MAX-lab. The accelerator, the
laser system and undulators for Coherent Harmonic Generation (CHG).
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3.1 The accelerator

Figure 3.2. Illustrations of the
electron gun with BaO cathode. In
thermionic mode, the accelerating RF
field inside the gun produces
electrons in every cycle. In
photocathode mode, electrons are
able to leave the cathode surface by
the photoelectric effect only if there is
a laser pulse present. The bunches
produced are thus shorter and have a
higher peak current.

Figure 3.3. A laser pulse on the
cathode at the right RF phase creates
electrons that are accelerated and
bent with the energy filter dipoles into
linac sections. A current transformer
(CT) is used to measure the voltage
created at the gun, and a solenoid is
used for focusing. The quadrupole,
screen and the camera used for
emittance measurements are shown.
Other quadrupoles and correctors are
also used but have not been included
in this illustration.

with the oscillator and the RF generator for the accelerator. The other
amplifier, providing the seed laser pulse, is located in the MAX-II ring
and is named seed laser. It is located in the seed laser hutch. Both
hutches are temperature controlled rooms housing laser equipment.

The accelerator is the standard MAX-lab accelerator with an elec-
tron gun. For development of the free-electron laser the gun was
adjusted to operate as a photocathode gun. After passing through a
solenoid, quadrupoles (five in total) and dipole magnets, which func-
tion as an energy filter, the electrons are accelerated, compressed and
transported to the undulators.

The Undulator section of the test-FEL consists of two undulators
and a chicane. The first undulator is used for energy modulation and
is thus called the modulator. This undulator is planar. The chicane
is used for compression, and the second undulator is called radiator.
This radiator is an APPLE-II type undulator and can give radiation of
arbitrary polarization.

Several diagnostic instruments are crucial parts of the setup as
they ensure or facilitate the operation of the test-FEL. Various current
transformers and a Faraday cup measure the current and the charge
along the machine. The electro-optical sampling technique is used
to monitor the compression of the bunch and the timing of the laser
pulse relative to the electron arrival time. Fluorescent screens with
YAG crystals are allowing tracking of transverse position of the elec-
tron beam and the lasers. Cherenkov fibers are used to monitor beam
losses along the vacuum chamber of the test-FEL inside the MAX-II
ring. The most important detector at the end of the beamline is the
spectrometer in which the produced radiation is observed.

3.1 The accelerator

Acceleration of the electrons starts with a photocathode gun. The
metallic oxide cathode of the gun is kept at high temperatures for syn-
chrotron injections. A combination of a high temperature and a high
electric field is sufficient to extract electrons from the cathode surface.
Electrons are then accelerated by the field. This mode of operation
is called thermionic emission. As long as the electric field is present
the electrons are extracted and accelerated. This is typically several
thousand cycles of the RF field, each cycle being 333 ps since the RF
frequency is 3 GHz. In the photocathode regime, the heating of the
cathode is lower, and the electric field inside the gun is not sufficient
to extract electrons as in the thermionic mode. The gun laser pulse
is used to provide the extra energy needed to extract electrons from
the surface of the cathode. In this way electrons are extracted only
during the short time the laser pulse is present. High peak current,
better properties, and more precise energy and timing of the electron
beam can be achieved compared with the thermionic mode. The gun
is described in greater detail in Paper I. A gun laser pulse irradiates the
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The test-FEL

cathode for 10 ps and an electron bunch about 200 pC is created and
accelerated to 1.6 MeV. It passes a focusing solenoid and the energy
filter, and then continues into two linear accelerators (linacs). After
the first pass through the linacs, the electrons are bent and sent back
to pass through the linacs once again. This increases their energy to
375 MeV but also causes losses, and only about 30 to 50 pC will reach
the modulator. The gun and both linacs are 3 GHz structures. The 3
GHz RF signal is generated by a signal generator in the gun laser hutch
and fed to the klystrons1 of all three accelerating structures (the gun
plus two accelerating sections of the linear accelerator). The relative
phase (before delivery to the klystrons) can be shifted mechanically
so that each linac structure can have an independent phase relative
to the gun. The phase of the gun is locked to the laser and the linac
phases. The laser arrival time on the gun is set such that the created
bunch has optimal emittance2, while the phases of the linacs are set
to achieve the chirp required for compression. The chicane at the exit
of the recirculator and the dog-leg provide the necessary compression
parameter R56 of -5.5 cm [30, 31]. The phase of the linacs relative to
the gun is set to achieve the chirp for compression, and this results in
slightly lower energy than normal operation. Instead of changing the
dipoles to match the lower energy, the voltage inside the cavities is in-
creased. The voltage inside the cavities is controlled by adjusting the
voltages of the klystron modulators3.

3.2 The laser system

A system-wide clock is generated by a 3 GHz RF clock generator Rohde
& Swartz SMA100A4. This signal is fed to the klystrons and to a box
called the Femtolock. The Femtolock locks the repetition of the mas-
ter optical (MO) oscillator (Femtolasers Synergy) to the 32nd harmonic
of the RF frequency with a jitter down to 0.2 ps. This is done by con-
trolling the position of the end mirror of the optical resonator and in
this way the repetition frequency of the MO. The output of the MO
is thus optical pulses with a repetition rate of 93.71 MHz that follows
the 3 GHz RF clock. The MO is a mode-locked [32] diode-pumped
femtosecond Ti:sapphire laser with a central frequency of 790 nm and
a bandwidth of about 13 nm FWHM, equipped with chirped mirrors
and giving a power of 700 mW.

The pulses from the MO are stretched inside the gun laser ampli-
fier and split in two parts. One part goes to the seed hutch through a
polarization-maintaining optical fiber, while the other is amplified in
a regenerative amplifier [33] and a multipass amplifier (both pumped

1The klystrons are RF amplifiers which for a short time amplify the RF signal, so
that it can be used for the acceleration of electrons in the linacs.

2The lowest emittance is of course the best, but one must also consider the charge
produced.

3Klystron modulators are devices providing power to the klystrons.
4The exact frequency is 2 998 775 000 Hz.
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3.3 The undulator system
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Figure 3.4. R56 of the chicane and vertical displacement as a function of the
electric current in the coils of the electromagnets.

by a 10 Hz Nd:YAG system). After amplification the compressed pulse
is sent to the Third Harmonic Generation (THG) unit. This results in
UV pulses with a wavelength of 263 nm, 10 ps duration, 10 Hz rep-
etition, and about 500 µJ. The output energy can be controlled by a
motorized half-wave plate inside the THG unit and it is usually re-
duced so that 100 µJ reaches the cathode. The pulse passes a spatial
filter and a delay stage which regulates the RF phase at which the laser
pulse arrives.

In the seed hutch, the pulse from the fiber is sent through a re-
generative amplifier (also pumped by a Nd:YAG 10 Hz pump), com-
pressed and tripled, resulting in 263 nm light, with 5 nm FWHM band-
width, 300 fs length, 10 Hz repetition, and about 130 µJ. This beam
is sent to a UV delay stage and master delay stage. Before the THG
a small sample of the infrared beam is extracted to be used for the
electro-optical technique. A more detailed description of this system
can be found in the chapter about Electro-Optical Spectral Decoding
(EOSD). The UV delay stage regulates the timing between this IR pulse
and the strong UV pulse. The master delay stage regulates the delay of
both pulses relative to the electrons. Both amplifiers are commercial
systems bought from Thales and operate on the principle of chirped
pulse amplification [9].

3.3 The undulator system

The modulator is a planar permanent magnet undulator with 30 pe-
riods and a period length of 48 mm. The gap of the undulator can be
changed. A smaller gap results in a higher magnetic field and a higher
K-parameter, allowing the resonant energy to be set (with a fixed fun-
damental wavelength of 263 nm). The minimum gap is 13.2 mm and
at this value the K-parameter is 3.52. The chicane consists of four
electromagnets each 120 mm long, that are separated by 400 mm.
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A metal obstacle with a 5 mm high horizontal slit is placed between
the second and the third magnets. The slit is displaced upwards by
an amount such that only electrons passing through the chicane can
pass through the slit. The purpose of the obstacle is to stop the seed
laser pulse. The electrons are displaced vertically in the chicane to
pass through the slit while the seed laser is stopped by it. This reduces
flooding of the spectrometer at the end of the FEL line with radiation
from the seed laser. Figure 3.4 shows the R56 of this chicane as a func-
tion of the current in the magnets, and also the vertical displacement
experienced by the electrons.

The radiator is an APPLE-II type undulator with 30 periods, each
56 mm long. The minimum gap is 15.2 mm and with this gap the K-
parameter is 4.20 (for horizontal), 3.44 (circular) and 2.98 (vertical po-
larization). Both undulators are equipped with correction coils. These
coils actively correct for errors in field integrals (see Figure 2.4). After
the radiator, a dipole magnet bends the electron beam for about 15◦

into the Faraday cup and the lead/concrete beam dump.

3.4 Diagnostics

As described in Paper II the spectrometer used for detection of the
harmonics produced receives the light after a reflection from a gold-
coated on-axis spherical mirror (45◦ angle of incidence). The spec-
trometer contains a grating with 2400 lines/mm. The entrance to the
spectrometer has a slit that is wide open, but since it is placed in the
horizontal focus5 of the beam the focus is defining effective “slit” size.
The narrow focus of about 200µm allows the slit to be opened to avoid
intensity fluctuations due to the pointing of the beam on the slit6. The
directional instabilities will appear as slight wavelength shifts on the
detector of the spectrometer. The detector is a 1100× 330 pixel CCD
array that is cooled with liquid nitrogen. The resolution of the spec-
trometer is about 0.28 nm with 0.038 nm per pixel dispersion.

Figure 3.5. Fluorescent YAG crystals
are inserted to view the position and
shape of the laser or electron beam.

Transverse overlap of the seed pulse and electrons in the modu-
lator is monitored by fluorescent screens placed before and after the
modulator. Screens of this kind are inserted into the beam path and
the image is viewed with a camera. Such screens are located at several
positions, but the three most important ones are before and after the
modulator undulator to monitor transverse overlap, and one placed
before the linac, which was used in measurements of the emittance,
presented in Paper I and Chapter 4.

5After the spherical mirror the beam is astigmatic. Horizontal focusing results in a
vertical line and the entrance to the spectrometer is placed where the line is narrowest
(the focus).

6It was expected that, if the electron beam was not perfectly stable, the light pro-
duced would travel in slightly different directions on a shot-to-shot basis. This would
lead to intensity fluctuations as the whole pulse could not pass through the closed spec-
trometer slit.
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3.4 Diagnostics

Four optical fibers run along the vacuum chamber to monitor the
location of possible losses. Electrons that are steered the wrong way
leave the vacuum chamber, hit the fibers and produce a Cherenkov
radiation. The fibers are connected to four photomultipliers. By read-
ing out the time of the signal the longitudinal position of the losses
can be determined, while the intensity distribution between the fibers
reveals the direction in which the electrons were moving.

The electro-optical setup, which is described in detail in
Chapter 5, is the main longitudinal diagnostic.
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CHAPTER 4

EMITTANCE

This chapter gives an introduction to Paper I by describing the most
important concept in it, the emittance, the way it was measured for the
photocathode gun at MAX-lab, and the reason why it is interesting in a
broader scope for the test-FEL.

4.1 Definition

Ideally, the electron beam should have perfectly defined position and
momentum. All the electrons having the same energy and traveling
in exactly the same direction, packed as closely as possible (trans-
versely). This, of course, is never the case. One reason for this is
Coulomb repulsion between the electrons in the bunch, commonly
referred to as space charge in accelerator physics jargon. Another rea-
son is of course the initial distribution of the electrons in the source
(electron gun). Only Coulomb repulsion or space charge, acts in the
beam frame of reference. Space charge effects can be disregarded
when discussing emittance at high energies since relativistic trans-
formations “slow down” this interaction in the lab frame. The term
emittance is used to describe the quality of an electron bunch that is
not ideal. Six parameters are required to describe one electron, three
for the position and three for the momentum (x , y , z , px , py , pz ). An
electron bunch consists of a very large number of electrons (typically
108–1011)1 and statistical moments are used to describe their distri-
bution in six-dimensional phase space, which is usually divided into
three parts (assuming no correlations between the three parts): two
transverse (x , px ), (y , py ) and one longitudinal (z , pz ). It is customary
to assume that the momentum in the transverse direction is smaller
than in the longitudinal longitudinal direction (px � pz ,py � pz ), and
to use the angles the px and py make with respect to the longitudinal
momentum pz . These angles are commonly marked with prime sym-

11 pC ∼ 6.241 ·107 electrons, 1 nC ∼ 6.241 ·1010 electrons.
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4.1 Definition

Figure 4.1. Decrease in emittance
due to acceleration. Normalized
emittance remains conserved
regardless of energy.

bols as x ′ = d x
d z
= vx /vz and due to the approximation of small trans-

verse components x ′ = tanθx ≈ θx . The corresponding notation is
used for y ′. The space of (x , x ′) is called trace space in contrast to the
phase space which is defined by (x , px ). The same is valid for (y ,y ′).
The longitudinal direction is usually treated separately.

If Sx is the area of phase space (x , px ) occupied by an ensemble of
electrons, then the normalized emittance is

εn ≡
Sx

πme c
(4.1)

In trace space the area Ax

π
of the trace space (x , x ′) is called geo-

metric emittance,

ε=
Ax

π
(4.2)

Ax is the smallest area in trace space that contains a certain percent-
age of the electrons. The geometric emittance decreases with accel-
eration by a factor of βγ and its relation to the normalized emittance
is

εn ≡βγε (4.3)

Consider the charge density distribution ρ(x ,x ′) which when in-
tegrated over all coordinates gives the total charge of the bunch; the
normalized density f (x ,x ′) is defined as:

f (x ,x ′) =
ρ(x ,x ′)

∫

ρ(x ,x ′) dx dx ′
(4.4)

f (x ,x ′) is a probability density function for which the multivariate
moment (of two variables in this case) is defined as

M m n =

∫

x m x ′n f (x ,x ′)dx dx ′ (4.5)

Describing the large number of electrons in a typical bunch by sta-
tistical moments allows us to track their collective properties by fol-
lowing only first few moments of their distribution. Higher statisti-
cal moments describe the level of detail that is not of the interest and
are thus ignored. This allows us to deal with experimentally common
non-homogeneous distributions, and is very practical. The first mo-
ments in each variable M 10 and M 01 are known as the mean or average
and are often denoted as 〈x 〉 and 〈x ′〉. The central moment is generally
defined around the mean, and not around zero,

µm n =

∫

(x −〈x 〉)m (x ′−〈x ′〉)n f (x ,x ′)dx dx ′

= 〈 (x −〈x 〉)m (x ′−〈x ′〉)n 〉
(4.6)

The moments µ20 and µ02 are known as variances, and µ11 as the co-
variance. The mean values of these variables are set to zero, making
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Emittance

the general moments, M , the same as the central moments, µ. We do
this as we are interested only in the distribution of the electrons and
the coordinate system can then be centered around the mean position
and momentum. It is possible to include higher moments, but we re-
quire only an approximate description of the electron beam and have
included only second order moments. A variance-covariance matrix
is now constructed which describes the beam:

Σ≡
�

µ20 µ11

µ11 µ02

�

(4.7)

This matrix changes when the electrons travel through the accelera-
tor. Mathematically this corresponds to the matrix transformation by
the transport matrix2 M according to

Σ2 =MᵀΣ1 M (4.8)

The determinant of the Σmatrix will not change (since det M= 1). We
define

ε2 ≡ detΣ=µ20µ02−µ2
11 (4.9)

Emittance defined in this way will match the geometric emittance for
a beam where distributions in x and x ′ are Gaussians with sigmas σx

and σx ′ , and the area in trace space encompasses 39.3 % of the elec-
trons [36]. In other words:

ε=
p

detΣ =
p

µ20µ02−µ2
11 =

Ax ,39.3%

π
(4.10)

In the case when the covariance vanishes (µ11=0) ε=σxσx ′ . For gen-
eral beams (not necessarily Gaussian-like) another common defini-
tion is the rms emittance [37], defined as:

εrms ≡ 4
p

µ20µ02−µ2
11 (4.11)

For Gaussian-like beams rms emittance covers 86.5 % of the electrons.
If there are no nonlinearities in the machine, and the beam has a
Gaussian distribution in the trace space, the electrons will form an
ellipse (that can be rotated or skewed). This ellipse will be character-
ized not only by the emittance, but also by the parameters of the ma-
chine at the point we are observing the bunch (Twiss parameters or
betatron amplitude functions). These parameters describe the optics
of the machine, while emittance is related to the electrons. Both, the
emittance and the parameters are needed to fully describe the elec-
trons in the machine, but treating them separately provides an elegant

2The transport matrix is a matrix that describes a change in a vector with coordi-
nates (x ,x ′) when the beam propagates from position s1 along the machine to position
s2, so the matrix depends on M(s1, s2). The matrix must also satisfy the condition that
it is symplectic (this automatically means that it describes canonical transformation
(see [34], pg. 383) and that its determinant is 1. Symplectic matrices form a group with
respect to the multiplication operator [35].
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4.1 Definition

Figure 4.3. Longitudinal
components and the relation between
the energy spread and the
compression of the bunch.

Figure 4.2. Transverse emittance and Twiss parameters. The size of the el-
lipse is given only by ε. Beam size depends on ε and βT . To completely de-
scribe the ellipse, the emittance and two of the three Twiss parameters are
needed, since they are not linearly independent. αT is a parameter propor-
tional to the covariance between x and x ′ and it equals zero in the waist.

way of discussing the properties of the bunches of particles indepen-
dently of the properties related to the machine (e.g. magnets, drift
sections, undulators). According to common notation, the Twiss pa-
rameters are denoted alpha, beta and gamma, which may cause con-
fusion. Therefore the symbols used here for Twiss parameters have
the subscript “T”. The relation between the Σ, Twiss parameters3 and
emittance is:

αT =−µ11/ε (4.12)

βT =µ20/ε (4.13)

γT =µ02/ε (4.14)

From these relations we can see that the Twiss parameters are not in-
dependent since βTγT − α2

T = 1. A particle with initial coordinates
(x0,x ′0) will follow a trace space path given by:

γT x 2+2αT x x ′+βT x ′2 =
Ax (x0,x ′0)

π
(4.15)

This is the equation of an ellipse and it is the primary reason behind
the decision to use ellipses in the definition of the emittance. This
equation is invariant and independent of longitudinal position along
the machine.

Figure 4.2 shows transverse emittance at three positions along the
machine. Immediately after passing a focusing quadrupole the el-
lipse will be converging towards the focus, where there will be a waist
in beam size (minimum x span). After the focal point, the beam di-
verges and would grow indefinitely without additional focusing. This

3These parameters are often met in literature as Courant-Snyder parameters, Twiss
parameters or just as betatron amplitude functions.
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can be used to measure the emittance: either by measuring the size
of the beam at several points after the quadrupole magnet or, more
commonly, by changing the strength of the quadrupole while measur-
ing the beam size at a fixed position after the quadrupole. The latter
method is called a “quad scan” and was used in Paper I to character-
ize the emittance of the photocathode gun used in the operation of
the test FEL. One should keep in mind that a quadrupole focusing in
one transverse plane is defocusing in the other plane.

4.2 Quadrupole scan

The idea is thus to direct the beam through a quadrupole of vari-
able focusing strength and measure the beam size as a function of
the strength at a distance L after the quadrupole. The square of the
width of the beam in the focusing plane will behave as a second-order
polynomial in relation to the strength of the quadrupole. We wish to
calculate the emittance of the beam based on the parameters of that
polynomial. Using k to denote the focusing function and l the length
of the quadrupole, the focal length of the quadrupole in thin lens ap-
proximation is f = liml→0

1
k l

(see [38], pg. 48). We write K = −1/ f
as−1/ f appears as an element in a transport matrix for a quadrupole
magnet. By applying transfer matrices for a focusing quadrupole and
a drift section (empty segment of length L):

M=Md Mq =

�

1 L
0 1

��

1 0
K 1

�

=

�

1+K L L
K 1

�

(4.16)

These elements can be used to calculate the transformation of Twiss
parameters using the following equation where M i j are matrix ele-
ments of the transport matrix in equation (4.16)
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(4.17)
We are interested inβT since, together with emittance, it describes the

Figure 4.4. A set of measurements
showing that the relationship between
the beam width (squared) and the
focusing strength is a second order
polynomial. The transverse emittance
in the plane in which the quadrupole
is focusing can then be calculated
using equation 4.20.

size of the beam

βT L(K ) =M 2
11βT 0−2M 12M 11αT 0+M 12

1+α2
T 0

βT 0
(4.18)

Inserting M i j and grouping by powers of K gives:

σ2 = εβT L(K ) = (4.19)

= K 2(εL2βT 0)+K 2Lε(βT 0− LαT 0)+ε(βT 0−2LαT 0+ L2 1+α2
T 0

βT 0
)

Denoting the coefficients in front of descending powers of K as A,
B and C , respectively, and reformulating, gives:

ε2 =
4C A − B 2

4L4
(4.20)
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4.3 Discussion

4.3 Discussion

As seen in the chapter on coherent harmonics we need as many elec-
trons as possible since the signal improves considerably with increas-
ing number. However, this increases the emittance due to Coulomb
interactions within the bunch. The greater the number of electrons,
the greater the charge and the greater the repulsion between the elec-
trons. This is most evident when electrons are created before they
become relativistic since acceleration “freezes”, or rather slows down
their Coulomb interaction in the lab frame. High emittance leads to
many detrimental effects on modulation and radiation, and thus, as
high a charge as possible is not always the best alternative. For this
reason it is important to have good knowledge of the performance of
the gun, and this is the subject of Paper I. The goal was to determine
the emittance of the gun as a function of the charge it produces, and
to identify the best working point in terms of phase. The laser pulse
is 9 ps long, while the RF cycle is 333 ps. The phase in this case was
the timing of the laser relative to the RF cycle calculated in degrees.
All the experiments carried out on the test-FEL were performed at the
working point presented in this paper, which gives about 200 pC and
5.5 mm mrad normalized emittance. Due to design constraints, these
measurements were not performed immediately after the gun, but af-
ter a dipole section used as an energy filter after the gun (when operat-
ing thermionically for ring injection). This filter scrapes off electrons,
which means that the charge leaving the energy filter, and thus the
emittance, will be lower immediately after the gun, but still suitable
for the operation of the test-FEL.
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CHAPTER 5

ELECTRO-OPTICAL SPECTRAL DECODING

This chapter presents the laser technique used for the measurements of
the electron bunch arrival time and bunch length. It was used as a non-
intrusive on-line diagnostic tool to obtain feedback on the laser timing
to improve laser-bunch overlap and stabilize the lasing process.

5.1 History and the idea

A common, and the most direct, way of measuring the bunch arrival
time and bunch longitudinal profile is to use a transverse deflecting
cavity (TDC). TDC is a cavity that accelerates the beam in the trans-
verse direction. After traveling through the TDC the electrons are
monitored on a screen, and the shape and position of the pulse on
the screen give information about on the arrival time and longitudinal
profile of the bunch. The difficulties associated with this technique
are that it requires a separate RF system to feed the cavity, it stops the
electron beam, and the time measurements are relative to the RF field.

For seeding purposes, arrival time measurements are needed with
respect to the seed laser pulse. This is possible using the electro-
optical spectral decoding (EOSD). The first measurements using this
technique were performed on laser-generated terahertz signals and
later applied to electron bunches at FELIX [39]. Compared to the TDC,
EOSD is non-interruptive, significantly cheaper and allows bunch
length measurements. A more complicated scheme developed later,
electro-optical time decoding (EOTD) also allows the measurement of
longitudinal bunch profile [40, 41].

Figure 5.1 illustrates electro-optical spectral decoding. The pas-
sage of a relativistic bunch through the crystal creates a high electric
field in the crystal. This makes the crystal birefringent1 for as long

1This means that the crystal has optical axes with different refractive indexes and
starts mixing polarization. These indexes also depend on the wavelength of light pass-
ing through the crystal. For the time being, we neglect the wavelength dependence.
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5.2 THz field from relativistic electrons

Figure 5.1. Basics of electro-optical spectral decoding. A linearly polarized,
chirped infrared laser pulse passes through a crystal with electro-optic prop-
erties and its polarization is changed. Birefringence is induced in the crystal
by the electric field of the electron bunch. The electron bunch arrival time
and bunch length can be decoded by filtering only the polarization that was
initially absent.

as the electric field is present. If, at the same time, a chirped linearly
polarized laser pulse (of certain bandwidth and optical length) passes
through the crystal, certain parts of the pulse will experience a change
in polarization, from linear to elliptical. Afterwards, one filters only
the polarization component that was not supposed to be present if
there were no electrons, and sends it to a spectrometer. The time of
passage of electrons relative to the laser is determined from the wave-
length of the strongest signal, and the width of the signal represents
the length of the electron bunch. The technique is called EOSD be-
cause the information is decoded from the spectrum of a chirped laser
pulse. The pulse should be linearly chirped since this establishes the
time-frequency relation.

5.2 THz field from relativistic electrons

The electric field generated by the electrons that influences the crys-
tal is significantly enhanced due to relativistic effects. In frequency
domain, a typical electron bunch will produce frequencies in the ter-
ahertz domain. We are interested in characteristics of this field and its
frequencies, because the performance of EOSD depends strongly on
them.

The electric field of an electron in its rest frame is spherically sym-
metric, and in spherical coordinates is given by

E(r) =−
e

4πε0

r̂

r 3
(5.1)

where r is the distance from the charge. An electron moving with rel-
ativistic energies has an electric field mostly in the transverse direc-
tion. Relativistic boosting and transformation to cylindrical coordi-

The simplest half-wave plate or quarter-wave plate is usually made of a permanently
birefringent crystal with a well defined length.
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Electro-Optical Spectral Decoding

Figure 5.2. Transformation of an
isotropic electric field into a transverse
field that is stronger by a factor of γ
compared to the static field. Shading
(logarithmic scale) is used to make the
effect more apparent.

nates where the electron moves in the z -direction (and at time t = 0
is at z = 0), leads to a radial (transverse) and axial (longitudinal) field
of the following form (see [20], pg. 559.):

Er (r, t ) =−
e

4πε0

γr
p

�

r 2+(γ2−1)c 2t 2
�3

(5.2)

Ez (r, t ) =
e

4πε0

c t
p

γ2−1
p

�

r 2+(γ2−1)c 2t 2
�3

(5.3)

Based on the symmetry of the problem it is obvious that the az-
imuthal component of the field is zero Eϕ(r, t ) ≡ 0. The radial field is
a factor of γ larger in amplitude, and shorter by the same factor. This
is crucial because the fields become strong enough to induce birefrin-
gence. Since EOSD is based on observing the transverse field2 it can
be shown that the frequency components of such a time-dependent
radial field are given by3

Er (r,νT ) =−
e |νT |

ε0c 3
p

γ2−1
K1

 

2π |νT |r

c
p

γ2−1

!

(5.4)

where K1 is a modified Bessel function4. The index T in νT is used only
to distinguish between terahertz frequencies and optical frequencies,
otherwise there is no difference between νT and ν . We use the Fourier
transform (F ) and inverse Fourier transform (F−1) as given by:

f (ν )≡
∫ ∞

−∞
f (t ) e−i 2πνt dt (5.5)

f (t )≡
∫ ∞

−∞
f (ν ) e i 2πνt dν (5.6)

Let us assume that we have a relativistic electron bunch with a certain
longitudinal distribution n (t ) of Ne electrons, where

∫

n (t )dt = Ne ,
and we used time instead of position along the bunch since z = βc t .
The electric field of the bunch is a superposition of the electric fields
of the constituent electrons. This superposition is a convolution of in-
dividual fields Er (r, t ). In frequency space it is a product of individual
transforms [40]:

Er,Q (νT , r ) =F [Er (r, t )]F [n (t )] = Er (r,νT ) ·F [n (t )] (5.7)

The more energetic and, more importantly, the shorter the bunch, the
higher the frequency components of the radial field. Dependence on
r is not strong and not important (as a parameter) since the distance
between the bunch and the crystal is kept constant during the mea-
surements, typically, a few millimeters.

2The longitudinal component of the field is γ2 times smaller than the static
(isotropic) field, and therefore negligible compared to the transverse component.

3Similarly to [40, 42].
4The modified or hyperbolic Bessel function is given by the expression: Kα(x ) ≡
π

2 sin(απ)

�

iα J−α(i x )− i−α Jα(i x )
�

, where Jα(x ) is a Bessel function of the first kind.
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5.3 Laser chirp

Figure 5.3. The real-valued
Gaussian envelope A(t )without any
phases transforms into B (ν ) centered
around ν = 0 (upper panel). Ẽ (t )with
a real-valued Gaussian envelope A(t )
and a linearly time-dependent
temporal phase Φ transforms into a
Gaussian that is centered around
ν0 =

Φ1
2π (Φ1 shifts the spectrum to the

right) (lower panel).

5.3 Laser chirp

The EOSD technique requires chirped laser pulses. We are inter-
ested in relations between the pulse length and the pulse bandwidth
and in a way to describe a chirped pulse. We treat the optical pulse
as a complex amplitude, Ẽ (t ), where all dependence on spatial co-
ordinates is disregarded. The (real-valued) electric field is given by
E (t ) = 1

2
(Ẽ (t ) + Ẽ ∗(t )) = ReẼ (t ). The tilde denotes complex valued

functions. In the time domain we write Ẽ (t ) in the polar form. We re-
fer to the modulus as the envelope A(t ) and the argument Φ(t ) as the
temporal phase:

Ẽ (t ) = A(t )e iΦ(t ) (5.8)

We can define the pulse to be centered in time without loss of general-
ity (the envelope has a maximum at t = 0). For the Fourier transform
of Ẽ (t ):

Ẽ (ν ) =

∫ ∞

−∞
Ẽ (t )e−i 2πνt dt (5.9)

we can also write the polar representation

Ẽ (ν ) = B (ν )e iΨ(ν ) (5.10)

Similarly to the temporal phase, we refer to the complete Ψ(ν ) as the
spectral phase. In the case of zero temporal phase the spectral phase
will also be zero and B (ν ) will be a Fourier transform of A(t ), cen-
tered around ν = 0. We now expand the non-zero temporal phase in
a Taylor series up to the quadratic term and identify the roles of each
term. This will reveal some important aspects of chirped pulses.

Φ(t ) = Φ(0)+
∂ Φ
∂ t

�

�

�

�

0

t +
1

2

∂ 2Φ

∂ t 2

�

�

�

�

0

t 2+ . . .

≡Φ0+Φ1t +Φ2t 2+ . . .

(5.11)

The first term in the sum, Φ0, does not depend on time, and is eas-
ily transformed as a constant of integration in the frequency domain.
This makes it equal to the constant term of Ψ(ν ). For this discus-
sion, this term is not important5. All contributions to this term will
be neglected since it cannot be measured by EOSD. A linear term in
the spectral phase Ψ1 will correspond to a time shift of the envelope
A(t ). Defining A(t ) to be centered around t = 0 means that Ψ1 is
zero. Transformation of a Gaussian pulse with known length and lin-
ear temporal phase:

F [e−t 2/τ2+iΦ1t ] =
p
πτe−τ

2(Φ1−2πν )2/4 (5.12)

leads to a Gaussian shifted by ν0 = Φ1

2π
. It can thus be seen that Φ1 =

ω0. It can also be noted that the result has no imaginary components,

5This term is known as a carrier-envelope phase (CEP) and plays an important role
in modern metrology and laser stabilization.
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meaning that non-zero Φ1 does not change Ψ. It is common to define
the instantaneous frequency of the pulse as the time derivative of the
temporal phase:

ω(t ) =
dΦ(t )

dt
=Φ1+2Φ2t + . . . (5.13)

This shows that the instantaneous frequency changes as a result of
higher order terms in the temporal phase, and the pulses in which the
instantaneous frequency increases with time are called up-chirped
(opposite: down-chirped) pulses. The factor 2Φ2 is called the chirp
rate. We will show below that this parameter actually has a maximum
for a given bandwidth of the spectrum. First, by investigating the be-
havior of Φ2 we will see that it leads to a stretched pulse in frequency
space. Stretching in frequency space means a change in bandwidth.

With the term Φ2 Ẽ (t ) becomes e−t 2/τ2+iω0t+iΦ2t 2 and Fourier
transformation leads to a stretched frequency-shifted Gaussian which
has complex components. These complex components we include in
Ψ. The new components in Ψ are proportional6 to the term (ν0− ν )2.
It is more convenient to write the Taylor expansion of Ψ around ν0

(instead of around zero) and define the Ψn terms as coefficients of
(ν −ν0)n

Ψ(ν ) =Ψ(ν0)+
∂ Ψ
∂ ν

�

�

�

�

ν0

(ν −ν0)+
1

2

∂ 2Ψ

∂ ν2

�

�

�

�

ν0

(ν −ν0)2+ . . .

≡Ψ0+Ψ1(ν −ν0)+Ψ2(ν −ν0)2+ . . .

(5.14)

We clearly see now thatΨ1 is the time shift of Ẽ (t ) in a similar way toΦ1

being shift of Ẽ (ν ). It shifts the signal backwards or forwards in time.
The second term is more interesting since it is directly related to Φ2.
So far we have seen that if we introduceΦ2 into the pulse the result is a
broadened spectrum that will have components in the spectral phase
such that Ψ2 6= 0. Transforming a Gaussian envelope with linear and
quadratic terms (Φ1 and Φ2) leads to a pulse with a wider frequency.
Φ2 thus causes an increase in bandwidth. In real life, the bandwidth
is a given quantity. Because we cannot change the bandwidth we now
transform in the opposite direction (from the frequency to the time
domain). We introduce Ψ2 into the frequency domain to study its ef-
fect in the time domain. We know that it will lead to some value of
Φ2 and that it will stretch a pulse in the time domain. To determine
how much it will stretch the pulse in the time domain, we consider our
first example (with known time length, and known transform) and add
Ψ2 to the transform. We then transform back the function for which
we already know the result without Ψ2. We transform (compare with
equation (5.12))

F−1[exp
�

−τ2(Φ1−2πν )2/4+ iΨ2(ν −ν0)
�

]∼ (5.15)

6Up to a constant (CEP) which we disregard.
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5.3 Laser chirp

Figure 5.4. A quadratic spectral
phase leads to longer and chirped
pulses. The instantaneous frequency
of the pulse on the left increases with
time (up-chirped pulse). The chirp
rate is positive.

∼ exp

 

−
t 2

τ2+( Ψ2

π2τ
)2
− i t 2 Ψ2π2

π4τ4+Ψ2
2

+ iΦC E P

!

We can see that the pulse (envelope) became stretched (for any non-

zero value of Ψ2) by a factor of (1+ Ψ2
2

π4τ4
0
)1/2. The chirp rate will de-

pend on Ψ2 and have a maximum at Ψ2 = π2τ2, and to achieve
this the pulse length must be

p
2 longer than the transform-limited

length (the shortest length a pulse with given bandwidth can have).
The duration of the pulse is usually expressed in terms of its full
width at half maximum (FWHM) of the intensity (square of Ẽ (t ))
Wt ≡ τ

p
2 ln 2 , while the bandwidth is expressed as the FWHM of the

spectral intensity (square of Ẽ (ν )) instead of a σ of distribution7 of
Ẽ (ν ) ∼ exp(−ν

2

2σ2 ), so Wν = 2σ
p

ln 2 . The pulse is shortest, and has
a minimal time-bandwidth product without any chirp; such pulse
is called a transform-limited pulse. Transform-limited pulses do not
have second-order (quadratic) terms, or any other higher order terms,
in the temporal or spectral phase. The time-bandwidth product in-
creases with the introduction of a chirp as

Wt Wν =
2 ln 2

π

È

1+
Ψ2

2

π4τ4
0

(5.16)

Compression/stretching of pulses relies heavily on the chirp (sim-
ilar to chicanes in bunch compressors). This is done in a setup that
causes higher frequencies to travel a longer path (or experience a
higher refractive index), or vice versa (higher frequencies experience
shorter paths). A similar process takes place in most transparent op-
tical materials at frequencies around 800 nm and this dispersion, re-
sulting in an up-chirped pulse, is called normal dispersion (the oppo-
site being anomalous dispersion). In the case of propagation through
materials the phenomenon of non-zeroΨ2 is called group velocity dis-
persion (GVD), Ψ2 is thus often called the GVD term. A technique
commonly used that does not involve passing through dispersive ma-
terials is that employing grating compressors. The distance traveled
through a grating compressor depends on the wavelength. One way
to model such systems is through a response function. We assume a
flat frequency response (i.e. no change in amplitude) but the phases
will be quadratically shifted. This results in chirping of a transform
limited pulse (up or down) and compression, or even further chirp-
ing of chirped pulses. Details of this procedure can be found in [43],
page 948. Stretching of pulses by adding linear chirp (to reduce the in-
stantaneous power), amplifying them, and compressing them again is
the basis of chirped pulse amplification (CPA). This method is used in
both laser amplifiers (gun and seed laser), and is the basis of modern
high-powered femtosecond lasers.

7σ is a square root of the variance.
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Figure 5.5. The crystal is cut in the
(110) plane. In that plane, the field ET
from electrons makes an angle α
relative to the vector x. The terahertz
field and the laser field propagate in
the same direction along z into the
crystal.

5.4 Pockels effect

We will now consider the origins of polarization switching in the crys-
tal that is used in EOSD. The process can be modeled in a simple
way as a Pockels effect, and is almost identical to the principle in-
tensity modulators (Pockels cells) work (see [44], pg. 521). The re-
fractive index in isotropic materials is independent of orientation. In
non-isotropic materials, the refractive index depends on the direction
in which the light is traveling through it, and the polarization of the
light. The crystal of interest for test-FEL EOSD is isotropic, and thus
guides the light independently of direction. However, in the presence
of a strong electric field the material becomes birefringent as a conse-
quence of the Pockels effect. The Pockels effect is a non-linear effect,
in which the change in refractive index is proportional to the electric
field that caused it. This is discussed in detail in [43] and its origins
and properties are described in [44]. The PhD dissertations of Steffen
[40] and Valk [45] discuss the Pockels effect in zinc-telluride (ZnTe). A
ZnTe crystal is used in EOSD at MAX-lab. The performance of EOSD
depends highly on the properties and the orientation of the crystal,
relative to the probe laser and terahertz field arising from the elec-
trons. The crystal has thickness d and is cut in the (110) plane as
shown in Figure 5.5. The terahertz electric field ET is at an angle α rel-
ative to the x vector. With a perpendicularly incident terahertz field,
the impermeability tensor (a tensor that describes diffractive indexes
along the crystal axes) becomes:

η(ET) =
1

n 2
0







1 0 0
0 1 0
0 0 1






+ r41ET,0









0 sinα 1p
2

cosα

sinα 0 −1p
2

cosα
1p
2

cosα −1p
2

cosα 0









(5.17)
In the absence of the field, the refractive index of the crystal is given
by n 0. The first part of the right-hand side shows that the crystal is
isotropic. Addition of the terahertz field breaks this symmetry propor-
tional to the field with Pockels coefficient r41 ≡ r231. Which indices are
non-zero and dominantly contributing to the Pockels effect depends
on the crystal’s symmetry and the way it has been cut. For ZnTe cut
in the (110) plane it is r41. This coefficient is about 10−12 m

V
. The im-

permeability tensor can be diagonalized. Eigenvalues λi ofηwill give

three different indexes n i = 1/
p

λi for axes Ui. The eigenvectors of η
are the axes U1 and U2 (both in the (110) plane) and the third one, U3,
is the same as the propagation direction.

U1 =
1

2

È

1+
sinα

p

1+3 cos2α









−1
1

2
p

2 cosαp
1+3 cos2α+sinα









(5.18)
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5.5 The properties of ZnTe

Figure 5.6. The terahertz field is
incident perpendicularly to the crystal
(direction of z) but its electric field
makes an angle with the x -axis. The
orientation of the eigenvectors U1 and
U2 depends on the angle α. The upper
graph shows the decrease in the angle
Ψwith α. The strongest signal is
achieved for α= 0.

U2 =
1

2

È

1+
sinα

p

1+3 cos2α









1
−1

2
p

2 cosαp
1+3 cos2α−sinα









(5.19)

The vectors in the (110) plane depend on the angle α. The refractive
indexes along these vectors are:

n s ≡ n 1 = n 0+
n 3

0r41ET,0

4
(sinα+

p

1+3 cos2α ) (5.20)

n f ≡ n 2 = n 0+
n 3

0r41ET,0

4
(sinα−

p

1+3 cos2α ) (5.21)

n 3 = n 0+
n 3

0r41ET,0

4
sinα (5.22)

The angle Ψ, which U1 makes with x, depends on α as:

cos 2Ψ=
sinα

p

1+3 cos2α
(5.23)

The difference in indexes n 1 and n 2, which depends on the terahertz
field, is the main cause of polarization rotation of the laser beam pass-
ing through the crystal. It is conventional to name the two axes slow
for higher n and fast for lower n , due to the difference in the speed of
light. Decomposition of the incident laser field along these two axes
gives the phase retardation Γ between them:

Γ(ET,0,α) =
ω0d

c
(n 1−n 2) =

ω0d

2c
n 3

0r41ET,0

p

1+3 cos2α (5.24)

The polarization rotation Γ(ET,0,α), is directly proportional to the
thickness of the crystal and the strength of the field (which is propor-
tional to γ and bunch charge). The consequence of a poorly oriented
crystal relative to the THz field (α=π/2) is a halving of the value of Γ.
The phase retardation depends on the THz field, and thus maps the
terahertz field onto the orthogonal polarization plane. Because of the
chirp, newly created polarization has a certain color and we are able
to read out Γ(t ) from the laser pulse.

5.5 The properties of ZnTe

The most important properties of EOSD, its performance and limita-
tions, will be dominantly determined by the crystal and its properties.

5.5.1 Refractive index in the terahertz region

The refractive index in the terahertz region can be calculated from the
complex dielectric function ε(νT ) of ZnTe. Determined by the lowest
transverse optical lattice oscillations ([40],pg. 54), ε(νT ) can be written
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as a function of the closest resonance plus a constant:

ε(νT ) = εc +
S1ν

2
1

ν2
1 −ν2

T − iΓ1νT
(5.25)

For ZnTe these parameters are εc = 7.4, ν1 = 5.3 THz, S1 = 2.7, and
Γ1 = 0.09 THz. Here εc is a constant that describes the contributions of
all resonances, while other parameters describe the central frequency
ν1, amplitude S1 and width Γ1 of the lowest resonance. The complex
refractive index is obtained from the complex dielectric function:

p

ε(νT ) = n (νT )+ iκ(νT ) (5.26)

The real part represents the refractive index, while the imaginary part
describes absorption in the crystal. Absorption peaks sharply at the
resonance, and the terahertz waves at these frequencies do not prop-
agate through the crystal. In the region close to the peak of resonant
absorption the refractive index shows anomalous dispersion (n falls
with νT ). The phase velocity is given by the refractive index:

vtp =
c

n (νT )
(5.27)

5.5.2 The Sellmeier equation

For optical frequencies we refer to the Sellmeier equation8. The
Sellmeier equation is a common form of parametrization for refrac-
tive index in the optical domain, depending on the wavelength λ (ex-
pressed in µm), and is given here in its reduced form.

n (λ) =

r

A +
Bλ2

λ2−C
(5.28)

For ZnTe these parameters are A = 4.27, B = 3.01, and C = 0.142 [46].
It is necessary to know the group velocity of the light to study the mis-
match with terahertz waves. Based on the Sellmeier equation it is pos-
sible to calculate the optical group velocity as:

vog =
c

n

�

1+
λ

n

dn

dλ

�

= c
Bλ2(λ2−2C )+A(λ2−C )2

(λ2−C )((A + B )λ2−AC ))
Æ

A + Bλ2

λ2−C

(5.29)

For λ= 0.79, the optical group velocity in ZnTe is vog = 0.300751 c .

8The Sellmeier equation is in fact the same equation as equation (5.25) but rewrit-
ten for wavelength, and sometimes modified so as not to include all resonances. In its
full form the Sellmeier equation includes three resonances and the value of

p
C is the

wavelength of a resonance.
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5.5.3 Response function and electro-optical response

The frequency-dependent phase velocity of terahertz pulses vtp(νT )
and optical group velocity vog lead to a mismatch in the propagation
of these two pulses through the crystal. This can be modeled by a
response function:

M (d ,νT ) =
1

d

∫ d

0

∫ ∞

−∞
e i (k z−2πνT t )δ(z −vg t )dt dz

=
1

d

∫ d

0

e
i 2πνT z ( 1

vtp (νT )
− 1

vog
)
dz

(5.30)

By introducing a frequency-dependent transmission coefficient
A trans(νT ) (transition from vacuum into crystal introduces this factor):

A trans(νT ) =
2

1+
p

ε(νT )
=

2

1+n (νT )+ iκ(νT )
(5.31)

we can write the total response function:

G (d ,νT ) = A trans(νT ) ·M (d ,νT ) · r41(νT ) (5.32)

Electro-optical response, that is, the dependence of r41 on frequency
νT , is also determined by the same resonances. This dependence of
the electro-optical coefficient on frequencies is very weak for ZnTe,
and can be assumed to be constant9. Using the response function ob-
tained we can calculate a more realistic value of Γ(t ):

Γ(t ) =
2π

λ0
d n 3

0F
−1 �G (d ,νT ) ·Er,Q (νT , r )

�

(5.33)

5.6 Detection

When a linearly polarized chirped pulse is sent through the crystal,
the pulse experiences a polarization shift given by Γ(t ). This rotation
is on the order of a few degrees, even under ideal conditions, and in
general Γ� 1 is considered. To measure the polarization retardation,
the pulse is sent through a polarizer and then to the spectrometer. It
is necessary to insert a quarter-wave plate (QWP) before the polar-
izer. Depending on its angle of rotation, the QWP can remove any
phase retardation that the crystal gives to the pulse inherently (with-
out any terahertz field being present). After appropriate orientation
of the QWP the polarization is linear, and it is possible to continue to
the polarizer and spectrometer. The polarization after the polarizer
may be incorrectly oriented for the spectrometer, since the spectrom-
eter usually contains a grating with a preferred polarization orienta-
tion. In order to rectify this problem, a half-wave plate (HWP), again

9See discussion in [40], pg. 57–58 about difficulties in determining parameters and
discrepancies between various sources in literature.
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appropriately rotated, is inserted between the QWP and the polarizer
to rotate the linear polarization. The polarizer is set so as to maxi-
mize the spectrometer’s grating performance. The HWP rotates the
polarization such that the polarizer extinguishes as much as possible
of the unwanted polarization, and the QWP makes any residual ellip-
tical polarization linear. A setup in which a linearly polarized pulse is
sent through a crystal as described above, and only the perpendicular
polarization is measured is called a crossed polarizer setup. A setup in
which the HWP is very slightly offset, typically about 1◦, is called a near
crossed polarizer setup. The latter has the advantages of higher sensi-
tivity to Γ and constantly providing a small background spectrum of
the original pulse. The near crossed polarizer setup is the one used at
MAX-lab. The so-called balanced detector setup is even better. This is
a setup in which the QWP is rotated so that a circular polarization is
created in the absence of the terahertz field. Using a polarizing beam-
splitter both polarizations are sent to the spectrometer and can be
measured separately (HWP is omitted). In this case, Γ is reconstructed
from two signals, as the difference between the signals (intensities)
is proportional to sinΓ. The crossed polarizer setup gives only pro-
portionality with the sine squared. Unfortunately, balanced detection
requires a detector (e.g. a CCD) with very high dynamic range since
the signal must be visible over a very strong laser background. This is
expensive and unnecessary, as we can achieve our aim with a much
cheaper setup.

5.6.1 Jones matrix formalism

Using Jones matrices for optical elements we can describe the inten-
sity measured at the detector to determine the optimal angles of ro-
tation of the waveplates. We assume the terahertz angle to be zero
(α= 0). A vertically linearly polarized laser field can be written as:

Ev = E l

�

0
1

�

(5.34)

Each optical component can be described by a matrix, for the crystal
(C ), QWP (Q), HWP (H ) and polarizer (P ). Since the basis vectors for
these matrices are the horizontal vector x and the vertical vector y
(Figure 5.6), and not the main axes (U1 and U2) the matrix describing
the crystal must be rotated by the angleΨ, which is π

4
in the case when

α = 0, using equation 5.23. Since the QWP can be rotated arbitrarily
by ϕQ and the HWP by ϕH their matrices must also be rotated. This is
done using the rotation matrix:

R (ϕ) =

�

cosϕ −sinϕ
sinϕ cosϕ

�

(5.35)
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5.6.1 Jones matrix formalism

Figure 5.7. Optimal angle of
rotation ϕH of HWP as a function of
the level of signal Γ and background
due to imperfections relative to the
maximum laser intensity µ.

Figure 5.8. Intensity Id (ϕH ,ϕQ ,Γ) at
the optimal value of the angle ϕH
given in Figure 5.7 for various values
of Γ and µ. Id is normalized.

The electric field polarization entering the spectrometer can then be
written:

Ed (ϕH ,ϕQ ,Γ) =

=P R (ϕH )H R (−ϕH ) R (ϕQ )QR (−ϕQ ) R (Ψ)C R (−Ψ)Ev
(5.36)

where the matrices are given by:

Q = e i π
4

�

1 0
0 −i

�

(5.37)

H =Q 2 = e i π
2

�

1 0
0 −1

�

(5.38)

C =

�

e−i Γ
2 0

0 e i Γ
2

�

(5.39)

P =

�

1 0
0 0

�

(5.40)

Due to the polarizer, the vertical (second) component of the final field
is zero. The field is then determined by the horizontal component:

Ed (ϕH ,ϕQ ,Γ) = (5.41)

E l
1+ i
p

2

�

i cos (2ϕH −ϕQ −
Γ
2
)sin (ϕQ )+ cos (ϕQ )sin (2ϕH −ϕQ +

Γ
2
)
�

and the intensity by

Id (ϕH ,ϕQ ,Γ) =
cε0

2
Ed Ed

∗ =
cε0E 2

l

2

�

µ+ (5.42)

+ sin2 (2ϕH −ϕQ −
Γ
2
)cos2 (ϕQ )+ sin2 (ϕQ )cos2 (2ϕH −ϕQ +

Γ
2
)
�

Due to various imperfections10 the intensity has an additional term
proportional to the laser intensity with a factor of proportionality µ.
We are interested in angles ϕQ and ϕH that optimize the modulation
depth γ, defined as in [47]

γ≡
Id (ϕH ,ϕQ ,Γ)− Id (ϕH ,ϕQ , 0)
Id (ϕH ,ϕQ ,Γ)+ Id (ϕH ,ϕQ , 0)

(5.43)

but very close to the angles where Id = 0, otherwise the detector will
be saturated by the laser background. The optimal values of ϕQ and
ϕH depend on Γ and µ. Figure 5.7 shows the optimal rotation of HWP
for various values of Γ and µ. The optimal value for ϕQ is zero, and it
should be used only to remove possible ellipticity from the signal (that
is to minimize µ).

10The imperfections in the crystal structure can cause the scattering of the chirped
pulse and increase the background in EOSD. These imperfections are very common
in ZnTe. Various accumulated polarization shifts and residual birefringence in all the
components of the setup after the crystal, can also contribute to the background.
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Figure 5.9. The terahertz pulse
propagating through the crystal is
determined by the frequency
components of the bunch and the
response function of the crystal. All
the negative effects lower the
amplitude of the response function
and reduce the amplitudes on higher
frequencies.

Figure 5.10. Comparison of EOSD
and EOTD. EOTD requires a reference
pulse that is afterwards used for
second harmonic generation in a
nonlinear crystal. Most commonly the
material used for this purpose is beta
barium borate (BBO). EOTD measures
the intensity of the created
polarization instead of the spectrum.
The reference pulse is much shorter
than the chirped pulse and on the
BBO it swipes over the chirped pulse
in position. The position of the
created second harmonic is read to
reconstruct the intensity.

5.7 The limitations of the EOSD

The limitations of EOSD in reconstructing the bunch profile (and
bunch width) can be divided into limitations related to the crystal,
to the laser (laser bandwidth and laser chirp) and to the measuring
technique itself. The limitations are distorting the function Γ and the
measurement of the bunch width.

The crystal must respond to all the frequency components of the
terahertz pulse and ideally does not absorb some of them more than
the others. This response to the frequencies is modeled by the re-
sponse function of the crystal. The crystal response function will be
highly dependent on the resonances in the crystal. In equation 5.33
the response is included through the dielectric function. Resonances
in the crystal on low frequencies will introduce distortions and ab-
sorption of the terahertz field. These material dependent limitations
cannot be avoided by other means than finding a better material.
To obtain a better signal, materials with a high electro-optical coef-
ficients are required. Materials without resonances at low frequen-
cies and that have a high electro-optical coefficient are required for
improvements in resolution of the bunch length measurements11.
The frequency dependent dielectric function ε(νT ) leads to different
phase velocity vtp and group velocity vtg for terahertz pulses, and ef-
fectively chirps the terahertz pulse. In the optical domain, the dif-
ference between optical group velocity vog and terahertz phase ve-
locity vtp will introduce frequency-dependent and crystal-thickness-
dependent corrections G (νT , d ). Not all frequencies are equally good
at generating the change in refractive index, and thus r41 depends
on the frequencies ET (νT ) of the terahertz pulse. This is modeled as
r41(νT ), although for ZnTe the dependence is negligible. More de-
tailed and consistent treatment of the phenomena present in EOSD
requires considerations of the sum and difference frequency gener-
ation (SFG, DFG). This will present a limitation that is characteristic
of EOSD. The frequencies of the terahertz pulse are mixed with the
frequencies of the optical pulse, which results in a spectrally broader
pulse [50], see Figure 5.11. Using EOSD, the spectrally broadened
pulse will be wrongly interpreted as a longer electron bunch. This
phenomenon places limitations on EOSD since it reduces the reso-
lution given by the wavelength-to-time mapping given by the linear
chirp. Generation of sum and difference frequencies (between optical
frequencies and terahertz frequencies) leads to additional smearing
of the signal over the chirped optical pulse.

Although EOSD is inferior to EOTD when it comes to measuring
the bunch length, EOSD does not require a separate reference pulse
and the generation of a second harmonic. This makes it simpler and

11Some organic materials such as DAST (4-dimethylamino-N-methyl-4-
stilbazolium-tosylate) have no resonances over a very broad range, however, the
response at zero and low frequencies is very poor, and thus this material could only be
used as a complement to one of the standard EO materials [48, 49].
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5.8 EOSD at MAX-lab

Figure 5.11. The frequency mixing
of the terahertz components and the
optical components results in a
broader signal on the spectrometer.
This effect is more important for
shorter bunches. It presents the
largest limitation for EOSD bunch
profile measurements.

more reliable. EOSD is thus a very good choice among electro-optical
techniques for measurement of the arrival time. Spectral upconver-
sion is another technique that uses SFG and DFG mixing of frequen-
cies to measure the bunch length [51]. It is very simple, and uses pi-
cosecond lasers instead of femtosecond lasers, but it can only mea-
sure the length of short bunches, and gives no information on arrival
time. It decodes the bunch length from the spectrum arising only
from electrons, since the picosecond laser has a narrow bandwidth.

5.8 EOSD at MAX-lab

Figure 5.12 shows schematically the way in which the infrared and
the seed laser pulse are prepared. An infrared oscillator pulse guided
by the optical-polarization-maintaining fiber arrives at the seed laser
hutch. This pulse has the same repetition rate as the oscillator,
one pulse every 10.67 ns, and is already stretched (chirped) by the
stretcher in the gun laser hutch. It enters a regenerative amplifier
(Regen) that is pumped with a Nd:YAG Q-switched pump laser (not
shown in the figure). Inside the regenerative amplifier, only one oscil-
lator pulse is chosen for amplification. The period of the regenerative
amplifier is about 6 ns. By selecting when to open the Regen, to re-
lease the pulse, one can shift the pulses by 6 ns. The infrared pulse
then continues into a grating compressor where it is compressed (the
compressor has a bandwidth of about 5.5 nm). After the compres-
sor the pulse continues to third harmonic generation (THG) where its
frequency is tripled from 790 nm to 263 nm. The newly created UV
light pulse is about 500 fs FWHM long and contains 100 µJ of energy
per pulse. The UV pulse continues to a telescope12. The telescope
places the focal spot of the UV beam so as to be in the middle of the
modulator. After focusing optics (F#), the seed pulse continues to a
translatable delay stage (UV DS). This delay stage is set so that the UV
pulse can be timed synchronously with the IR pulse for EOSD. A small
part of the compressed IR pulse after the compressor (< 1 µJ) is sam-
pled for EOSD. This infrared pulse is also sent through focusing optics
(the focal spot is on the EO crystal) and then transversely recombined
with the seed UV light pulse in a master delay stage (DS). This motor-
ized delay stage has a range of 150 mm (corresponding to ∼ 1 ns) and
the stage itself can be manually moved on a 1 m long rail on which
it is mounted. After the master delay stage, both pulses can be sent
to a system designed to check for temporal overlap of the IR and UV
pulses (CHK). This check is based on the difference frequency genera-
tion (DFG) within a nonlinear crystal. One can say that the pulses are
synchronous if the signal corresponding to the difference in energy
between the IR and UV pulses (400 nm) is observed. After the master

12In optics, a series of lenses in which the beam is expanded and focused to a desired
desired focal length is called a telescope.
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Figure 5.12. Schematic of the seed
laser amplifier and optics for IR and
UV pulses. After the master delay
stage (DS) the UV pulse is about 500 fs
long with energy of up to 100 µJ. The
IR pulse is chirped to about 3.3 ps with
an energy of about 1 µJ. The UV DS
regulates the delay between the UV
pulse and the IR pulse, while the DS
regulates delay of both pulses relative
to the electron bunch. A detailed
description is given in the text.

Figure 5.14. The holder for EO
crystals. The photodiode used for
rough timing measurements is visible
with part of its electronics (behind the
holder). The lower crystal is ZnTe (1
mm thick) and the upper crystal is
GaP (300 µm thick). The mirror used
to deflect the IR pulse out of the EO
chamber is visible behind the crystals.

Figure 5.13. The EOSD setup used in the test-FEL at MAX-lab. EOSD system
is positioned after the seed laser injection mirror and the half chicane. The
chirped IR pulse travels along the same path as the UV seed pulse to minimize
the offset between them. In the case of slight misalignment the IR pulse is sent
through the ZnTe crystal, while the UV pulse is transversely overlapped with
the path of electrons for the purpose of seeding.

delay stage, the pulses continue to two motorized mirrors towards the
injection mirror (this is the point of entry in Figure 5.13).

Figure 5.13 shows a schematic of the EOSD and injection of the
seed pulse. The laser beams are led towards the EO crystal and mod-
ulator by an injection mirror. Before this mirror the beams enter the
vacuum system through a UV-transparent window. The half chicane
raises the electron beam and the electron beam is aligned so that
it passes through the undulator system. The UV beam is set trans-
versely to overlap with electrons using the two motorized mirrors be-
fore the injection mirror (not in the vacuum system). The EO crys-
tal is mounted on a translatable stage which allows the proximity to
the electron beam path to be controlled. Behind the crystal a mir-
ror is positioned at an angle 45◦ to send the IR beam for analysis (out
of the vacuum system through another window). There is a reverse-
biased photodiode on the EO holder, which is connected to a 1 GHz
oscilloscope. The photodiode is used to time the arrival of electrons
relative to the UV beam with a precision of about 200 ps. It is visi-
ble in Figure 5.14, which shows the holder together with two crystals
and a mirror behind them. The QWP is usually set without the HWP
in place, so that the background reaching the detector is minimized
(this can be achieved with very good extinction). Then the HWP is
inserted so that the background is again minimal. The HWP is then
rotated about 1.5 to 2 degrees. The direction of rotation of the HWP is
important. In one direction the terahertz signal is added to the back-
ground (as shown in the figures above), but if the HWP is rotated in
the other direction the terahertz signal is mostly visible as a dip in the
laser background.
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5.9 Analysis

The setup after the chamber with the crystal holder consists of two
silver mirrors (to realign the IR laser beam leaving the crystal), the
HWP, QWP, Glan-laser polarizer, a lens (that focuses the beam onto
a slit), a slit whose opening can be controlled by a micrometer screw,
another silver mirror (inserted due to size constraints to prolong the
path from the slit to the grating), an Al-coated reflective holographic
grating (with 1200 lines/mm), a focusing lens and a Firewire camera.
The camera is a Pointgrey Firefly camera with no optics mounted on
it. It has a CMOS detector with 10-bit dynamic range and a horizontal
resolution of a 720 pixels. Each pixel is 6 µm in size. The spectrum is
read from the camera as an image. The horizontal axis represents the
wavelength, while the vertical axis gives the size of the beam on the
detector. It proved useful to use the image mode as low signal levels
were much more easier to discern than when observing the spectrum
as a projection onto wavelength axis. The camera is rather close to the
beamline, and the (ionizing) radiation causes some damage, which
deteriorates the quality of the image mostly by increasing the number
of “dead” pixels. One or two cameras are replaced per year to have
high quality images (for publication). For purposes not requiring high
image quality, damaged cameras can be used for longer period that is
several years.

5.9 Analysis

The image produced by the detector is transferred to a computer.
Processing of images takes place afterwards, using MATLAB routines
for the determination of jitter and bunch length. For on-line measure-
ments of arrival time (in order to obtain feedback) real-time process-
ing is carried out using LabVIEW.

For noise reduction the images without an IR pulse (dark images)
are used to determine the number and position of “dead” pixels. We
selected the strongest 1% of the pixels in the dark image13 and defined
them as dead pixels. The real number of dead (non-functioning) pix-
els changes depending on the radiation damage, typically around 1%
of the total number of pixels. The coordinates of the dead pixels are
then stored by the software. A new image, with the IR pulse, but with-
out the terahertz signal, is then obtained to determine the background
spectrum; the “dead” pixel values being replaced by the median val-
ues of their neighbors. This image is used for subtraction. During
measurements, images are acquired, with both the IR laser pulse and
the electrons, the “dead” pixels are replaced by median values of their
neighbors, and the background image is subtracted. This gives the
resulting image which, when summed in the vertical direction repre-
sents the final signal.

In order to transform values of wavelength into time, the EO signal
is observed while moving the delay stage (shifting the laser). Since the

13“Dead” pixels have maximum intensity on this camera.
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Figure 5.15. Screenshot of the feedback software. The PID controller was
used to maintain the EO peak (relative timing of the seed laser, upper-left) at
a certain position to compensate for long-term drift. The delay stage moves
the laser to keep the peak of the EO signal in the same position (its position is
plotted at the bottom of the figure).

EO signal itself can move during calibrating it is necessary to collect a
series of images for each position. Calibration can then be carried out
by fitting the average pixel position with the corresponding time shift
of the delay stage. The calibration polynomial is a second order poly-
nomial (because the chirped pulse is non-linear) and it is presented
in Paper III.

5.10 Feedback

Paper IV presents results on stability improvement with the EO feed-
back system. The task of the feedback system, which consists of a
programmed PID controller [52], is to keep the EO peak at the same
pixel-position. Due to sensitivity of the controller to the jitter14 only
the proportional-integral part of the PID is used. The feedback does
not react to every shot but to the average position of the peak. By ex-
amining the frequency components of the EO peak position recorded
over 25 minutes it was determined that the dominant contributions to
drift were at frequencies lower than those with a period of 16 seconds.
It is thus possible to average the signal every 8 seconds, and to react

14The derivative part is sensitive to noise in the measured process variable.
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5.10 Feedback

to drifts in the average position. The PI is prevented from moving the
delay stage unless the required shift is above certain threshold. This
threshold corresponds to about 30 fs. At first, we were not sure if the
long-term drift arose from the accelerator or the long fiber that con-
nects the two laser hutches. The results presented in Paper III demon-
strated that the long-term drift was caused by the accelerator and not
the laser.
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CHAPTER 6

SUMMARY AND OUTLOOK

This thesis introduces the papers that present some of the results
achieved by a small group of people during four years of building and
operating a test free-electron laser. An existing accelerator thermionic
electron gun was operated as a photocathode gun for the purpose
of running this test-FEL. Measurements of emittance and quantum
efficiency were performed, and suitable operating parameters were
found. These are presented in Paper I. To ensure the temporal overlap
of electrons and the seed pulse an electro-optical spectral decoding
system was built. This technique is non-interruptive and can be used
to monitor the timing and bunch length online. Measurements with
the EOSD system showed that the dominant cause of timing drifts be-
tween the seed laser and electrons was the accelerator and not the
laser system. These results are given in Paper III. As the experience
with the EOSD setup was positive, a similar system will probably be
used for diagnostics in the future MAX IV injector. The EOSD system
was used to develop a simple feedback system that stabilized the op-
eration of the FEL. The feedback system, in combination locking to
the grid frequency, reduced the timing rms jitter from well over 900 fs
to 300. This is described in Paper IV. In practice, the reduction in tim-
ing jitter means lasing on every shot and better intensity stability. The
scientific goal of this project, the generation of femtosecond coherent
harmonics with circular polarization, has thus been achieved. These
results are presented in Paper II.

Characterization of the transverse coherence and polarization
properties of harmonics is currently in progress. This work will per-
haps contribute even more to the aim of this project, that is gaining
experience in operating free-electron lasers and collaboration within
the FEL community, as one of the corner stones for a future MAX FEL.
MAX FEL is a planned Ångström wavelength free-electron laser as a
second-stage extension of the MAX IV project. Current enthusiasm in
the scientific community with FEL light [53, 54] should be recognized
and met with projects that promise similar possibilities. The advent
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of light sources able to deliver nine orders of magnitude more pho-
tons with Ångström wavelengths than previously possible will open
up new, unforseen areas of research.

During the work on the EOSD system, a simulation code for
electro-optical setups, originally developed at DESY, was used and im-
proved in several ways. This led to collaboration between several in-
stitutes in Europe with the aim of developing a complete, user friendly
EO simulation code capable of simulating the majority of EO setups
and materials.
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APPENDIX

Stokes vector

There are several ways of describing the polarization of light. A good
introduction to this is given in the book by Saleh and Teich [43]. In
Paper II Stokes parameters were used to describe the polarization of
the light produced.

For a wave propagating in the z -direction the E-field lies in the x -y
plane. Such a monochromatic plane wave can be described as:

Ex = a x cos
�

ω
�

t −
z

c

�

+φx

�

(A.1)

Ey = a y cos
�

ω
�

t −
z

c

�

+φy

�

(A.2)

Depending on the difference φ = φy −φx and the values of a x and
a y this leads to linearly, elliptically or circularly polarized light, which
can generally be described by a polarization ellipse. An equivalent
description of the polarization of light is a Stokes vector containing
four Stokes parameters. The Stokes parameters are:

Figure A.1. A Stokes vector on a
Poincaré sphere of radius S0 describes
all possible polarizations. Pure
polarizations are marked. RCP, LCP -
right (left) circularly polarized. LP -
linearly polarized with different angles
of rotation relative to the horizontal
(LPh).

S0 = a 2
x +a 2

y

S1 = a 2
x −a 2

y

S2 = 2 a x a y cosφ

S3 = 2 a x a y sinφ

(A.3)

as shown in Figure A.1. These four parameters satisfy the expression
S2

0 =S2
1+S2

2+S2
3, where S0 is proportional to the optical intensity of fully

coherent light. For non-coherent light, generally S2
0< S2

1 +S2
2 +S2

3. S1

represents the linear polarization (in the horizontal or vertical plane).
S2 has the same meaning for linear polarization in a 45◦ rotated sys-
tem. S3 represents circular polarization and shows how much right
circular polarization there is (φ = π/2) relative to left circular polar-
ization (φ =−π/2). For a right circularly polarized wave the E-field on
a certain incident plane is rotating clockwise (when looking into the
direction from which the light is coming).
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Appendix

g
[mm]

Bh(s=0)
[T]

Bv(s=28)
[T]

14.1 0.85625 0.62204
15.1 0.80742 0.57374
16.1 0.76515 0.52967
18.1 0.68646 0.45298
20.1 0.61509 0.38866
22.1 0.55078 0.33425
25.1 0.46633 0.26793
30.1 0.35271 0.18676
35.1 0.26640 0.13124
40.1 0.20098 0.09278
50.1 0.11408 0.04692
60.1 0.06455 0.02401
80.1 0.02052 0.00643
100.1 0.00649 0.00176

Table A.1. Measurements of the
radiator undulator fields performed at
Helmholtz Zentrum Berlin. Bh
corresponds to no shift, and Bv to the
shift of 28 mm (λw /2).

Figure A.2. Stokes vector on a
Poincaré sphere of radius S0. For the
radiator the Stokes parameter S2 = 0.
A shift of arrays moves the Stokes
vector in that plane from S1/S0 = 1
towards S3/S0 = 1.

Radiator gaps and polarization

The radiator undulator UE56 is an APPLE-II undulator that can
change the gap g , and perform parallel motion of two diagonal arrays.
It cannot perform anti-parallel shifts. Anti-parallel shifts give inclined
linear polarization. In terms of Stokes vectors this means that φ = π

2
and S2 = 0 for all values of shifts and gaps of the undulator. It is pos-
sible to determine Stokes vectors by carrying out measurements on
magnetic fields. The measurements of the fields were performed at
Helmholtz Zentrum Berlin and are given in Table A.1. The vertical Bv ,
and horizontal, Bh , components of the field can be calculated by in-
terpolation from the data in the table and using the fact that the field
decreases exponentially with the gap. For each of the components we
have:

Bh = exp

�

ln B2h − ln B1h

g 2− g 1
(g − g 1)+ ln B1h

�

Bv = exp

�

ln B2v − ln B1v

g 2− g 1
(g − g 1)+ ln B1v

� (A.4)

where B1 and B2 are values of the fields for gaps g 2 and g 1, chosen so
that g 1 ¶ g < g 2. Bv and Bh can be used to calculate effective B:

B 2
eff
= B 2

h,eff
+ B 2

v,eff
(A.5)

B 2
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= B 2

h cos2 �π s
λw
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+ B 2
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λw

�
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where s is the diagonal array shift. The radiator will have a fundamen-
tal mode wavelength:

λ=
λw

2 γ2

�

1+
K 2

2

�

(A.7)

where K is the K-parameter. Numerically,

K = 93.37287 Beff λw (A.8)

The Stokes parameters can be calculated for given values of g and
s since Bh,eff and Bv,eff are known, assuming Bv,eff > Bh,eff:

�
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The requirement that the ratio of fields
Bh,eff
Bv,eff

is r can be achieved

by setting

s =
λw

π
arctan

1

r

Bh

Bv
(A.11)
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Appendix

g [mm] B [T]

10 0.9771
12 0.8540
16 0.6533
22 0.4380
30 0.2575
40 0.1324
60 0.0349

Table A.2. Measurements of the
modulator undulator fields performed
at Helmholtz Zentrum Berlin. The
period length of this undulator is
47.82 mm.

Figure A.4. Wavelength of the
fundamental for a wide range of
modulator opening gaps.
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Figure A.3. Wavelength of the fundamental for different radiator opening
gaps for linear polarization (s = 0) and circular polarization. Wavelengths are
calculated for an electron energy of 375 MeV. Values of the shifts required for
circular polarization are given.

Figure A.5. Wavelength of the fundamental as a function of modulator open-
ing gap for different electron energies. This is an enlargement of the section
of Figure A.4 in the range relevant for seeding.

Modulator gaps

The modulator is a planar undulator with 30 periods. Measurements
of the field inside the undulator as a function of the gap are pre-
sented in Table A.2 and were performed at Helmholtz Zentrum Berlin.
Interpolation (A.4) was used to determine the B-field and subse-
quently the K-parameter and wavelength. The dependence of the
wavelength on the gap is presented in Figures A.4 and A.5.

61





COMMENTS ON THE PAPERS

I Photocathode operation of a thermionic RF gun
This paper describes studies of the emittance of a thermionic
gun adopted for photocathode operation. Measurements of
the emittance, charge and quantum efficiency are presented. A
good operating point for the test-FEL was found, and the emit-
tance was shown to be satisfactory. I took part in the prepara-
tions, the measurements and the analysis, and contributed to
parts of the manuscript.

II Vacuum ultraviolet circularly polarized coherent
femtosecond pulses from laser seeded relativistic electrons
This paper describes the coherent production of harmonics in
the VUV region with circular polarization down to 66 nm, and
linear polarization down to 44 nm. I contributed to the devel-
opment of the setup and participated in the experiments, the
analysis of the results and the preparation of the manuscript.

III Characterization of the arrival time jitter at the MAX-lab
test-FEL using electro-optical spectral decoding
This paper presents measurements on seed-pulse timing rela-
tive to electron bunch timing and bunch length measurements.
It was concluded that the primary source of long term drifts is
the accelerator. I took the initiative for the experiment, I was in
charge of developing the setup and the measurements, and the
analysis, and I was the main author of the paper.
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Comments on the Papers

IV On-line arrival time and jitter measurements using
electro-optical spectral decoding
This paper describes a feedback system constructed to stabilize
the overlap, which reduced the jitter from 900 to 300 fs RMS
and ensured lasing on every pulse. I developed the feedback
system, and participated in the experiments/measurements. I
performed the analysis and was the main author of the paper.
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a b s t r a c t

The thermionic RF gun using a BaO cathode at the MAX-lab linac injector has been successfully

commissioned for additional operation as a photocathode gun. By retaining the BaO cathode, lowering

the temperature below thermal emission and illuminating it with a UV (263 nm) 9 ps laser pulse

a reduced emittance and enhanced emission control has been achieved. Measurements show a

normalised emittance of 5.5 mm mrad at 200 pC charge and a maximum quantum efficiency of

1:1� 10�4. The gun is now routinely switched between storage ring injections in thermionic mode and

providing a beam for the MAX-lab test FEL in photocathode mode.

& 2009 Elsevier B.V. All rights reserved.

1. Introduction

Ultrahigh brightness low emittance electron guns are being
developed at many laboratories using different techniques to
produce a high quality electron beam. This is an important part of
a linac based light source like a free electron laser. One of the most
common and matured FEL injectors is the photocathode RF gun,
where a short electron bunch is produced when a laser pulse hits
a cathode surface. The electron bunch is then immediately
accelerated in an RF cavity where emittance and energy spread
are minimised.

At MAX-lab a test FEL facility is being constructed where the
already existing injector and linear accelerator is used to test
coherent harmonic generation and other related FEL techniques
and concepts. The MAX-lab injector is usually used for injections
into three synchrotron storage rings with a thermionic BaO
cathode RF gun as electron source. This gun produces 100 ns long
electron pulses with high emittance and energy spread and is
therefore not suitable for the FEL test facility. In order to create the
appropriate electron beam for the test FEL, the existing thermionic
electron gun has been converted to a photocathode gun producing
9 ps long electron pulses with low emittance and energy spread.
The gun has been successfully commissioned as a photocathode
injector and now alters between thermionic injections into the
rings and photocathode gun operations for the test FEL. In this
paper characterisation of its performance is presented through

emittance and charge measurements. The properties we want to
explore is the quantum efficiency of the BaO cathode, i.e. how
much charge is extracted depending on laser energy, and how the
emittance is influenced by charge, RF phase in the gun cavities.

2. The FEL test facility

The MAX-lab injector [1] consists of the thermionic gun, a
linear accelerator and a beam transport system. The gun is an RF
gun with a BaO cathode surface and will be described in detail
later in the paper.

The acceleration is done in two 5.2 m long linac structures each
providing for a beam energy of up to 100 MeV. When the electrons
have passed both linacs they are bent into a recirculator, turning
them around 3601 and passing them through the linacs one more
time. This gives a total beam energy of around 400 MeV. The exit
from the recirculator is done in a chicane and the electrons are then
transported through a translating achromatic dogleg up the location
of the undulators. The magnetic optics in the recirculator, chicane
and dogleg provide enough first and second order momentum
compaction for compressing the beam and producing a short spike
of high current needed for the coherent harmonic generation.

Apart from the injector system, the FEL test facility needed an
optical klystron [2] and a laser system to drive the seeding
interaction. In a seeded FEL [3] and seeded harmonic generation, a
high intensity laser pulse interacts with a high brightness electron
bunch in an undulator causing the electrons to be energy
modulated at the laser wavelength. The energy modulation will
micro-bunch the electrons in a subsequent chicane after which
they will radiate coherently in a following undulator tuned to
either the modulation wavelength or a higher harmonic. The
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optical klystron was provided by BESSY and consists of one planar
and one APPLE II type undulator and an intermediate magnetic
chicane.

Start-to-end simulations of the test FEL facility have deter-
mined some important parameters for the electron beam that put
certain demands on the electron gun. From time-dependent
GENESIS [4] calculations of the system it was found that an
emittance of 5.5 mm mrad at a charge of 70 pC is sufficient to test
the harmonic generation. Other than emittance, the peak current
and energy spread of the electron bunch are of great importance,
but as long as the gun produces enough charge these parameters
are set in the acceleration and compression process.

3. Description of the gun system

The gun was originally designed as a thermionic RF injector for
the synchrotron radiation storage rings at MAX-lab [6]. It is a
1
2þ

1
2þ 1 cell structure operating at 3 GHz and a field of around

25 MV/m at the cathode surface and 80 MV/m in the main cavity.
The electron source in the gun is a heated BaO cathode of 3 mm
diameter. After the gun cavity the electrons reach a kinetic energy
of 1.6 MeV. The layout of the gun structure can be seen in Fig. 1.

At the gun exit a solenoid magnet adjusts for the defocusing
caused by space charge effects and different focusing due to the
varying RF field. Tuning the solenoid becomes extra important
when the gun is operated as a photoinjector with low emittance.

To reduce the low energy tail from the beam when using the
thermionic cathode, an energy filter is mounted between the gun
and the main accelerator, where the beam is bent in two 60�

bending magnets. Between the dipoles a slit can filter out the low
energy electrons.

To adapt the gun to a photocathode injector a 9 ps, 263 nm
laser pulse is used to illuminate the cathode surface. The laser is
synchronised to the RF voltage of the gun and the accelerator.
The transmission of the energy filter depends on the energy
spread in the electron beam, which in turn is influenced by the RF
phase in the gun and the energy of the laser pulse. To switch from
thermionic to photocathode operation the temperature on the
cathode needs to be reduced from 1100 to 700 1C.

4. Laser system and timing

Pulses from a Ti:sapphire oscillator (790 nm, 93.7 MHz,
Femtolasers Synergy) are stretched, amplified, compressed and
tripled (Thales Alpha 10) to give a laser pulse that is used to shine
on the cathode (263 nm, 9 ps pulse, 130mJ, 10 Hz). The UV-pulse

passes through a mechanical delay stage (for control of timing
relative to the RF), a spatial filter and finally through focusing
lenses before hitting the cathode (the laser spot-size diameter is
about 1 mm).

The energy of the laser pulse can be reduced and is controlled
and measured by a photodiode (previously calibrated with an
energy-meter Ophir Nova II). To ensure phase stability relative to
the RF, the optical oscillator is locked to the 32nd subharmonic of
the 3GHz RF oscillator (with jitter of 0.3 ps). The position on the
cathode can be changed by the last mirror (motorised) and
controlled on a virtual cathode.

5. Experimental set-up

The emittance measurements were done with quadrupole
scans [5] after the gun energy filter and the current measurements
were made both after the gun cavity and a few meters down
stream of the scanned quadrupole. A schematic view of the
experimental set-up can be seen in Fig. 2.

For the quantum efficiency measurement the laser energy was
varied between 0.2 and 130mJ and the extracted charge was
detected with a current transformer (CT) right after the gun cavity.
The signal from the CT was recorded on an oscilloscope and the
total charge was calculated from the integral of the current signal.
For these very short electron bunches, it was checked that the
integrated current from the CT still gave a valid measurement of
the charge by cross-calibrating with a Faraday cup.

The quadrupole scans were made using the horizontally
focusing quadrupole after the energy filter. The signal from the
electrons hitting a fluorescent YAG screen was collected with a
10 bit IEEE1394 camera.

When investigating the emittance dependence on charge, the
laser energy was varied in the same way as for the quantum
efficiency scan and a quadrupole scan was recorded for each value.

For the RF phase scan, the laser arrival time in the RF cycle
was varied between 5 and 50 ps using an optical delay stage. This
corresponds to a scan over 50� in the part of the RF cycle that gives
a detectable current from the gun.

6. Data analysis

To get some statistics in the emittance measurement, four
images were saved for each quadrupole setting. The images were
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then imported and analysed in MATLAB to extract the beam size.
A parabolic fit was made of the beam sizes as a function
of quadrupole k-value and from the parabola coefficients the
emittance could be calculated.

The following formulas give the expression for rms beam size,
s as a function of emittance �, Twiss parameters a and b,
quadrupole length l, distance between the quadrupole and the
screen L and quadrupole strength k. The beam size as a function of
k-value turns into a second order polynomial where the emittance
can be solved from the coefficients c1, c2 and c3:

s2
x ¼ �

2
x L2l2b0k2

þ �2
x LlðLa0 � b0Þkþ �

2
x b0 � 2La0 þ L2 1þ a2

0

b0

� �

¼ c1k2
þ c2kþ c3

) � ¼
1

L2l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c1c3 �

c2
2

4

s

Two different methods were used to calculate the beam size
from camera images. In one of them a line of one or several pixel
rows through the central part of the electron spot was projected
on to one axis and fit with a Gaussian function. The fitted value for
s in the Gaussian function directly gives the beam size.

The other method works by calculating the second central
moment of the electron distribution. To remove noise, the images
are first median filtered and then thresholded at a level retaining
97% of the electrons. The square root of the second central
moment gives the standard deviation, and is equivalent to s in the
case of a Gaussian distribution.

The two methods gave very similar results and the difference
were within the error margin of the measurement.

The top half of Fig. 3 shows an example of a set of beam images
from a quadrupole scan and in the bottom half the square of the

corresponding beam sizes are plotted and fitted as a function of
quadrupole strength.

7. Results

The results from the quantum efficiency measurements can be
seen in Fig. 4. Here the charge extracted from the cathode is
plotted against the laser energy in one pulse. At low laser energy
the data points follow a fairly linear pattern. The saturation
that occurs at laser energies over 40mJ can be explained
by longitudinal space charge effects where the field from the
extracted electrons becomes large enough to begin to cancel out
the accelerating field in the gun cavity. This corresponds well to
earlier observations of quantum efficiency in photocathode RF
guns [7].

The resulting quantum efficiency of 1:1� 10�4 is given by the
slope of a line fitted to the measured points before saturation. This
number is consistent with similar quantum efficiency measure-
ments of BaO cathodes [8].

To examine the emittance dependence on charge, a measure-
ment was made where the current collected from the cathode,
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measured on the CT after the gun, was scanned by changing the
laser energy. During this scan, the RF phase was kept at 201, where
simulations show a minimum emittance. The result is plotted in
Fig. 5. The plot shows a linear dependence on charge as predicted
by theory [9].

The large error-bars at low charge are due to a very poor
signal at the screen, which leads to a high uncertainty in the
measurement and analysis. PARMELA [10] simulations of the
gun and energy filter give slightly higher emittance values than
the measurement which could be explained by beam losses in the
filter. The simulation does not fully explore the scraping off
of electrons in the narrow vacuum tube which, if included, would
result in a lower emittance.

The results from measuring the emittance dependence on RF
phase can be seen in parts (a) and (b) of Fig. 6 together with
predictions from the PARMELA simulation. The scan was made for
two different gun charges, measured at the CT directly after the
gun. In parts (c) and (d) the charge transmitted through the
energy filter is plotted for the two data sets.

During one scan, the laser energy was changed to always give
the same extracted charge from the gun, while the settings on the
energy filter were kept constant. The RF phase influences both the
focusing and the energy spread and together with the laser energy
the space charge effects. For that reason the transmission through
the filter varied a lot, which can be seen in parts (c) and (d) of the
figure. High beam losses in the energy filter seem to give a lower
resulting emittance in the analysis, why the results with very low
transmission cannot be trusted. The error-bars in the emittance
scan are directly calculated from the charge at the screen. The part
of the scan where transmission was high gives a very good
agreement with simulations.

The emittance due to the cathode is dependent both on the
temperature of the cathode and the excess photon energy above
the workfunction of the material. The normalised emittance is
given by [11]

�n;rms ¼
R

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2DE

3mec2
þ

2kT

mec2

s

where R is the cathode radius, DE the excess photon energy and T

the temperature of the cathode (me electron mass, c velocity of
light, k Boltzmann’s number). The workfunction of a BaO
impregnated tungsten cathode can be as low as 2.4 eV [12] giving
a DE of 4:7� 2:4 eV ¼ 2:3 eV. The temperature of the cathode is
given both by the pre-heating we apply to the cathode (around
1000 K) and potential transient heating. The dominating charge
from the cathode increases linearly with deposited laser energy
(and thus temperature) which is the signature of photoemission.
Less than 10% of the charge is generated by other effects, including
transient heating (with other temperature and/or time relations
than photoemission). The pre-heating and the excess photon
energy gives a background normalised emittance of 0.9 mm mrad,
dominated by the excess photon energy, which is low enough to
not influence the measured emittances.

Simulations have indicated that an emittance of 5.5 mm mrad
and a charge of 70 pC is sufficient for the purposes of the FEL test
facility, and according to these measurements, that specification
can just be met. We believe we can reach even higher charges
with an optimisation of the energy filter, since the measurements
at the CT after the gun show that over 200 pC can be produced at
an emittance of 5.5 mm mrad.

8. Conclusion

The MAX-lab thermionic RF gun has been successfully
commissioned as a photoinjector for the test FEL facility and
the two different modes of operation are easy and fast to switch
between.

The performance of the gun as a photoinjector corresponds
well to simulations and meets the necessary operating conditions
needed for the test FEL.

The quantum efficiency of the BaO cathode was measured to be
1:1� 10�4 and an emittance of 5.5 mm mrad can be achieved at a
charge of over 200 pC measured after the gun.

The added flexibility of this RF gun is not only usable for the
test FEL but also for producing short pulses of spontaneous
radiation in the FEL undulators, increasing injection efficiency,
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Fig. 6. The emittance as a function of RF phase in the gun is plotted for 110 pC (a) and 220 pC (b) extracted charge, together with simulation prediction from PARMELA. In

parts (c) and (d) the corresponding charge transmitted through the energy filter is plotted. The error-bars in the emittance plots comes directly from the transmitted charge

and shows that the results where most of the current has been scraped off cannot be trusted.
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lowering losses in electron transport and for producing single
bunch patterns in the storage rings.
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We have demonstrated the generation of circularly polarized coherent light pulses at 66 nm wavelength

by combining laser seeding at 263 nm of a 375 MeV relativistic electron bunch with subsequent coherent

harmonic generation from an elliptical undulator of APPLE-II type. Coherent pulses at higher harmonics

in linear polarization have been produced and recorded up to the sixth order (44 nm). The duration of the

generated pulses depends on the temporal overlap of the initial seed laser pulse and the electron bunch and

was on the order of 200 fs. Currently, this setup is the only source worldwide producing coherent fs-light

pulses with variable polarization in the vacuum ultraviolet.

DOI: 10.1103/PhysRevSTAB.14.030706 PACS numbers: 41.60.Cr, 42.65.Ky, 42.25.Ja

I. INTRODUCTION

Brilliant synchrotron radiation as produced in third gen-
eration storage rings is used in many user facilities world-
wide featuring polarization control of the radiation using
elliptical undulators. However, in the vacuum ultraviolet
(VUV) and x-ray regime the synchrotron radiation is only
partially coherent transversely, and multiparticle (gain)
effects are nonexistent. Time resolved measurements
are limited by the electron bunch length of typically
10–100 ps. Specific operation conditions, so-called
low-alpha optics, provide bunch lengths on the ps scale
[1]. The pulse duration can be further reduced with slicing
techniques, where only a part of the bunch charge is used
[2,3]. However, these pulses are temporally incoherent and
the photon flux is limited.

Coherence properties as well as the photon flux can be
significantly improved with free-electron lasers (FELs).
Self-amplified spontaneous emission (SASE) FELs gener-
ate high peak brilliance, transverse coherence, short pulse
lengths, and wavelengths [4–6] but since they start from
noise they suffer from intensity variations, the signal lon-
gitudinally coherent only within the slippage length
(shorter than the bunch length), and spiky resulting spectra.
Introduction of a seed pulse (to avoid buildup from noise)
significantly improves longitudinal coherence but creates

new challenges to find a suitable seed source. Various
seeding schemes have been proposed or carried out:
seeding with high harmonics generated in a gas [7,8],
self-seeding schemes [9], extraction of a harmonic after
bunching at a long wavelength [high-gain harmonic gen-
eration (HGHG)] [10–13], or recently by echo-enabled
harmonic generation [14].
The radiation from these sources [4–14] is linearly

polarized since planar radiators were used. In the VUV
regime, quarter wave plates converting linear to circular
light are not available. One has to rely on reflection optics
with low reflection efficiency and small tuning ranges.
Thus, the linearly polarized radiation of existing FELs or
the radiation from a high harmonic generation source
cannot be easily converted to circular polarization using
optics and helical undulators have to be used instead. The
FERMI project which is under construction will have
variably polarizing radiators [15].
Here, we show the first experimental results of combin-

ing temporal coherence, circular polarization, and fs pulse
length down to 66 nm wavelength using the experimental
layout depicted in Fig. 1. The same layout is also used to
generate even higher harmonics in linear polarization
(down to 44 nm).
The method we used is similar to high-gain harmonic

generation (HGHG) as in Ref. [11] but with the differences
that we use an APPLE-II type undulator as a radiator to
produce harmonics with variable polarization, and our seed
pulse is in the UV region. The modulator undulator
(although tunable) is set to resonance with the seed laser
frequency !, whereas the radiator undulator fundamental
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mode is set to n! (n � 1). Since the length of our radiator
is such that the exponential amplification process just
begins, we refer to this method as coherent harmonic
generation (CHG) instead of HGHG.

II. EXPERIMENTAL SETUP AND METHODS

The complete experimental setup is shown in Fig. 2. The
four major parts of our setup (the accelerator, the laser
system, the undulator section, and the diagnostics) are
presented in this section.

A. The accelerator

The test FEL facility is built around the MAX injector
[16] which in normal operation provides the injection
beam for the three storage rings at MAX-lab (MAX I, II,
and III). The electron source is an rf gun [17] which can be
operated both in thermal mode (ring injection) and in
photocathode mode (test FEL)[18]. The electron bunches
for the test FEL are created by a Ti:sapphire gun laser
system. The pulse length is 10 ps. The rf accelerating phase
in the gun is adjusted relative to the laser pulse to achieve
minimum emittance. The main acceleration is done in two
3 GHz linac structures. The electron beam is recirculated
such that the linacs are passed twice and a total energy of
375 MeV is reached. The beam exits the recirculator

through a chicane and is transported from basement level
to ground level by a dog-leg. These latter systems provide
the necessary R56 (momentum compaction) to compress
the electron bunches.
After longitudinal compression the beam enters the test

FEL beam line via a ‘‘half chicane’’ which lifts the beam
20 mm. This allows us to inject the seed laser beam on top
of the electron bunch. A slight remaining dispersion is
created by the half chicane, but the effect is negligible
compared to the electron beam size. Focusing is achieved
by a quadrupole doublet in the transport line upstream of
the half chicane.

B. The laser system

The laser system, providing pulses for photocathode
gun and seeding, is locked to the master rf oscillator by
locking the master laser oscillator (Femtolasers Synergy,
93.71 MHz, 790 nm central wavelength, 13 nm FWHM
bandwidth) with a jitter of about 0.2 ps. The laser oscillator
pulses are stretched and split into two branches: one branch
for the gun laser where it is subsequently amplified and
tripled (263 nm, 10 ps, 500 �J) to be used for the photo-
cathode gun; the second branch of the oscillator pulse is
guided through a 90 m polarization maintaining fiber to the
seed laser where it is also amplified, compressed, tripled,
delayed (to regulate arrival time), and focused into the
modulator undulator (263 nm, 500 fs, up to 100 �J). A
small part of the infrared seed pulse before the tripling is
sampled to be used for an electro-optical detection.

C. The undulator section

The undulator section consists of two undulators and a
dispersive section. In the first undulator, which is called the
modulator, the electrons interact with a 263 nm photon
beam from the Ti:sapphire laser. For the current experi-
ments it is operated at 10 �J pulse energy (maximum
100 �J) and 0.5 ps pulse length. The modulator must be
resonant with the seed photon energy to imprint an energy
modulation to the electron bunch. Within a dispersive
section the energy modulation is subsequently converted
into a spatial modulation. The required energy modulation
�� is determined by the natural relative energy spread �E.
Beam bunching efficient enough for the CHG at a certain
harmonic n requires �� � �E � n, e.g., an energy spread
�E ¼ 5� 10�4 requires an energy modulation of �� ¼
1:5� 10�3 and 2:5� 10�3 for the 3rd and 5th bunching
harmonic, respectively.
The modulator is a pure permanent magnet planar de-

vice with a period length of 48 mm and 30 periods. At a
minimum gap of 13.2 mm a K parameter of 3.52 is
achieved. The radiator is a variably polarizing undulator
of APPLE-II type, where APPLE stands for advanced
polarizing photon light emitter [19]. This type of undulator
consists of four permanent magnet rows, two above and
two below midplane, which can be moved individually in

FIG. 2. Layout of the CHG-FEL test setup at MAX-lab, in-
cluding electron accelerator, undulator section, the seed laser
beam line, as well as the laser synchronization scheme.

FIG. 1. Principle of the experimental setup of the MAX-lab
test FEL (undulator section). Seeding occurs at 263 nm in the
modulator which applies a horizontal field to the electron beam.
After bunching in a dispersive section (chicane), the radiator
emits circularly polarized coherent pulses up to the 4th harmonic
at 66 nm.
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the longitudinal direction. Shifting two diagonal rows
simultaneously in the same direction changes the polariza-
tion of the generated light. The state of polarization, hori-
zontal, elliptical or vertical, is defined by the longitudinal
shift. If the same rows are moved in opposite directions
linearly polarized light is produced, where the inclination
angle with respect to the midplane depends on the row
shift. APPLE-II type undulators are used in many third
generation synchrotron radiation facilities, because they
deliver the highest horizontal on-axis fields among all
planar elliptical devices. The radiator has 30 periods
with a period length of 56 mm. At a minimum gap of
15.2 mm the maximum K parameters for horizontal, cir-
cular, and vertical polarization are 4.20, 3.44, and 2.98,
respectively. The dispersive section between undulators
(see Figs. 1 and 2) is built from four electromagnets where
the magnet centers are separated by 400 mm. The length of
each magnet is 120 mm. The magnets are powered in a way
to produce a symmetric displacement of the electron tra-
jectory. Separation of the electron trajectory from the
common axis of both undulators in the chicane allows a
laser beamstop to be placed inside. The beamstop prevents
flooding of the diagnostics after the radiator with the strong
seed laser pulse. The undulator section is followed by a 15�
bending magnet separating the electron beam from the
photon beam. The electrons are passed to the beam
dump. THz pulses from the dump, as emitted by the short
bunch, are used to verify the bunch compression.

D. Diagnostics

The main diagnostics used throughout the accelerator
are current transformers and fluorescent screens with YAG
crystals. The transverse overlap is secured by observing
UV laser and electron bunch fluorescence on the YAG
screens positioned before and after the modulator and
overlapping them by controlling the position of the UV
beam and electron bunches. Because of the long focal
length (7 m) with which the seed laser pulse is focused,
the UV beam has the approximately same small size on
both screens while achieving focus inside the modulator.
The electron beam size is approximately FWHM 2.5 and
1.2 mm and the UV beam size is 2.5 and 1.5 mm, before
and after the modulator, respectively. The resolution of the
two screens is 47 �m=pxl and 54 �m=pxl. The integral of
a current transformer signal before the modulator undula-
tor can be calibrated to a Faraday cup (at the dump) and
thus provides an adequate charge reading.

The photon beam after the radiator is collected by a gold
coated on-axis spherical mirror at 45� angle of incidence.
The entrance slit of a Seya-Namioka monochromator
(2400 l=mm grating) is placed at the vertical focus of
the resulting astigmatic beam. This narrow line focus
(� 200 �m wide) allows us to open the entrance slit to
the spectrometer to avoid cutting photons due to pointing
variations in the electron beam. Pointing variations will

instead appear as a small shift in wavelength because of a
displacement of the source point. The spectrometer reso-
lution is 0.28 nm with a 0:038 nm=pixel dispersion. The
signal is recorded on a liquid nitrogen cooled CCD array
(330� 1100 pixels).
The precise temporal overlap between the electron

bunch and the laser pulse is achieved by an electro-optical
spectral decoding (EOSD) system [20] providing a sub-ps
measure on the relative arrival times of the two pulses.
Stability of the longitudinal overlap between the seed laser
pulse and the electron bunch is improved by adding a
feedback loop from the EOSD system to the seed laser
delay stage. This ensures generation of higher harmonics in
every shot [21]. Compression of the electron bunch is
achieved by adjusting magnets and rf phases of the fields
inside the linear accelerator for maximum compression to
which fine adjustments are done while monitoring the
width of the signal on the EOSD system. The measured
bunch length is 1 ps (FWHM).

III. RESULTS AND DISCUSSION

A. Harmonics

CHG was observed in the linear mode of the radiator at
all harmonics of the seed laser up to 6th (44 nm) at bunch
charges of 25 pC and 2 Hz repetition rate. After switching
to the circular mode by shifting two of the magnetic rows
of the radiator, a circular coherent emission up to the 4th
harmonic (66 nm) has also been recorded.
Single shot spectra taken at the 2nd harmonic (131 nm)

in circular mode of the radiator are depicted in Fig. 3
revealing that a coherent signal occurs at every shot but

FIG. 3. A series of single shots taken at the 2nd harmonic at
131 nm (a) and the time averaged intensity over these 30 shots
(b). A single shot spectrum is depicted in the inset. The calcu-
lated incoherent undulator harmonic was fitted for the pulse
energy calibration [gray line in (b)]. These measurements were
done before stability improvements on laser-electron overlap.
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with fluctuating intensity. The appearing shot-to-shot
variation in wavelength arises from the pointing stability
of the radiator beam passing the monochromator at differ-
ent positions through the large entrance slit of 1 mm. The
highest coherent signal compared to the incoherent back-
ground was a factor of 78 at 25 pC bunch charge.

All measured coherent peaks at any harmonics exclu-
sively occur due to radiation from the radiator while
coherent emission from the dipole magnet (dump) is neg-
ligible. This fact is proven by the complete disappearance
of the coherent signals in case of detuning the radiator (not
shown). Changing the resonance of the radiator to the 4th
harmonic of the laser, a corresponding trace of single shots
could be recorded in the planar mode of the radiator as
well, as shown in Fig. 4. Again, the signal compared to the
incoherent light is fluctuating shot to shot but is typically
smaller than 10. A pulse energy of 3.3 pJ could be esti-
mated by calibrating each shot by the incoherent light
appearing as the broad spectral feature beneath the narrow
CHG peak. Changing the radiator shift parameter (see
Fig. 1) to circular emission, CHG at the 4th harmonic
(66 nm) of the same order of magnitude is observed (see
Fig. 5). According to our calculations using the measured
real field map in this case the degree of circular polariza-
tion yields S3=S0 ¼ 0:89 at 66 nm. Here S3 and S0 are
the Stokes vectors. The obvious difference to the ideal
case S3=S0 ¼ 1:0 is due to the large angular acceptance
(� 1=�) of the detection setup and due to a slight mis-
alignment of the magnetic row phasing. The polarization
degree of coherent light is assumed to be equally high as in
the incoherent case as it is based on the circular trajectory
of the electrons only. The polarization degree of sponta-
neous circular VUV light from the same type of undulator

(UE56) has been carefully measured and compared to
undulator theory at the BESSY II storage ring [22]. The
agreement is within the measurement accuracy of 3%.
Figure 6 shows coherent harmonics on wavelengths

corresponding to the fourth and sixth harmonic of the
seed pulse. The radiator is set to 131 nm so that these
two harmonics are second and third harmonic of the radia-
tor. The 44 nm signal is relatively weak. Harmonics with
wavelengths of 88 and 52 nm in linear polarization were
also produced but are not presented in this work.
The measured linewidth of the coherent photon pulses

(Fig. 7) is broadened due to the resolution of the spec-
trometer. Taking the broadening into account and assuming
transform limited Gaussian pulses, the pulse duration was

FIG. 4. A series of color coded single shots (a) and the average
of them (b) recorded in the linear mode of the radiator at 66 nm.
A single shot spectrum is plotted in the inset. The calculated
incoherent undulator harmonics (light gray line) is fitted for the
pulse energy calibration.
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estimated to be 200 fs. Start-to-end simulations [23]
suggested a pulse length of 150 fs (FWHM) which
corresponds well to the measured values.

B. Energy modulation and microbunching

Clear evidence that the coherent signal originates ex-
clusively from microbunching of the electron beam is
given by Fig. 8. The disappearance of the signal is shown
after detuning the resonance by 19 nm (0.6 mm gap
change) which is larger than the bandwidth of the modu-
lator’s 1st harmonic. The shift is a factor of 60 larger than
the measured laser bandwidth (0.3 nm at 263 nm) as
depicted in the inset of Fig. 8.

The energy modulation depends on the spectral overlap
of the laser beam and the spontaneous undulator radiation
[24]. In the case of a narrow laser spectrum, a minimum
width of �� ¼ �

N ¼ 8:8 nm is expected, where � is the

resonance wavelength and N the number of undulator
periods (N ¼ 30). The measured resonance width is
11.2 nm wider than expected from the on-axis spectra in
the inset of Fig. 8 (electron beam emittance ignored).
However, detuning by 19 nm, there is no spectral overlap

between laser and undulator field anymore and bunching
as well as CHG disappears as expected. The discrepancy
between the expected and measured widths may be
explained by suboptimal use of the length of the undulator.
The central part will give the dominating modulation
effect, and this gives a lower effective number of periods:
Neff <N, and thus a larger line width.
To determine optimal bunching conditions that produce

strongest coherent signals, we scanned the dependence of
the coherent signal at 131 nm relative to the strength of the
chicane and the seed laser energy (Fig. 9). The signal
strengthwas averaged over 20 consecutive shots afterwhich
the laser energy was changed. The results indicate over-
bunching with strong chicane and high laser energy since
the coherent signal drops. The sensitivity to the laser energy
sharply increases with chicane strength for small laser in-
tensities. The driving currents through the chicane dipoles
were 1.3, 2.3, and 3 A for which the corresponding R56

parameterswere�0:091,�0:283, and�0:483mm (respec-
tively, calculated from field strengths and geometry).

IV. CONCLUSION

The MAX-lab test-FEL facility in Lund produces line-
arly and circularly polarized harmonics of a tripled Ti:
sapphire system. The most interesting case of those, the
66 nm in circular polarization, with 25 pC of electron
bunch charge is estimated to give 3 pJ in pulse energy. It
is shown that microbunching is the main reason of coherent
signal based on the disappearance of the signal for a
detuned modulator undulator. The pulse length is estimated
based on spectral width of the harmonics to be on the order
of 200 fs. Further upgrades to the system are in progress to
measure transverse coherence and directly characterize the
polarization.
Although the original target for the MAX-lab test facil-

ity has been reached (extraction of the 5th harmonic in
linear mode) and surpassed, measurements on the harmon-
ics will continue. The main goal of the facility is inves-
tigation, preparation, and training for future FEL facilities,

FIG. 8. Coherent signal for different gap settings of the modu-
lator. For a given electron energy of 375 MeV the resonance was
found at 15.1 mm gap. No energy modulation is observed at
0.6 mm detuning (19.4 nm), which is accompanied by disappear-
ing coherent signal. Inset: Overlap of the measured laser spec-
trum with calculated spontaneous spectra of the modulator for
two different gaps. The seed laser is resonant with a gap of
15.1 mm and off-resonant with a gap of 14.5 mm.
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Both spectra are normalized. The noise is less prominent on the
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such as the possible MAX IV FEL [25]. The project will
during the coming year focus on the characterization of the
generated CHG pulses, tests, and investigation of diagnos-
tics and seeding with a focus of providing a firmer platform
for the MAX IV FEL development.

ACKNOWLEDGMENTS

We thank A. Gaupp and A. Meseck for helpful discus-
sions. This work is partly funded by IRUVX-PP, an
EU cofunded project under FP7 (Grant Agreement
No. 211285), the European Research Council (Grant
ALMA 227906), and the Swedish Research Council.

[1] M. Abo-Bakr, J. Feikes, K. Holldack, P. Kuske, W.B.
Peatman, U. Schade, G. Wüstefeld, and H.-W. Hübers,
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Electro-optical spectral decoding is used as an online diagnostic tool at the MAX-lab test-FEL to
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characteristics of the jitter are presented. The measurements are used to get information on possible

causes of the jitter and accompanying drifts.
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1. Introduction

The interplay of light and electron bunches inside an undulator
is crucial for free electron lasers (FEL) and the spectral and
coherence properties of the light they produce. One common
way of improving these properties is seeding, in which an electron
bunch entering the undulator is copropagated with a high power
laser pulse (seed laser pulse). Knowing the electron bunch arrival
time relative to the seed-laser pulse with good precision is a
prerequisite for an easier and faster start of operation of the seeded
free electron laser. One would like to avoid long time-scans to
achieve overlap. Aside from the timing, timing stability, low drifts
and jitter are also crucial. Characterization of the jitter and its
possible origins are of importance for further stability improve-
ments of the system. Knowledge about the possible origins of the
jitter allows upgrades to the system to compensate or remove
them. Further, a better stability ensures generation of harmonics on
every shot, and with an averaging detector this improves signal to
noise sufficiently enough to allow generation and detection of
higher order coherent harmonics than without stabilization.

At MAX-lab, as a part of the test-FEL project [1], an Electro-
Optical Spectral Decoding (EOSD) system was built and used to
position the seeding pulse in time as well as to monitor the
compression of the electron bunches online. One major advantage
of this technique is that it is non-destructive and thus allows for

online operation. The EOSD technique was chosen because of: its
low cost (since the laser was already available), the possibility to do
single shot measurements and its relative simplicity to build. The
first measurements with this technique were done at laser based
THz sources; and later for electron bunches [2,3]. Several similar
techniques have been proposed or tested. Those include: temporal
decoding [4–6], spatial decoding [7–9] and spectral up-conversion
[10] for bunch length measurements of short electron bunches.

2. Experimental setup

The test-FEL (Fig. 1) consists of three major parts: the electron
accelerating section, the laser system and optical klystron
(modulator, chicane and radiator). The EOSD is placed upstream
of the optical klystron.

The MAX-lab accelerator provides 380 MeV electron bunches
with a charge of 30 pC and a repetition rate of 10 Hz (currently
limited to 2 Hz due to radiation safety). The linac RF system is
driven by a 3 GHz RF oscillator. The accelerator is a recirculating
structure with each electron bunch passing twice through the
linacs. Compression of the electron bunch has to be performed in
order to get sufficiently high peak current (charge density) within
the seed laser pulse window. This is achieved by operating first
linac at a certain phase of the RF cycle (83 off-crest) and the
compression happens in the chicane following the recirculator [11].

The laser system consists of two amplifiers (Thales Alpha 10)
referred to as the gun-laser and the seed-laser (Fig. 1). They share a
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common master oscillator (Femtolasers Synergy, Ti:Sapphire,
790 nm, 13 nm bandwidth, 93.68 MHz). Its repetition rate is locked
to the 3 GHz RF signal with a relative jitter of 0.1 ps by controlling
the length of the oscillator cavity. The oscillator signal is stretched
and split into two parts, feeding two chirped pulse amplifiers. The
first amplifier (the gun-laser) is frequency tripled (263 nm, 10 ps,
150 mJ) and used for photo-cathode operation. The second part is
transmitted through a 90 m polarization maintaining fiber to the
seed-laser amplifier, where, after amplification and compression,
the pulse is again split into two parts. One part is the infrared pulse
(IR) used for the EOSD, and the second part is tripled to ultraviolet
(UV, 263 nm, 110 mJ, 350 fs) and used for seeding the FEL. The IR
(5 nm FWHM bandwidth) pulse is stretched to 3.3 ps FWHM and
overlapped temporally and spatially with the UV pulse. Their
timing is controlled with two separate delay stages. One stage
controlling the timing for both (UV and IR) pulses relative to the
electron bunches. The other stage shifts the UV pulse relative to the
IR until they overlap. This is ensured using a difference frequency
generation in a separate non-linear crystal. The relative timing to
the electrons determined this way is sufficient to operate the FEL
and any residual offset can be adjusted once the FEL is running.

EOSD is a scheme in which an electron bunch passing close to a
crystal temporarily causes a change in the birefringence of the
crystal and thus a polarization change in a chirped laser pulse
passing through the crystal. The change in polarization is encoded
into a part of the chirped pulse that was at the moment of electron
bunch pass within the crystal. The chirped pulse is subsequently
sent through a set of polarizing optics and a spectrometer where it
is possible to determine the timing of the electron bunch relative to
the laser pulse and to estimate the bunch length. Fig. 2 shows the
EOSD setup within the test-FEL, positioned between insertion
‘‘half-chicane’’ and the modulator-undulator (see Fig. 1). The UV
pulse (not shown) and IR-diagnostic pulse are both injected into the
vacuum system with a mirror inside the upstream ‘‘half-chicane’’.
They are pointing in slightly different directions so that after 6.5 m
of propagation the IR passes through the crystal while the UV
continues into the modulator-undulator overlapping with the
electrons. This allows for continuous monitoring with EOSD while
the FEL is running. Any influence due to the proximity of the crystal
and the mirror behind it (that is used to reflect the IR pulse out of
the vacuum system) on the generation of coherent harmonics
because of electron wake-fields has not been observed. The
birefringent crystal is 5� 5 mm2 ZnTe, 1 mm thick and cut in
the (1 1 0) plane. The crystal axis [0 0 1] is collinear with the
polarization plane of the IR pulse, in Fig. 2 orthogonal to the paper
(coming out). The [�1 1 0] axis is pointing in direction of the THz
field (up, in the figure). The crystal, the mirror and a reverse biased
photodiode (not shown in Fig. 2) are mounted on a translatable
stage, inside the vacuum system. The stage enables them to be
positioned transversely arbitrarily close to the electron beam path.

The photodiode connected to an oscilloscope is used for approx-
imate timing with a precision of � 200 ps. The mirror reflects the IR
beam out of the vacuum system to the EOSD detector. The energy of
the IR pulse reaching the crystal is below 1 mJ.

The EOSD detector consists of a quarter-wave plate (QWP,
corrects residual birefringence of the crystal), a half-wave plate
(HWP, sets the polarization of interest to S-polarization of the
grating inside the spectrometer), and a Glan-laser polarizer (filters
polarization of interest). The beam is then focused into a spectro-
meter. The spectrometer grating is an Al-reflective holographic
1200 mm�1 grating and the detector is a 10 bit CMOS Firewire
camera (Pointgrey Firefly MV) with 6 mm pixels.

3. Results

Measuring the jitter time, the spectrum of that jitter and the
electron bunch width first required calibration of the system. The
chirp of the laser pulse was determined using EOSD itself. Knowl-
edge about the chirp is a calibration since it is correspondence
between pixel number (wavelength) and the time of arrival. This
was done by controlling the position in time of the laser pulse
(using the delay stage) and monitoring the position of the signal
from electrons within the spectrum. Fig. 3-left shows that the chirp
is not linear. The second order polynomial fit to these data was used
as the calibration for further measurements. In order to eliminate
the possibility that the drifts in time distort the calibration, this
calibration was repeated with same end results.

Recirculator EOSD

Dog-leg

Gun

Linac 2Linac 1

Half-chicane

Spectro-
meter

Chicane

Modulator
undulator

Radiator
undulator Dump

Laser - light Electrons

Gun laser

RF MO Seed laser

Fig. 1. The test-FEL setup. The electron bunch created by the laser pulse on a photocathode gun passes an energy filter (two dipoles) and a recirculator where it passes through

the two linacs twice. The chicane right after the recirculator compresses it. After the dog-leg/transport the electrons are displaced in the half-chicane to insert laser pulses from

the seed-laser. Its energy is modulated inside the modulator undulator, turned into density modulation in the chicane and finally radiated on a higher harmonic inside the

radiator undulator. The electrons are dumped and the UV radiation continues to the spectrometer. The position of the chamber and the crystal (EOSD) is shown in the enlarged

section. The insertion mirror shown in enlarged part before the half-chicane is used as an entrance for all optical pulses.

CrystalChirped
pulse

Electron

to Modulatorfrom LINAC

Polarizer

HWP

Spectrometer

bunch QWP

Mirror

Fig. 2. The EOSD setup. The linear polarization of the chirped laser pulse is modified

in the crystal by the electron bunch induced birefringence. Analysis of the pulse is

performed outside of the vacuum system next to the crystal chamber. The chamber

extends approximately 5 cm along the transport line.
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All the measurements were done in a near cross-polarized
configuration (half-wave plate is offset by � 13) which means that
the spectrum of the chirped laser pulse is slightly visible even when
no electrons are present. The background spectrum had to be
subtracted from each measurement image. The background spec-
trum was recorded for all positions of the delay stage used in the
calibration because of small pointing fluctuations of the mirrors
carried by the delay stage. The wavelength in the spectrometer is
changing along the horizontal axis of the camera sensor. The image
with the signal from electrons and the laser background minus the
image with just the laser (reference image) and then projected on
the horizontal axis (summation of values of pixels) is our signal.
Beforehand, the radiation damaged ‘‘hot pixels’’ are determined
(defined as the 1% of the pixels with highest values in a dark frame)
and their values are replaced by the median value of neighboring
pixels in the reference frames and signal frames. A typical signal
during a measurement is shown in Fig. 3-right.

In order to determine the spectral characteristics of the relative
jitter between the arrival times of the electron bunch and the laser
pulse, a scan with 3000 shots was done. Spectra (with subtracted
background) are linearized in time and shown for all shots in Fig. 4.
The calculated center of the signal is shown in red (superimposed).
The signal shows noticeable drifts limiting a stable operation of the
FEL. The RMS jitter of the total signal position is 910 fs and that
reduces to � 200 fs if low frequency drifts would be completely
taken away (moving average subtracted).

Fig. 5 shows the mean square frequency analysis of the signal
featuring two peaks: one corresponding to low frequency drifts,
and a 0.45 Hz peak. The 0.45 Hz peak contributes about 40 fs to the
jitter. Its origins were determined later to be connected to an
undersampled power grid frequency since a trigger lock to the
power grid in later work removed the peak. For the low frequency
drifts, initially, thermal drifts in the fiber guiding the oscillator

pulse to the seed-laser were suspected. The electron bunch width
and the arrival time are correlated. Fig. 6 shows the width of the
EOSD signal (related to bunch length) and arrival time of the
electrons. This suggests that electron-energy instabilities inside
the recirculator might be the leading cause of these drifts. Any other
source of these drifts that is not linked to the accelerator (e.g.
optical fiber drifts) would cause arrival time shifts that are
independent from compression in the accelerator (the width of
the signal). The spectrum of the width is very similar to the
spectrum of arrival time, i.e. the 0.45 Hz peak is present (this is not
shown).

The EOSD measurements of the electron bunch width in our
case are limited by the frequency mixing between the chirped
optical pulse and the frequencies of the terahertz pulse generated
by the electron bunch inside the crystal. This is a known limitation
of EOSD [12]. The correspondence between measured width versus
‘‘real’’ width improves for longer electron bunches and less chirped
optical pulses. Simulations show that in our case measurements
overestimate the real bunch length by about 6% for shorter
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measurements (1 ps), and about 3% for longer (1.3 ps). This implies
that the ‘‘real’’ bunch width is between 0.95 ps FWHM and 1.26 ps
FWHM depending on the measured width and assuming a Gaussian
shape of the bunch.

4. Conclusion

By measuring the arrival time jitter using a single pulse electro-
optical technique that can run online with the FEL and comparing it
to the bunch width it was determined that the origins of drifts are
coming from the accelerator. Initially the laser system was
suspected (thermal drifts in a long optical fiber) to be the main
contributor to the loss of overlap between the electron bunches and
the seed-laser pulse. The time jitter shows a clear peak at 0.45 Hz
which is probably due to undersampling of higher frequencies in
the accelerating system. The most dominant contribution to the
jitter are drifts below 0.05 Hz. This provides an opportunity to
feedback control on low frequencies in order to improve the
overlap between the electrons and the seed laser pulses (although
the compression would still be ‘‘drifting’’). Of course, since EOSD
also gives information about compression, there is a possibility of
additional feedback which would compensate and keep the
compression constant. The EOSD technique is relatively cheap
and showed to be functioning robustly during operations of the

test-FEL, it also facilitated a simple search for the overlap and setup
of electron bunch compression and became a prerequisite for daily
operations.
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Abstract

Electro-optical spectral decoding was used to on-line
monitor the arrival time of the electron bunches relative to
the seed laser pulse at the test FEL facility at MAX-lab. An
infrared chirped pulse coming from the seed laser is influ-
enced by an electron bunch induced birefringence in a ZnTe
birefringent crystal and the arrival time is determined from
its spectrum. The possibility of running simultaneously
with the FEL allowed for a feedback scheme to be built
to compensate for the long term drifts in the system. Also,
the whole system (the accelerator and the lasers) were syn-
chronized to the power grid frequency. This lock increased
the stability and was monitored by the EO setup. Measure-
ments of the bunch length were performed and their corre-
lation with arrival time pointed towards main contributors
to the jitter in the system.

INTRODUCTION

The MAX-lab test-FEL recently demonstrated genera-
tion of coherent harmonics at 66 nm (circular and linear
polarization) 53 nm and 44 nm (linear polarization) com-
bining seeding at 263 nm and relativistic electron bunch
from MAX-lab linac using APPLE II type undulators. One
of the crucial components of the test-FEL is a device
based on electro-optical spectral decoding (EOSD) which
allowed on-line monitoring of the bunch compression and
the electron bunch arrival time relative to the seed laser
pulse. Since the electron bunch and the seed laser pulse
are of subpicosecond duration a technique that allows tim-
ing measurements with better precision than what can be
achieved with photodiodes is needed. Electro-
optical schemes using the interaction of a terahertz field
created by traveling electron bunch and a laser pulse pass-
ing through a crystal have been developed (first in laser
based sources of THz radiation) and later modified and ap-
plied for measurements of bunch arrival time and duration
at accelerators [1, 2, 3]. These technique have shown to
be robust enough and comparatively cheap since a required
laser pulse for seeded facilities is readily available without
major extra costs.

∗ This work has been partially supported by the EU Commission in the
sixth framework program, Contract no. MEST-CT-2005-020356, and the
Swedish Research Council.

† Corresponding author; nino.cutic@maxlab.lu.se

EXPERIMENTAL SETUP

The Test-FEL

EOSD
Gun

Linac Spectro-
meter

Chicane

Modulator
undulator

Radiator
undulator Dump

Gun laser

RF MO Seed laserFiber

Figure 1: Position of the EOSD within the test-FEL setup.
The test-FEL spans about 90 meters in length. The gun
laser pulse is used on photo-cathode gun and the seed laser
pulse is used for seeding inside the modulator undulator.
The master oscillator (MO) is locked to the RF signal gen-
erator (3 GHz). Part of the infrared pulse in seed laser is
taken and stretched to 3.3 ps FWHM and used for EOSD.

The test-FEL setup is shown in Fig. 1 and consists of
3 major parts [4, 5]. The accelerator (photocathode gun
and a recirculating linac, that accelerates 30 pC electron
bunches to 375 MeV), the optical klystron (modulator un-
dulator, chicane and radiator undulator) and the laser sys-
tem (master optical oscillator 93.7 MHz, 790 nm, 13 nm
bandwidth, locked to 3 GHz RF clock), two laser ampli-
fiers referred to as the gun laser (263 nm, 10 ps, 10 Hz) and
the seed laser (263 nm, 350 fs, 10 Hz, 150 µJ; ) which are
positioned in separate laser hutches optically connected by
a polarization maintaining fiber that is transferring the os-
cillator pulse to the seed laser. The energy of the electron
bunch is modulated inside the planar modulator undulator
due to interaction with the seed laser pulse. It is therefore
crucial that the seed laser pulse is transversally and lon-
gitudinally (in time) overlapped with the electron bunch,
thus the main part of the EOSD system (EOSD chamber)
is placed in front of the modulator undulator.

The EOSD ystem

The EOSD system consists of 3 major parts and oper-
ates using a small sample (< 1 µJ) of the amplified seed
laser pulse (before it is tripled to UV). The first part of
the system is in the seed laser hutch and it consists of a
separate stretcher built for IR pulses, focusing optics (tele-
scope focusing onto the crystal inside the EOSD chamber,
6.5 m focus), delay stages (a main delay stage controlling
the delay of both pulses relative to the electron bunch, and
a UV delay stage shifting the UV pulse relative to the IR
pulse) and a UV-IR overlap monitor based on difference
frequency generation (DFG). The second part is the EOSD

(∼200 ps)

S
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chamber which is the only part of the EOSD system placed
in vacuum. The chamber holds the crystal, a mirror and the
photodiode (for rough timing) on a translation stage (used
to position the crystal transversally arbitrarily close to the
passing electron bunch). The third part is the EOSD detec-
tor consisting of the polarization optics and a spectrometer
which is placed outside of the vacuum system right next to
the chamber. Transverse overlap is controlled by two mo-
torized mirrors before the seed laser pulse enters the vac-
uum system and it is monitored using two YAG screens po-
sitioned before and after the modulator undulator. IR (for
EO) and UV (for seeding) pulse are pointing in slightly
different directions so that the IR pulse passes through the
crystal and hits the mirror behind the crystal (that sends it
out of the EOSD chamber into EOSD detector) while UV
pulse passes next to the crystal and overlaps with the elec-
tron bunch. There is also a slight difference in focusing
since the UV pulse is focused in the middle of the modula-
tor undulator.

CrystalChirped
pulse

Electron

to Modulatorfrom LINAC

Polarizer

HWP

Spectrometer

bunch QWP

Mirror

Bunch length

Arrival time
later earlier

Figure 2: The EOSD chamber and detector. The crystal and
the mirror are placed inside the vacuum system on a trans-
latable stage. IR chirped pulse passes through the crystal
and is reflected out of the chamber to the detector. The de-
tector consists of polarization optics (Quarter-wave plate,
half-wave plate and Glan-laser polarizer) which filters the
polarization of interest and the spectrometer. Based on the
position of the peak in the signal on spectrometer it is pos-
sible to determine the arrival time of the electron bunches
relative to the IR pulse and estimate the length of the elec-
tron bunch from the width.

Figure 2 shows what is described as the EOSD chamber
and EOSD detector. A linearly polarized chirped (3.3 ps
FWHM, 5 nm FWHM bandwidth, 790 nm central wave-
length) pulse from the seed laser passes through a ZnTe
crystal (cut in (110) plane, 5 · 5 mm2, 1 mm thickness,
with [-110] axis pointing up in the figure). The electric
field from the electron bunch induces birefringence in the
crystal and the crystal changes polarization of the part of
the chirped pulse that is currently passing through it. The
pulse hits the mirror after the crystal and leaves the vac-
uum system going into the detector. A quarter-wave plate
(QWP) is used to eliminate any residual birefringence in
the crystal when there are no electrons present. The half-

wave plate (HWP) rotates the polarization of the pulse to
the S-polarization of the grating of spectrometer that fol-
lows.1 The pulse passes through the Glan-laser polarizer
that filters only the polarization that is not supposed to be
present in the pulse (if there are no electrons). The pulse
is then sent to the spectrometer. The spectrometer is built
using Al-holographic grating 1200 mm−1 with Pointgrey
Firefly MV camera.

Image Analysis

The images captured by the spectrometer’s camera are
used to determine the timing of the electrons relative to the
UV pulse (since the IR and UV have a fixed delay). The
images are median filtered and dead pixels (determined as
1% highest value pixels in dark frame) are attributed the
median value of their neighboring pixels. The background
spectrum (present without electrons) is subtracted. All pix-
els in a region of interest are vertically summed and thus
resulting curve is considered as signal. Calibration of the
pixels to time is done using the signal from electrons them-
selves and scanning the delay stage that controls the delay
of the laser pulse relative to the electrons. This effectively
“walks” the peak over pixel values. A polynomial of sec-
ond order is then used to determine timing of each pixel.
A polynomial of second order is used because the chirp of
the laser pulse (current frequency along the duration of the
pulse) is slightly non-linear. This calibration is repeated
several times to remove the contribution from drifts during
the calibration itself.

Feedback

To stabilize the drifts a feedback routine is built that con-
trols the position of the peak of the signal so that it is al-
ways on desired position (the laser pulse is at desired tim-
ing relative to the electrons). This is done by controlling
the main delay stage (Thorlabs 150 mm). The routine uses
a PI controller whose input is the pixel value of the peak
of the signal and parameters are determined using Ziegler-
Nichols method. The PI is not compensating on every shot
but responds slower after every n shots; this is usually 16 or
8 shots, where the repetition rate is 2 Hz. The change of the
delay stage position is suppressed if the required change is
less than what would correspond to 30 fs shift in time.

50 Hz Lock

To reduce jitter caused by the 50 Hz grid frequency, the
triggering of devices should be synchronized to this fre-
quency. The synchronization is done by a microcontroller
sending a trigger pulse every 5 grid cycles to obtain the de-
sired 10 Hz pulse rate. The grid AC is transformed down to

1Actually, HWP is offset by about ∼ 1◦ so that even when no electrons
are passing the spectrometer can notice the background spectrum of the
laser pulse. This is called near-crossed polarizer setup and has certain
advantages.
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Figure 3: Measurements of the long term drifts and jitter (left) and the corresponding power spectra of the arrival time
(right). On the left side each spectrum captured (about 3300 of them, corresponding to 25 minutes) is converted to time
and shown vertically using the false coloring of the signal’s intensity. The central position is calculated and shown in red
overlaid curve. The right side shows power spectra of these red curves. Top - without feedback; middle - with 50 Hz lock;
bottom - with EOSD feedback and 50 Hz lock. The RMS jitter drops respectively from 915 fs to 425 fs to 300 fs.

12 V and connected to a comparator input of the microcon-
troller. When the voltage reaches a set value, an interrupt
is generated. To eliminate spurious response around the
set value, the microcontroller inhibits the comparator for
16 ms after the first detected crossing.

The trig pulse output from the microcontroller is con-
nected to the trig input of the main delay/trigg generator of
the FEL, a Masterclock from Thales Laser, ensuring that
the whole system is synchronized to 50 Hz. A jitter of
a few tens of microseconds, i.e. less than a degree, has
been measured on the 10 Hz trig compared to the grid fre-
quency, mostly due to high frequency components overlaid
the 50 Hz signal (from e.g. RF noise). Heavy low-pass
filtering would reduce this jitter, but the additional gain in
system stability would be minimal.

MEASUREMENT AND RESULTS

Jitter Measurements and Feedback

The first measurements of jitter were done without the
feedback and the 50 Hz lock. Figure 3 on left shows three
images each showing a series of spectra through time. A
spectrum from spectrometer is shown vertically and con-
verted to time using the calibration polynomial. All three
measurements last 25 minutes. Overlaid red line shows the
center of each shot. Figures on the right show a power
spectrum of the overlaid line determined by using the func-
tion msspectrum in MATLAB software. The frequencies
on the right span to 1 Hz because the repetition (sampling)

frequency is 2 Hz. The top two images belong to mea-
surement done without any feedback. The middle two are
with the 50 Hz lock is active. And the lower two are with
50 Hz lock active and a PI controller controlling the posi-
tion of the peak at certain point. Noticeable improvement
in stability is visible. Turning on the 50 Hz lock reduces
the RMS jitter from 915 fs to 425 fs. It also removes the
0.45 Hz peak which was an influence of the power grid
to the system probably on higher frequencies that was un-
dersampled. This still leaves majority of long term drifts
below 0.05 Hz which are lowered 10 dB more by the delay
stage feedback giving final RMS jitter of 300 fs

Drifts and Bunch Length

Measurements of the bunch length are done simply by
determining the width of the EOSD signal. Their main lim-
itation is the large thickness of the ZnTe crystal. Larger
thickness of the crystal influences the effective cutoff fre-
quencies of the system (makes the EOSD “slower” due to
mismatch between the propagation of the THz and optical
pulses through the crystal) but improves the signal strength
(larger thickness means more polarization rotation).

Figure 4 shows the correlation between the measured
pulse width and arrival time for the case without any feed-
backs (overlaid red curve from top left in Fig. 3). Assum-
ing the Gaussian shape of the bunch, simulations show that
our setup overestimates the real bunch length by 6% for
shorter measurements (1 ps) and 3% for longer (implying
the bunch width to be ranging from 0.95 ps to 1.26 ps
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Figure 4: Correlation between the arrival time of electron
bunches and the width of the EOSD signal (approximately
bunch length, see text). This correlation points to the ac-
celerator as the main cause of drifts.

FWHM). Obvious correlation between the arrival time of
electrons and their compression is a sign that the drifts are
coming from the linac and not the laser system. If the laser
system was the main cause of drifts the compression would
not correlate so good with the drifts. During these mea-
surements no automatic control of the compression was
used (this requires further work on accelerator side) and
is mainly due to hardware contraints.

CONCLUSION

We used electro-optical spectral decoding to online mon-
itor the compression and arrival time of the electrons rela-
tive to the seed laser pulse. A lock to grid frequency and
feedback controlling the arrival pulse allowed the reduction
of the RMS jitter from 915 fs to 300 fs. These improved
conditions were sufficient to achieve the coherent harmonic
generation in every shot which effectively increased the
signal to noise on the detection side and allowed measure-
ment of lower harmonics (53 and 44 nm). Drift compensa-
tion was done controlling the seed laser pulses although the
main cause of the drifts comes from instabilities of the ac-
celerator which was determined by observing the correla-
tion between the electron bunch arrival time and the bunch
length.
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