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Abstract

Free-electron laser (FEL) facilities around the world provide scientists from
many disciplines with the benefits of the ultra-short, transversely coherent
and intense photon pulses with wavelength down to the Ångström regime.
Due to the large number of beam time requests facilities start to study options
to provide more beam time. One recently extended FEL facilities is FLASH
in Hamburg, which was equipped with a second undulator beam line. Since
most FELs works as an amplifier for the spontaneous radiation, its stochastic
behaviour is imprinted on the photon pulses which means they show poor
temporal coherence and large shot-to-shot fluctuations in wavelength, energy,
and longitudinal pulse profile.

It has been shown that different seeding schemes can enhance the spec-
tral, temporal and coherence properties of the emitted radiation as well as
reducing the fluctuations in arrival time and output energy. One promising
approach is direct High-Harmonic Generation (HHG) seeding, where an in-
tense laser pulse with the desired wavelength, overcoming the power of the
spontaneous radiation, is overlapped with the electron beam and works as
the input signal for the FEL amplifier.

Another approach is High-Gain Harmonic Generation (HGHG) where the
electrons get energy modulated by means of an NIR laser and an electromag-
netic undulator. Later, this energy modulation in converted into a density
modulation which enhances the harmonic content of the electron bunch at
the desired wavelength, which is then preferred to be emitted.

In this thesis a summary of the scientific development towards modern
FELs as well as their theoretical description is given. The influence of the
beam quality on the FEL performance in a directly HHG seeded machine was
studied as well was the possibility to use different undulator arrangements
for the optimization of longitudinal position of the FEL source point. A
method to convert electron beam distribution between different simulation
codes is given and used for numerical studies on the initial modulation depth
with respect to the seed laser beam quality. The first scientific results of
the experimental demonstration of HHG and HGHG seeding at FLASH are
presented as well as the results of the comissioning of FLASH2, the worlds
first multiplexing FEL facility.



Zusammenfassung

Freie-Elektronen Laser (FEL) versorgen weltweit Wissenschaftler verschie-
denster Fachrichtungen mit den Vorzügen extrem kurzer, transversal kohärenter
und intensiver Photonenpulse mit Wellenlängen hinab bis in den Ångström-
Bereich. Wegen der hohen Zahl an Strahlzeitanfragen untersuchen einige
Forschungszentren Möglichkeiten, mehr Strahlzeit zu generieren. Eine erst
kürzlich erweiterte FEL-Anlage ist FLASH in Hamburg, welche mit einer
zweiten Undulatorstrahlführung ausgestattet wurde. Da die meisten FELs
als Verstärker für die spontane Strahlung arbeiten, ist deren stochastischer
Charakter auf die Photonenpulse aufgeprägt; das bedeutet dass diese gerin-
ge zeitliche Kohärenz und große Schuss-zu-Schuss Fluktuation in der Wel-
lenlänge, Energie und longitudinalem Pulsprofil aufweisen.

Es wurde gezeigt dass verschiedene Seeding-Schemata sowohl die spek-
tralen, temporalen und Kohärenzeigenschaften der abgestrahlten Strahlung
verbessern als auch die Fluktuationen in der Ankunftszeit und Pulsenergie
verringern können. Ein vielversprechender Ansatz ist das direkte ”HHG“-
seeding, bei dem ein intensiver Laserpuls mit der gewünschten Wellenlänge
und einer Leistung, die die der spontanen Strahlung übertrifft, mit dem Elek-
tronenstrahl zum Überlapp gebracht wird und als Eingangssignal für den FEL
Verstärker dient.

Eine weitere Methode ist ”HGHG“, bei dem Elektronen mittels eines
NIR-Laserpulses und eines elektromagnetischen Undulators eine Energiemo-
dulation erfahren. Später wird diese Energiemodulation in eine Dichtemo-
dulation konvertiert, welche den Harmonischengehalt auf der ausgewählten
Wellenlänge erhöht, welche dann bevorzugt emittiert wird.

In dieser Dissertation wird die wissenschaftliche Entwicklung hin zu mo-
dernen FELs und ihre theoretische Beschreibung dargelegt. Der Einfluss der
Strahlqualität auf die Leistung eines direkt HHG-geseedeten FELs wurde
studiert, zusammen mit der Möglichkeit, unterschiedliche Undulatoranord-
nungen zu benutzen um die longitudinale Position des FEL Quellpunktes
zu optimieren. Eine Methode die Elektronenstrahlverteilung zwischen ver-
schiedenen Simulationscodes zu konvertieren wird gezeigt und genutzt um
numerische Studien über den Einfluss der Seedlaser Strahlqualität auf die
initiale Modulationsamplitude durchzuführen. Erste wissenschaftliche Ergeb-
nisse aus der experimentellen Demonstration von HHG und HGHG Seeding
bei FLASH werden ebenso präsentiert wie die Ergebnisse der Inbetriebnahme
von FLASH2, der weltweit ersten FEL-Anlage, die mehrere FELs mit einem
Linearbeschleuniger zeitgleich betreiben kann.
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λrad Radiated wavelength

xi



LIST OF SYMBOLS

Symbol Meaning
λrad,h Wavelength of radiated harmonic
λU Undulator period length
M Longitudinal FEL mode number
M2 Beam quality factor
M2

desired Optimization target for M2

me Electron rest mass
M2

x M2 for x-plane
µ0 Magnetic field constant
ne Number of electrons
Nλ Number of electrons per wavelength
Nperiods Number of undulator periods
Nselected Number of selected electrons
Nslice Number of particles per simulated slice
ω Laser field frequency
ωc Critical synchrotron frequency
O Order
P Power
PB Electron beam power
Pbeam Electron beam power
Pcoh Power of coherent radiation
Ph Power of seeded harmonic h
Pmax, HHG HHG peak power
Ppk FEL peak power
PS Shotnoise power
PSASE FEL power in SASE operation
Psat FEL saturation power
px Transverse momentum in x
φ Ponderomotive phase
P Penalty function
Qbunch Electron bucnh charge
R Curvature radius of particle trajectory
R Curvature radius of wavefront
r Radial distance
< Real part
ρ̃ Electric charge density
ρ0 Mean charge desity inside bunch
ρ̃1 Amplitude of charge density modulation
ρFEL FEL/pierce parameter
rms Root mean square

xii



LIST OF SYMBOLS

Symbol Meaning
s Longitudinal position inside bunch
σE Electron beam energy spread
σγ Electron beam energy spread
σω Spectral bandwidth
σx Transverse electron beam size in x
σz Electron bunch length
T FEL pulse duration
t Time
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H. Höppner (1,8), A. Ignatenko (1), J. Jäger (1), U. Jastrow (1), R. Kam-
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Chapter 1

Introduction

1.1 Synchrotron radiation

In 1947 Frank Elder, Anatole Gurewitsch, Robert Langmuir, and Herb Pol-
lock published a paper describing their observation of radiation in the visual
wavelength regime emitting from the General Electric synchrotron, hence the
name “synchrotron radiation” [1]. Synchrotron radiation is produced when
relativistic charged particles are forced to have bent trajectories by magnetic
fields. This radiation is emitted tangentially to the curvature of the particles’
trajectory. With particle physics demanding higher electron beam energies
and stored beam currents, the development of accelerators led to the inven-
tion of storage rings, which are the technological basis for all circular light
sources today. For a given particle energy, synchrotron radiation power is
inversely proportional to the forth power of particle mass, therefore in all
light sources electrons or positrons are used rather than protons.
Synchrotron radiation has become a very powerful diagnostics tool for many
scientific disciplines like physics, biology, chemistry and medicine. The his-
tory of synchrotron radiation sources can be subdivided into four so-called
generations [2].

The 1st generation light sources used synchrotron radiation emitted in
bending magnets of storage rings operated for particle physics. The radiation
could be extracted and used parasitically. Two examples for this kind of
synchrotron radiation sources were the DORIS (Double Orbit Ring System)
at DESY and CESR (Cornell Electron-positron Storage Ring) at Cornell,
which were later upgraded to 2nd generation light sources [3].

The 2nd generation light sources were necessary due to the changed de-
mands of high-energy physics experiments: Searching the J/Ψ particle de-
manded lower beam currents to have smaller background noise. This limited
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the synchrotron radiation output in a severe way. Therefore the synchrotron
radiation was produced in machines solely built and operated for the pur-
pose of producing synchrotron radiation using the technology known from
the 1st generation light sources. However the geometry of the machines was
changed in a way that longer arcs were installed to be able to deliver more
synchrotron radiation. This had been done at the DORIS storage ring, which
was then renamed DORIS-II. Even whole new research complexes, not only
the accelerator but also photon experimental facilities were built for syn-
chrotron radiation studies. One such example was BESSY, now part of HZB
(Helmholtz Zentrum Berlin). Some of these machines already featured un-
dulators.

The 3rd generation synchrotron light sources are similar to 2nd genera-
tion sources, however they were optimized for smaller emittances and used
many undulator straight sections. Synchrotron radiation emitted from bend-
ing magnets has a broad spectral range and therefore the brilliance is only
in the order of B = 1012 mm−2 ·mrad−2 · s−1 · (0.1 % bandwidth)−1 [4], see
Fig. 1.1. This is of course not sufficient for investigation of atomic structures.
In 1947 Vitaly Ginzburg proposed the concept of the undulator for the first
time [5]. The first undulator built and tested was constructed by Motz et
al. [6]. An undulator is an array of alternating magnets whose field forces the
electrons to move on sinusoidal trajectories as they pass through. It decreases
the radiated bandwidth and the opening angle, which increases the brilliance,
which is also referred to as brightness in the USA. The undulator radiation
has a narrower spectral range than the synchrotron radiation and typically
achieves peak brilliance in the order of B = 1021 mm−2 ·mrad−2 · s−1 · (0.1 % bandwidth)−1.
One example is the PETRA III synchrotron light source at DESY which also
is one of the most brilliant 3rd generation synchrotron light sources [4]. The
4th generation light sources are the free-electron lasers, which are the main
topic of this thesis and discussed in the next section.

1.2 Free-Electron Lasers
In 1971 John Madey came up with the revolutionary idea of the free-electron
lasers (FEL) [7], which can be classified as the 4th generation of light sources,
which was a leap in peak brilliance by many orders of magnitude. One
way to make this possible is building the undulator within an suited optical
cavity allowing the radiation power to build up during the passes of several
electron bunches, which results in fully temporal coherent pulses. Another
way is sending electron bunches with increased peak currents in a single pass
through an undulator with increased length, having a similar effect, but with
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Figure 1.1: Peak brilliance of synchrotron radiation sources as a function of
photon energy.
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only limited longitudinal coherence. (See Section 2.3).
The first option was almost exclusively used during the first two decades

of the operation of free-electron lasers, which were operated in a wavelength
range from THz down to the UV, either in linear accelerators (LINACs) [8–11]
or at storage rings [12–16].

Single pass FELs, based on groundbreaking theoretical work in the 1980s
[17,18] and technological development, especially on the electron guns which
was needed to improve the quality of the electron beam [19,20] have been used
since the 1990s for wavelength regimes from the UV to the X-rays [21–30].
Others are under construction or have been proposed [31–33]. A summary
of existing and proposed FEL facilities can be found in Ref. [34].

Because the degree of coherence is limited for FELs without an optical
cavity where electron only pass the undulator once, so-called seeding schemes
have been proposed, built and studied to increase the coherence. These
sources are often referred to as 5th generation light sources.

In the section 1.3, the advantages and disadvantages for different FEL
schemes are discussed.

1.2.1 The oscillator FEL

In an oscillator FEL the light emitted from the electron bunch inside the
undulator is captured in an optical cavity where it gets amplified during
multiple passage of fresh electron bunches. Oscillator FELs are used if the
electron beam peak current is low, thus many passes through the undulator
are needed to reach saturation and if broad band extraction mirrors are
available and therefore the oscillator has no draw back and is more cost-
efficient in addition to deliver superior radiation properties. Example for
FELs implemented in storage rings are VEPP-3 [12], SuperACO [13], Duke
[14], DELTA [15], and Elettra [16]. Also in most FELs in the infrared regime
(IR-FELs) oscillators are used, for example in FELIX [9], CLIO [10], the
Darmstadt FEL [11], and ELBE [35]. Even though mirrors can be highly
reflective in many wavelength ranges, a controlled, broadband transmission
is hard to achieve. In order to couple out radiation from the optical cavity an
old extraction mechanism, as used in the early days of conventional lasers, the
so-called hole coupling [36], is used. An aperture in the center of one of the
two cavity-building mirrors is used as a broad-band extraction mechanism
for a part of the radiation [9].
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1.2.2 The single-pass FEL
For wavelength in the deep ultra-violet (DUV) and beyond no broadband,
high-reflectivity mirrors for normal incidence are available. Therefore one
either has to limit a machine to one fixed wavelength and use multi-layer
mirrors, or one needs to achieve saturation within one single pass of the
undulator. This requires electron bunches with high peak currents of high
beam quality and at the same time a very long undulator. One advantage
of such FEL over a conventional laser is that the electron bunch itself is
the lasing medium, offering continuously tunable radiation wavelength. A
conventional laser is always using an active material with the correct energy
bands to reach a certain wavelength, which for some wavelengths might not
even be available. Optical Parametric Chirped Pulse Amplifier offer large
tune-ability in wavelengths in the ultra-violet [37], but the soft- and hard
X-ray regime is out of reach, laser diodes only offer wavelength down to
346 nm [38], and fluorine excimer laser down to 157 nm [39].

1.2.3 Properties of SASE radiation
The electron bunch used in an FEL consists of stochastically distributed
electrons. The generated radiation shares this behavior. The radiation pulse
of a SASE FEL features several radiation spikes, where the duration of one
spike is about the coherence time as it will be discussed in section 2.3. The
spectrum also shows a structure consisting of spikes. The width of a spike is
about 1/T with T being the pulse duration. The complete spectral width is
in terms about 1/τcoh with τcoh being the coherence time.

1.3 Seeded FEL
In order to improve the properties of the radiation emitted from an FEL sev-
eral techniques were developed and/or applied in the experimental research.
One way to improve the longitudinal coherence of a SASE FEL is to cre-
ate electron bunches short enough to confine all electrons that contribute to
lasing within one cooperation length. This will lead to one singular longi-
tudinal mode in the temporal distribution of the FEL radiation. However,
since there are practical limits for the charge density of the electron bunches,
the radiation power, thus pulse energy, is limited. This method does only
offer longitudinal coherence. It does not benefit from the advantages that are
introduced when using seeding techniques described below. Disadvantages
of single-spike operation are the 100% shot-to-shot fluctuation of the photon
pulse energy due to the stochastic behavior of the SASE radiation and the
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spectral fluctuations. When a high-gain FEL [40] operates in the SASE mode
the lasing starts from noise and therefore the radiation consists of a number
of uncorrelated modes which might lead to a poor longitudinal coherence. In
addition the FEL output energy is fluctuating with an rms value in the order
of about 20 % [41] while the synchronization between the FEL pulse arrival
time and an external laser without special synchronization techniques is typ-
ically in the order of about 100 fs rms [42], while 100 fs FWHM at FLASH
are world record, which defines a lower limit to the temporal resolution of
pump-probe experiments for standard operation in FLASH. However using
more advanced techniques, the synchronization can be done much better [43].
Furthermore for reaching the saturation at a SASE FEL one typically needs
an undulator section of at least about 20 power gain lengths [18,40].

1.3.1 Self-seeding

For self-seeding the undulator is divided into two sections. The first section
produces radiation due to the SASE process. The undulator is short enough
to prevent saturation from being reached. The generated radiation pulse is
then sent through a monochromator which transmits only a narrow frequency
band, confining the radiation in a small spectral bandwidth. At the same
time, the electron beam is sent through a chicane serving two purposes: First,
to destroy the density modulation accumulated so far by the FEL and second,
to synchronize the electron bunch with the monochromatized photon pulse.

In the second undulator the photon beam is overlapped with the electrons
and amplified by FEL gain. This scheme was originally proposed for the
soft X-Ray rage by Feldhaus et al. [44] and a technical design report on
the possible implementation a FLASH was finished in 2003 [45]. Further
studies performed can be found in [46]. For the hard X-ray regime, a concept
was proposed by Saldin et al. [47] and has been implemented at the LCLS
at SLAC [48]. Although the self-seeding process is internally synchronized,
it is not stabilized to an external device, such as a pump-probe laser for
example. In addition the intensity fluctuations of the FEL radiation increase
as consequence of the fact that by selecting a single spike - or even less - of
the SASE spectrum the amplification process in the second undulator starts
with a huge power fluctuation of the initial radiation. The advantage of this
technique is that it produces a single-mode FEL radiation pulse and therefore
an significantly increased peak brilliance.
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1.3.2 Direct seeding
While the seed for self-seeding is produced by the same electron bunch as the
one that is to be seeded, direct seeding uses an externally generated photon
pulse which is then to be overlapped six-dimensionally with the electron
bunch. Because the radiation process starts from the seed instead of from
noise, this leads directly to some improvements: The spectrum is stabilized
at the seeding wavelength, the longitudinal coherence is improved, and due to
the intrinsic temporal correlation between the arrival of FEL photons and the
HHG drive laser, this technique offers the possibility to drive pump-probe
experiments with femtosecond synchronization. In addition, the achieved
saturation length can be reduced significantly.

At DELTA at the TU Dortmund, the harmonics of an 800 nm Ti:Sa laser
generated in nonlinear crystals (second harmonic generation ”SHG” and third
harmonic generation ”THG”) are used to seed a low current electron beam.
This brings the radiation wavelength down to the UV (266 nm). In order to
reach shorter wavelength one needs a different radiation source.

Depending on the source of the external seed there is a variety of names
form hyponyms to direct seeding. One of them, the high-harmonic genera-
tion (HHG) uses a gas target to generate and provide the external seed. This
is one of the seeding methods discussed in this thesis. The HHG process is
briefly discussed in Section 2.4. Sources of radiation exploiting the HHG
principle are available down to the nanometer range [49, 50]. However, with
decreasing wavelength the HHG radiation pulse intensity goes down. A so-
called quasi phase matching (QPM) source has been developed. [51–53] which
increases the HHG pulse energy at short wavelengths by more than an order
of magnitude. It has been shown that seeds produced in HHG sources can be
amplified. The SCSS demonstrated the usage of HHG seeds in the UV [54],
while the SPARC has shown similar results at longer wavelengths. FLASH
at DESY was the first facility to demonstrate HHG seeding at a wavelength
below 40 nm [55]. However seed pulses with sufficient power are only avail-
able at low repetition rates, mainly due to the unavailability of suited laser
systems in terms of power output and possibility to be synchronized to exter-
nal sources. Therefore further development on sources and laser systems is
needed to make practical use for an FEL using superconducting technology
like FLASH exploiting long bunch trains.

1.3.3 High-Gain Harmonic Generation
Instead of directly amplifying an external seed in an FEL as described in
the previous section one can also induce microbunching to the electron beam
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at a longer wavelength which will then radiate also at higher harmonics of
the bunching period according to its harmonic content. The microbunching
is initiated by a laser that is overlapped with the electron beam inside a
short undulator, the so called modulator. The laser field imprints an energy
modulation on the electron bunch which is then converted to an electron
density modulation by the means of a dispersive section. The generated
harmonic content will then radiate. The first theoretical work on this field
was done by Li-Hua Yu et al. [56,57], a demonstration in the UV was shown
by the same group at Brookhaven National Lab (BNL) in [58].

Facilities operating this principle are FERMI at Elettra and the SDUV
at SINAP. Because HGHG is very sensitive to energy spread of the electron
beam, the harmonic that can actually be reached using this method is limited
to below the 15th harmonic in practice. In order to circumvent this limitation
a cascaded scheme has been proposed, in which only a small longitudinal
fraction of the electron bunch is modulated by the seed laser. Then, in
the following undulator, the introduced bunching will radiate. at some high
harmonics. By the means of a chicane, the electrons are retarded in time
with respect to the photons so that the photons will be overlapped with an
unmodulated part of the electron bunch. In the next undulator, this part
gets modulated on a harmonic of the wavelength of the previous radiation
stage.

This has also been demonstrated experimentally at FERMI [59].

1.3.4 Echo-enabled Harmonic Generation

The idea of the echo-enabled harmonic generation was first proposed by
G. Stupakov and D. Xiang in 2009 [60]. It uses a double modulator setup,
each modulator followed by a dispersive section, and a radiator. In the first
modulator an energy modulation is introduced by a laser, which is later con-
verted to an electron density modulation. In contrast to HGHG the chicane
is set to over-compress the bunch, not to optimize its harmonic content. This
bunch is then send through another modulator where a certain correlation is
imprinted on the electron beam. In the second dispersive section this corre-
lation is used to create an electron density modulation which contains very
high harmonic content that will lase in the radiator. The concept of EEHG
promises to be able to reach very high harmonics, in the order of 100.
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1.4 The Free-Electron Laser in Hamburg (FLASH)
The Free-electron LASer in Hamburg (FLASH) is a high-gain, single pass
FEL that operates in the SASE mode and generates coherent XUV photon
pulses down to fundamental wavelengths of 4.12 nm [25]. All the work pre-
sented in this thesis has been done for and measured at this facility. The
electron bunches are generated using a normal conducting 1.3 GHz RF gun
with a Cesium Telluride (Cs2Te) photo cathode [61] and accelerated by seven
superconducting, 1.3 GHz TESLA type accelerating modules [62, 63]. The
electrons leaving the cathode have a kinetic energy of about 5 MeV and are
then accelerated to about 164 MeV using the first superconducting mod-
ule. The following module operates at the third harmonic (3.9GHz) of the
standard accelerator frequency [64]. This third harmonic module allows to
linearize the electrons’ phase-space distribution which leads to a more lin-
ear bunch compression in the two magnetic chicanes and thus higher peak
currents (in the kA range). After the first bunch compressor the electrons
are accelerated in two more modules up to 450 MeV, compressed the second
time, and finally accelerated by the remaining four modules up to 1.25 GeV.
In order to separate the electrons from dark current and beam halo, the elec-
trons need to pass through transverse and energy collimation. Downstream
the energy collimator, the sFLASH direct HHG seeding experiment has been
installed. A detailed description of the sFLASH experiment will be given in
section 1.6 and in Ref. [55]. Further downstream the FLASH main undulators
are installed. At FLASH six fixed gap planar hybrid undulators are installed.
Each undulator has a length of 4.5 m, a period length of λu = 27.3 mm and
a peak magnetic field B0 = 0.46 T corresponding to a K-value of 1.23 [23,65]
as defined by

K = eBuλu

2πmec
(1.1)

An additional undulator offers the possibility to produce radiation in the
Terahertz-regime. As it is driven by the spent beam of the main FLASH
undulators, it is intrinsically synchronized to the XUV photon pulse and
thus perfectly useable for pump-probe experiments. The FEL radiation is
then separated from the electron beam and characterized. Position, angle
and energy of each individual photon pulse can be measured by means of the
ionization of gas [66–68]. After characterization the photons are transported
and, if needed, attenuated by a gas absorber before they are distributed to
one of the five experimental stations in the experimental hall. In the hall,
further diagnostics are available as well as filters for further attenuation and,
depending on the beam line, several high-resolution spectrometers [69–71].
For pump-probe experiments, a laser synchronized to the FEL can be used.
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Figure 1.2: Layout of the free-electron laser in Hamburg (FLASH).

1.5 The extension of the FLASH facility: FLASH2

Over the past decade the FLASH facility has been steadily improved and
extended its wavelength range. The number of requests for user time has
also been growing in time. The usage of fast-switching XUV mirrors and
stacking experiments behind each other have been exploited or are foreseen
for coming user runs. However, this is insufficient. The extension of beam
time by a second undulator beam line is - besides the option to realize a
seeding scheme at that beam line - an important argument for enlarging the
facility. FLASH2 uses a significant fraction of already existing infrastructure
and facilities, see Fig. 1.2. A detailed description can be found in [26]. Behind
the last accelerating module the electron beam can be switched between
the fixed-gap undulator beam line of FLASH (now referred to as FLASH1)
and the new variable gap undulators of FLASH2 within one FLASH linac
bunch train. The modification of the existing facility is minor. The FLASH2
undulators are housed in a separate tunnel for several reasons: First, the
tunnel of FLASH1 is too small to allow the placement of a second undulator
beam line as well as there is only little more space in the experimental hall
of FLASH1. Second, the construction of a new tunnel offers the possibility
to ensure enough space for future upgrades and extensions. Third, if the
electron beam line is installed in a separate tunnel it does only minimally
interfere with the FLASH1 user operation as it is possible to run FLASH1
without making the FLASH2 tunnel a prohibited area in terms of radiation
safety. The only shutdowns needed is when the tunnels and beam lines are
getting connected. The FLASH2 tunnel comprises a matching beam line,
an electron beam diagnostics section, a section reserved for the subsequent
installation of a seeding scheme, and a long undulator section, sufficient to
reach saturation in SASE mode. Further downstream, space is foreseen for
an afterburner and more diagnostics. Around 20 m of space are assigned
to of photon diagnostics similar to what has been used at FLASH [68] and

21



1.6. THE SFLASH EXPERIMENT

an additional on-line spectrometer [72]. In the experimental hall, space is
foreseen for at least five experimental station, not including the possibility of
experiments in a row, or experiments at larger angles for longer wavelength.

1.6 The sFLASH experiment
The seeding experiment at FLASH was built to study possible seeding schemes

The setup installed during a shutdown 2009 offers the unique possibility
to study a variety of seeding schemes, although the initial focus laid on direct
seeding using an HHG seed source.

The section begins with the final dipole magnet of the energy collimator of
FLASH1, see Fig. 1.2. At this position, the electron beam pipe merges with
the photon beam pipe used for the injection of the seed pulse. Two different
injection beam lines exist: One to transport XUV radiation of 38 nm, the 21st

harmonic of an 800 nm Ti:Sa laser system, in vacuum, and a second beam
line transporting 800 nm directly to the tunnel where nonlinear crystals are
used to convert the radiation to the second and third harmonic (400 nm and
267 nm, respectively). Downstream, two short electromagnetic undulators,
each followed by a chicane, and with deflection planes orientated perpendic-
ular to each other are installed [73, 74]. The following sFLASH undulator
system consists of three two-meter long U32-type [75] undulators and one
four-meter long U33-type, refurbished PETRA-II, undulator separated by
electron beam diagnostic sections. After the undulators an electromagnetic
chicane is situated used to separate the electrons from the photon beam. The
photon beam can be sent to a high resolution spectrometer for the wavelength
range around 38 nm or to a laboratory outside the tunnel to use the undu-
lator radiation. The electrons are further transported downstream where a
transverse deflecting structure (TDS) [76] is installed. It is an important
piece of diagnostics for the seeding experiments as it provides information
about the longitudinal phase-space distribution of electrons. For long seed
pulses and low peak current electron bunches the effect of energy modulation
imprinted on the bunch can be directly observed.

The sFLASH experiment was the first experiment to demonstrate HHG
seeding on wavelength below 40 nm [77], where the sFLASH main undulators
where used as an amplifier.

In order to study HGHG, one of the electromagnetic undulators can be
used as a modulator, while the main undulator serves as the radiator. Even
EEHG studies can be performed.

All seeding schemes can be operated in parallel to FLASH1. The laser
system used for seeding is operated at 10 Hz, which means that out of the
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up to 800 bunches of a bunch train of FLASH1 (or 750 bunches in the sum
of FLASH1 and FLASH2), only one bunch can be seeded. A kicker magnet,
originally installed to kick one bunch out of the bunch train to measure its
length is used to prevent the seeded bunch to reach the main undulator. All
other bunches pass the sFLASH setup unaffected by the laser and should
only experience minor modulations, as the length of the sFLASH undulators
is chosen to be shorter than the SASE saturation length. The seeding exper-
iment has been successfully operated in parallel to in-house research beam
times several times.

The experimental setup can be seen in Fig. 1.3
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Figure 1.3: The sFLASH direct XUV seeding experiment. (Taken from [55].)

1.7 Organisation of the thesis
After the present introduction, a short resume on the FEL theory and the
theory of the seeding schemes discussed in this thesis is given. The following
chapters deals with the effects of seed radiation beam quality on the per-
formance of HHG seeding. Also, a study on the operation of the FLASH2
moveable gap undulators for the optimization of HHG seeding is performed.
A similar study on the performance of HGHG with different beam quality
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factors is done. Later, the experience and performance of the FLASH fa-
cility, operating two FEL beam lines, is explained and discussed. Finally, a
review of the achieved results of seeding experiment at FLASH is given, and
an outlook on future seeding plans is given.
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Chapter 2

Theory

In this chapter we will describe the basic mechanisms for the production of
light from relativistic electron beams from bending magnets to Free-Electron
Lasers (FELs). In addition methods to improve the properties of the radi-
ation emitted from such FEL are discussed. The complete deduction of the
formulae presented in this chapter can not be covered by this thesis, but
important steps as well as references to literature will be presented. This
chapter will roughly follow the notation and reasoning used by Schm”̆ser et
al. [40].

If charged particles are deflected by a bending magnet they emit radiation
according to Maxwell’s equation. The spectrum of this radiation is wide and
continuous. The spectrum can be divided at a certain frequency such that
the integrated power content of frequencies below and above that so-called
”critical frequency”’ are equal.

ωc = 3c
2Rγ

3 (2.1)

where γ = E/ (mec
2) is the Lorentz factor and R the radius of curvature

of the particle trajectory. The major part of the power is radiated into the
tangential forward direction of the particle with an opening angle of γ−1.
In order to increase the total energy extracted from the electron beam into
photons, one can use shorter and alternatingly orientated dipole magnets.
These so-called ”insertion devices” (IDs) allow for a higher photon pulse
energy. IDs are characterized by the undulator parameter

K = eBuλu

2πmec
(2.2)

where e is the elementary charge, me the electron rest mass, c the speed
of light in vacuum, λu the period length of the alternating dipole magnets,
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and Bu the peak magnetic field. One can show that for K ≤ 1 the deflection
angle of the electrons in the insertion device is smaller than the opening angle
of the emitted radiation cone. In this case, the ID is also called ”undulator”.
For K > 1 the ID is called ”wiggler”. An insertion device forces the particles
to sinusoidal trajectories, where the maximum deflection angle is

θmax = K

γ
(2.3)

The natural instantaneous opening angle of the emitted radiation is

θopening = 1
γ

(2.4)

Thus for an undulator (K ≤ 1) the radiation cones of the electron at
different longitudinal positions inside of the undulator overlap each other.
The radiated wavelength for such undulator setup is then given by

λrad = λu

2γ2

(
1 + K2

2 + (Θγ)2
)

(2.5)

with Θ being the observation angle with respect to the undulator axis.

2.1 1D FEL Theory
In the 1D theory any dependency of bunch- or radiation parameters on the
lateral coordinates is neglected. We assume the case of a planar undulator
with linear polarization as it is used in both FLASH beam lines [78, 79].
Assuming the electron bunch has a small periodical density modulation, the
electrical charge density ρ̃ can be expressed as ρ̃ (ψ, z) = ρ0 + ρ̃1 (z) exp (iψ)
where the tilde indicates complex variables, ψ the so called ponderomotive
phase, z the longitudinal position along the macroscopic undulator beam line.
ρ0 is the mean charge density inside the bunch while ρ̃1 is the amplitude of
the charge density modulation. Inside the undulator the electrons travel on
a sinusoidal trajectory which leads to an oscillatory part in the longitudinal
velocity. One can then consider the time-dependence of the longitudinal
position inside the undulator as

z (t) = β̄ct =
1−

1 + K2

2
2γ2

 ct (2.6)

In order to obtain the radiation Field Ex (z) one needs to solve the wave
equation
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[
∂2

∂z2 −
1
c2

∂

∂t2

]
Ex (z, t) = µ0

∂jx

∂t
(2.7)

as we neglect any dependencies on transverse positions. We now need to
find a solution for the complex field amplitude

Ex (z, t) = Ẽx (z) exp (ikl (z − ct)) (2.8)

with Ẽx (0) = E0 and kl the wave number of the initial radiation. As
the change of the amplitude should be small over the distance of one light
wavelength, one can use the slow varying amplitude ansatz, which is justified
by FLASH for a not prebunched beam: At 4.12 nm all six undulators with
a length of 4.5 nm, so 27 m are sufficient to bring the FEL into saturation.
As we will see later, this is equivalent to about 20 power gain lengths. After
each gain length, the radiated power is e-fold-amplified which gives 1.35 m
as an estimate for the gain length. The period length of FLASH is 27.1 mm,
so one gain length is approximately 50 period lengths. The means that on
one undulator period the radiated power changes by only 2 %. Assuming
slow-varying means that changes per undulator period in the amplitude are
small compared to the momentous value∣∣∣Ẽ ′x (z)

∣∣∣λrad �
∣∣∣Ẽx (z)

∣∣∣ (2.9)

where the prime indicates the derivative with respect to z. This is equiv-
alent to exchanging light wavelength and wave number∣∣∣Ẽ ′x (z)

∣∣∣� ∣∣∣Ẽx (z)
∣∣∣ kl (2.10)

Since the first derivative of the field amplitude is assumed small for any
given z, one can safely say that the second derivative is even smaller and
thus negligible.The differential equation of the slowly varying amplitude is
then

Ẽ ′x (z) = −i µ0

2kl

∂jx

∂t
exp (−ikl (z − ct)) (2.11)

The transverse current jx needs to be found.

jx = jz
vx

vz
≈ jz

K

γ
cos (kuz) (2.12)

which can be inserted into the formula of the electric field amplitude 2.11
yielding
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Ẽ ′x = −µ0cK
2γ j̃1 exp (i (klz − ωlt) + ikuz) exp (−i (klz − ωlt)) cos (kuz)

(2.13)
with j1 being the current density modulation which can be obtained from

the charge density modulation. The derivative of the electric field amplitude
can then be expressed as

= −µ0cK
4γ j̃1 (1 + exp (2ikuz)) ≈ −µ0cK

4γ j̃1 (2.14)

in order to cover the longitudinal oscillations of the electron beam dur-
ing their path through the undulators magnetic field one needs to use the
modified undulator parameter K̂.

K̂ = K ·
(
J0

(
K2

4 + 2K2

)
− J1

(
K2

4 + 2K2

))
(2.15)

For the high-gain FEL the field amplitude depends on z. This means also
the relative energy deviation η = γ/γr − 1 has a z-dependence.

η′|l = − eK̂
2mec2γ2

r
<
(
Ẽx exp (iΨ)

)
(2.16)

Combining Energy and Space charge term we can state

Ẽz (z) = i
4γc
ωlK

dẼx

dz (2.17)

Finally, one can end up with a set of 2N+2 coupled differential equations
for a bunch consisting of N particles where n indicates the nth particle.

Ψ′n = 2kuηn (2.18)

η′n = − e
mec2γr

<
((

K̂Ẽz

2γr
− iµ0c2

ωl
j̃1

)
exp (iΨn)

)
(2.19)

j̃1 = j0
2
N

N∑
n=1

(exp (−iΨn)) (2.20)

Ẽ ′x = −µ0cK̂
4γr

j̃1 (2.21)

28



2.1. 1D FEL THEORY

Speaking of an electron bunch with common bunch charges of 100 pC,
about 109 particles need to be considered which renders this a true many-
body problem with the consequence that it cannot be solved analytically.
However, one can benefit from these equations by using them to numerically
investigate the FEL amplifier.

For small density modulations that are periodic one can formulate a nor-
malized particle distribution function:

F (ψ, η, z) = <
(
F̃ (ψ, η, z)

)
= F0 (η) + <

(
F̃1 (η, z) · exp (iψ)

)
(2.22)

This can be used in a generalized continuity equation, the so-called Vlasov-
equation:

dF
dz = ∂F

∂z
+ ∂F

∂ψ

∂ψ

∂z
+ ∂F

∂η

∂η

∂z
= 0 (2.23)

A third-order differential equation can be found describing the exponen-
tial growth of the radiation power along the undulator which is analytically
solvable.

1
Γ3 Ẽ

′′′
x + 2i η

ρFEL

1
Γ2 Ẽ

′′
x +

k2
p

Γ2 −
(

η

ρFEL

)2
 1

ΓẼ
′
x − iẼx = 0 (2.24)

where Γ is the gain parameter defined as

Γ = 3

√√√√µ0K̂2e2kune

4γ3
r me

(2.25)

and kp the space charge parameter

kp =
√

2kxu

µ 0
e2cneγrmeωl (2.26)

ρFEL = Γ
2ku

= 1
4π
√

3
λu

Lg0
(2.27)

where Lg0 is the power gain length, the length after that the FEL output
power is amplified by a factor of e. A solution of the third order differential
equation can be found for η = kp = 0, where all electrons are perfectly
in resonance and space charge is negligible. These assumptions are valid
for high electron beam energies and low electron beam densities. From the
Ansatz α3 = iΓ3. This leads to solutions
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2.1. 1D FEL THEORY

α1 = 1
2
(
i+
√

3
)

Γ (2.28)

α2 = 1
2
(
i−
√

3
)

Γ (2.29)

α3 = −iΓ (2.30)
The solution for the third order differential equation is then a linear com-

bination of the three solutions:

Ẽz (x) =
3∑

j=1
cj exp (αjz) (2.31)

One now needs to find the correct coefficients cj. They are determined
by the initial condition, for example Ẽz (0) = Eini, E

′
z (0) = E ′′z (0) = 0. For

these conditions to be fulfilled all cj need to be the same cj = 1
3Eini∀j if η

and kp vanish which means the αn are the eigenvalues of the equation.

Ẽx (z) = Eini

3

exp
(1

2
(
i+
√

3
)

Γz
)

︸ ︷︷ ︸
exponentially growing term

+ exp
(1

2
(
i−
√

3
)

Γz
)

︸ ︷︷ ︸
exponentially damped term

+ exp (−iΓz)︸ ︷︷ ︸
oscillatory term


(2.32)

The first term is exponentially growing, which dominates the electric field
after some distance. The exponentially damped term will eventually vanish,
while the oscillatory term is small compared to the exponentially growing
term after some gain lengths.

In the so called ”lethargy regime”, about 2 gain lengths after the begin-
ning of the undulator, the FEL power only rises slightly due to the presence
of the two non-exponential terms. Making a Taylor expansion up to the
second real term, one gets

Ẽx (z) ‖z=0 = Eini

(
1 + 1

6iΓ
3z3 − 1

720Γ6z6
)

+O(7) (2.33)

After those 2 gain lengths the growth rate for large z is mainly dominated
by the real and positive part of the α1 solution, which leads to an exponential
growth of the field:

P (z) ∝ 1
9Pini exp (2 · < (α1)) = 1

9Pini exp
(√

3Γz
)

= 1
9Pini exp

(
z

LG

)
(2.34)
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Figure 2.1: Curve showing the power dependence on the longitudinal position.

LG = λu

4πρFEL
√

3
∝ γ 3

√
σ2

r
I0

(2.35)

where ρFEL is the so called Pierce- or FEL-parameter [80] defined as

ρFEL = 3

√√√√√ I

IA

γλ2
rad

16π2σ2
x

K2(
1 + K2

2

)2 K̂
2 (2.36)

with the Alfven current IA = (4πmec)/(µ0e) = 17 kA, and σx the trans-
verse rms beam size. The FEL parameter is approximately the fraction of
beam power converted into photons at saturation.

Psat ≈ ρFELPbeam (2.37)
The numerical value is typically in the order of 10−3. The gain function

of the FEL as an amplifier depends on the position inside the FEL and the
relative energy deviation η.

G (η, z) =
∣∣∣∣∣Ẽx (η, z)

Eini

∣∣∣∣∣
2

− 1 (2.38)

The bandwidth, i.e. the width of the gain curve, gets narrower with the
length of the undulator. It is about 2ρFEL at a longitudinal position of 4 gain
lengths and at about ρFEL after 16 gain lengths.
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2.1. 1D FEL THEORY

Up to now, only the FEL amplification using electron bunches on the
resonant energy of the undulator were covered. But the electron energy
might not comply with the resonance energy. More important, in case of
spontaneous start-up or a frequency spectrum in the initial radiation field,
several frequencies are present. In that case one has to formulate the general
form of solutions

Ẽx (z, η) =
3∑
j=1

[cj (η) exp (αj (η) z)] (2.39)

which depends on η since the eigenvalues are functions of it α (η). The
coefficients cj are again defined by the initial conditions. Once all coeffi-
cients for the individual frequency coefficients are calculated one can find the
resulting field as a superposition of the individual detuned cases:

Ex (z, t) = <
(∑

ν

(
Ẽν

x (z) exp (iων (z/c− t))
))

(2.40)

Apart from amplifying an input seed, the FEL can also start from a
periodically modulated electron distribution. Assuming the beam current is
periodically modulated in its ponderomotive phase leads to

jz = j0 + j̃ (z) exp (iΨ) (2.41)

Here, j denotes the current density in analogy to the charge density ρ.
Previously it was shown that under this assumption the first and second
derivative of the electric field do not vanish. At the begin of the FEL, z = 0,
the derivatives are

E ′0 = −µ0cK̂
4γr

· j̃1 (0) (2.42)

E ′′0 = −µ0cK̂
4γr

· j̃′1 (0) (2.43)

Following Ref. [40], one can find a bunching-equivalent input field to be

Eequiv = µ0cK̂
4γΓ

√
cI0∆ω√
πAb

(2.44)

with Ab the cross-section of both, electron beam and photon pulse. The
third possibility to start the FEL process is an energy-modulated electron
beam.
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2.2. SHOT NOISE

Since during the amplification process energy is taken from the electron
beam and transferred to the photon field the electrons can move to areas in
the phase space where photons get absorbed by the electrons. One important
result of the 1D-Theory is that the saturation power does not depend on the
initial seed power, see Fig. 2.2.
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Figure 2.2: Simulation of the FEL output power for different seed pulse pow-
ers. The simulation is based on FLASH2 parameters and multi-segmented
undulators.

2.2 Shot noise
So far the FEL was treated as an amplifier only. However, many FELs built
are not genuinely designed to be seeded. They start up from the internal
and stochastic electron density distribution inside the bunch, the so-called
”shotnoise” which is approximated by

P0 = 3
√

4πρ2
FEL

Nλ

√
ln
(
Nλ
ρFEL

)Pb (2.45)

with the number of electrons per wavelength

Nλ = Iλrad

ec (2.46)
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2.3. TRANSVERSE AND LONGITUDINAL COHERENCE

Due to the stochastic behavior of the electrons inside the bunch, the
dominant wavelength and intensity of the shotnoise varies from shot to shot.

2.3 Transverse and Longitudinal Coherence
One of the biggest advantages of Free-Electron Lasers compared to Synchrotron-
based light sources is the degree of temporal coherence. See Table 2.1

Table 2.1: Coherence properties of synchrotrons and Free-Electron Lasers.
Data taken from [81–84].

PETRA III FLASH
Property Horizontal / Vertical Horizontal / Vertical

Coh. length at source 0.9 µm / 7.7 µm 6.2± 0.2 µm / 8.7± 1.0 µm
Coh. length at observation position 58 µm / 390 µm 300± 15 µm / 250± 13 µm

Degree of coherence 0.01 / 0.52 0.74± 0.08 / 0.59± 0.10

The spectral bandwidth in the FEL is a function of the longitudinal po-
sition inside the undulator

σω = 3
√

2ρFELωl

√
Lg0

z
(2.47)

and therefore also the coherence time which is given by

τcoh =
∫ (

exp
(
−σω (z)2 t2

2

))2

dt ≈
√
π

σω (z) (2.48)

For a bunch with a flat-top energy distribution duration that is shorter
than the coherence time only a single spike in the wavelength spectrum is
generated. For longer bunches the average number of spikes in the spectrum
(sometimes called ”longitudinal modes”) is

M = Tbunch

τcoh
(2.49)

The number of spikes in the spectrum M is not to be confused with beam
quality factor M2 of the following chapters. The width of such a spike is equal
to the Fourier transform limit of the bunch duration

∆ωspike =
2
√

2 ln (2)
Tbunch

(2.50)
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2.4. PRODUCTION OF A SEED PULSE IN A HIGH
HARMONICS-GENERATION TARGET

In addition to the temporal coherence, FELs offer radiation with a high
degree of transverse coherence which has been shown in double-slit experi-
ments. One can show that on the undulator-electron beam axis the funda-
mental TEM00 content has the highest intensity, while higher order TEMmn

modes have larger radial extents and thus reduced power densities, and some
even vanish on the undulator-electron beam axis (those where at least one
of m or n is an odd integer). Once saturation is reached the TEM00 will
dominate the FEL modal composition, however some higher order modes are
still present (see chapter 3) resulting in an M2 bigger than one [85].

2.4 Production of a seed pulse in a high harmonics-
generation target

In order to produce higher harmonics, one has to overlap an intense laser
pulse with a noble gas target. In experiments [50, 86], a number of high
harmonics is generated, and the spectrum of the harmonics shows a plateau
of several harmonics having the same energy. This could not be explained
until in 1993, when Corkum et al. came up with a semi-classical description
of the HHG process [87,88]. This so-called three-step model works as follows:
First, the strong laser field bends the atomic potential (Fig. 2.3(a)) of the
noble gas atoms, which also means that the laser field intensity needs to be in
the order of the coulomb potential of the noble gas. The electron has now a
higher probability to tunnel through the Coulomb barrier (Fig. 2.3(b)). After
leaving the central potential pot, the electron is accelerated in the electric
field of the laser.

The second step takes place one half-cycle of the laser field later. The
noble gas atom’s potential is bent now in a way that the electron has gained
energy and is accelerated towards the atom (Fig. 2.3(c)).

In the third step, the electron recombines with the atom and emits a high-
energy photon, whose energy is defined by the kinetic energy of the electrons.
(Fig. 2.3(d)) The maximum energy one can achieve with the electrons defines
the cut-off of the energy spectrum with Ecutoff = Ip + Emax

c , and Emax
c ≈

3.17Up, where Up is the ponderomotive energy

Up = e2E2

4meω2 (2.51)

with electron rest mass me, elementary charge e and the frequency ω and
energy E of the electric field of the laser. Depending on the time of the ion-
ization of the atom, two different electron trajectories can lead to the same
photon energy. Those trajectories differ in path lengths (and recombination
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2.4. PRODUCTION OF A SEED PULSE IN A HIGH
HARMONICS-GENERATION TARGET

(a) Electron inside the nucleus’ coulomb po-
tential.

(b) The coulomb potential is bent under the
influence of an external laser field. Electrons
can now tunnel through the potential barrier.

(c) One half-period later the laser has bent
the coulomb potential to the other direction,
giving higher energy to the electrons.

(d) The electron accelerates by4 means of the
coulomb potential towards its ground state,
doing photo emission, and finally recombina-
tion.

Figure 2.3: The semi-classical three step HHG model.36



2.4. PRODUCTION OF A SEED PULSE IN A HIGH
HARMONICS-GENERATION TARGET

times) and are therefore called ”long” and ”short” trajectory. In order to cal-
culate the HHG radiation properties correctly one needs to follow a complete
quantum mechanical approach. This allows to predict phase information of
the harmonic radiation for both trajectories which depends on the drive laser
phase and the phase of the recombining electron.

In order to understand the plateau one needs to understand the macro-
scopic emission process. In order to emit the h-th harmonic, constructive in-
terference between the drive laser field and the radiation emitted in the single
atom HHG process needs to take place. The phase difference is defined by
the dispersion of the medium and the electrons, the focusing geometry and
the single-atom phases. The laser intensity and divergence and waist size of
the laser as well as the geometry of the gas target together with the pressures
and the gas type can be exploited to control the phase matching. For direct
seeding, one would optimize an HHG source in terms of the highest possible
photon number on the desired harmonic and a bandwidth as small as possible
because many users request small-bandwidth, Fourier-limited photon pulses.
In addition, the divergence has to be kept small enough to overlap the har-
monic radiation with the FEL electrons in the undulator for a sufficiently
long distance.

The divergence of the emitted radiation is given by

θT = λrad,h

πwh

√√√√1 +
(
α2

TI
2
ini

(
wh

wini

)2
)2

(2.52)

with the wavelength λrad,h, beam waist size wh of the h-th harmonic, the
intensity Iini, and waist size wini of the drive laser. αT is the phase-related
coefficient of the corresponding trajectory. From the beam divergence one
can estimate the beam quality factor M2 :

M2 = wh
θT

λrad,h
(2.53)

For the direct seeding of an FEL, an HHG source with a high photon flux
and optimal spatial and temporal coherence is needed. In contrast to other
nonlinear processes like second harmonic generation (SHG) or third harmonic
generation (THG), the phase information of the drive laser is not simply
imprinted onto the harmonics produced. To ensure fully coherent beams,
one needs to control the contributions of the short and long trajectories. A
possible concept is to segregate the harmonic production process and the
phase matching process. This is realized by alternatingly adding passive
areas and harmonic generation areas driven by one single laser. The length
of the zones is typically one coherence length, which is one HHG half period.
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2.5. HIGH-GAIN HARMONIC GENERATION

Since under phase-matching conditions the intensity of the coherent radiation
increases quadratically as with the number of harmonic generation zones, the
pulse energy is increased. A design for such so-called quasi-phase matched
target is shown in Fig. 2.4.

Figure 2.4: Design of a Quasi-Phase Matching HHG source, as described
in [53]. The target consists of several thin foils, kept tight together by the big
screws. Each foil has a channel that allows gas to flow into the target area
and is connected to a valve that can control the pressure of the gas.

2.5 High-gain harmonic generation
While direct seeding amplifies the provided photon pulse, high-gain harmonic
generation (HGHG) [56,57,89] uses the laser to produce initial bunching. The
HGHG process consists of four parts:

Energy modulation
The modulator, a short undulator, is usually shorter than two gain lengths so
that the spontaneous radiation will not be amplified exponentially. Within
this undulator the electron bunch (Fig. 2.6) are overlapped with a laser field
which introduces an energy modulation of
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2.5. HIGH-GAIN HARMONIC GENERATION

∆γ = ks1Ks1K̂w1Kw1zw1
1
γ

(2.54)

with ks1 being the wave number of the seed, Ks1 = eAs1/mc the di-
mensionless rms vector potential of the seed , Kw1 the K-parameter of the
modulator, zw1 the length of the modulator, K̂w1 as defined in Eq. 2.15 and
γ the electron beam energy [57] (Fig. 2.7). The current is not yet modulated
(Fig. 2.8). This formula approximates the photon field to be constant along
the undulator.

Dispersion
The introduced energy modulation is then converted to microbunching (sheared
in phase-space, see Fig. 2.9) by means of betatron phase advance due to dis-
persion. The current density has been modulated (See Fig. 2.10). In the
radiator, the phase advance due to the maximum energy modulation is

∆Ψ = ∂Ψ
∂γ

∆γ (2.55)

where ∂Ψ
∂γ

is the dispersion strength. Three terms are contributing:

∂Ψ
∂γ

= h
kw1

γ
zw1︸ ︷︷ ︸

Modulator

+
(
∂Ψ
∂γ

)
dispersion︸ ︷︷ ︸

Dispersive section

+ 2kw2

γ
zw2︸ ︷︷ ︸

Radiator

(2.56)

The first term, the dispersion of the modulator, and the third term, the
dispersion of the radiator differ by a factor of n/2. The factor of n is due
to the fact that the phase in the modulator is the n-fold of the phase in the
radiator. The factor 1/2 comes from the energy modulation that increases
linearly with the modulator length. Integrating over zw1 contributes a factor
of 1/2. such that

Microbunching
After passing the modulator, dispersive section, and radiator, the energy
modulation is transformed to an electron density modulation, i.e. bunching
factor bn:

bn = exp
−1

2

(
∂Ψ
∂γ

σγ

)2
 Jn

(
∂Ψ
∂γ

∆γ
)

(2.57)
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2.5. HIGH-GAIN HARMONIC GENERATION

A bunching-equivalent field can be calculated (Eq. 2.44), thus the bunch-
ing factor has to be optimized. In Eq. 2.57 once can see two terms: One
exponential term that is at its maximum for an energy spread of 0, and a
Bessel function-term. The Bessel function term depends on energy modu-
lation ∆γ and the total dispersion. The product of modulation depth and
total dispersion is usually chosen such that the first maximum (which is also
the global maximum) of the Bessel function is achieved. In Fig. 2.5, one can
see the bunching factor as a function of the energy of the seed pulse in units
of the optimum seed energy.
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Figure 2.5: Bunching factors for different seed energies, normalized to the
optimum seed energy (maximum in the Bessel function). The different curves
show the behaviour for several harmonics h.

Following L.H. Yu and J. Wu [57] one can calculate the power of the
coherent radiation in the first two gain lengths:

Pcoh = (I0)2 Z0

8

(
KK̂B2

γ

)2 1
4πσ2

x
|Ib|2 (2.58)

with electron beam current I0, vacuum impedance Z0 = 377 Ω, undulator
parameter K =

√
2Kw2, Bessel factor K̂B2 as defined in Eq. 2.15, σx the

electron beam size and Ib =
2LG∫
0
bn (z, r)dt the bunching integral over the

first two gain lengths.
As one can see in the term for the bunching, it decreases exponentially

with the energy spread σγ. The coherent radiated power will decrease with
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2.5. HIGH-GAIN HARMONIC GENERATION

Figure 2.6: Longitudinal phase space distribution before entering the modu-
lator.

Figure 2.7: Longitudinal phase space distribution after energy modulation by
the means of a laser in the undulator.
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Figure 2.8: The charge is still uniformly distributed along the longitudinal
bunch coordinate.

Figure 2.9: Longitudinal phase space distribution after the dispersive section.
The energy modulation was transformed to an electron density modulation.
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Figure 2.10: The electron density modulation is clearly visible and will radiate
on a higher harmonic.

the second power of the bunching factor.
The signal-to-noise ratio of the HGHG process is given in [90] to be(

PS

Ph

)
out

= 1
h2

(
PS

Ph

)
in

(2.59)

with PS the power of the FEL amplifier from shot noise, Ph the power
of the FEL amplifier starting from seeding. The contrast is inversely pro-
portional to the harmonic h of the fundamental laser wavelength, while the
maximum bunching factor is proportional to the global maximum of Jh (x),
when no energy spread is present. Using the analytical approximation for
h > 4 : max (Jh (x)) ≈ 0.67/ 3

√
h from Stupakov et al. [60], the achievable

contrast scales like (
PS

Ph

)
out
∝ 0.67

3
√
h8

(2.60)

In Fig. 2.11 the first maxima have been calculated numerically.
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2.5. HIGH-GAIN HARMONIC GENERATION

Figure 2.11: Dependence of the normalized contrast (PS/Ph)/max(PS/Ph) on
the harmonic number h under the absence of energy spread.
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Chapter 3

Dependence of HHG seeding
on the laser beam quality

A disadvantage of SASE FELs is that the FEL pulses show large inten-
sity fluctuations and shot-to-shot variation in spectral content. This can be
avoided by seeding the FEL with an external laser. It is clear that in the
direct seeding process the quality of the external photon pulse (”Seed”) plays
an important role since the coupling and energy transfer between the electro-
magnetic field of the seed pulse and the electrons depend on the wavefront
of the photon pulse [91]. The wavefront itself can in principle be measured,
e.g. using a Shack-Hartmann wavefront sensor [92]. In practice, in an FEL a
direct measurement of the wavefront at the beginning of the undulator is very
difficult due to space limitations e.g. at sFLASH [75]. Therefore another fig-
ure of merit which describes the quality of the seed beam, the M2 -value [93],
can be used. In this chapter the impact of M2 on the performance of an FEL,
directly seeded using higher harmonics generated in gas, is presented. The
simulation results are compared with experimental data from the seeding ex-
periment sFLASH [77]. The M2 of the sFLASH seed [94] has been estimated
using a technique based on the modal decomposition proposed in [95]. A
study on the quality of the photon pulse generated by a SASE FEL using
modal decomposition can be found in [96]. There are several other methods
to measure the M2 -value, e.g. the focus scan technique [97] or modal de-
composition using computer generated holograms [98]. In contrast to these,
the M2 measurement technique used here [96] needs a single transverse in-
tensity profile, e.g. a CCD-camera image. Thus, this technique becomes a
viable alternative in the cases when due to space limitations other methods
cannot be used and knowledge on the modal content of the laser radiation is
required.
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3.1. GAUSSIAN BEAMS

3.1 Gaussian beams
Gaussian beams are photon beams with an axially symmetric field distribu-
tion following the formula:

E (r) = E0 exp
(
− r2

w2
00

)
(3.1)

where r is the radial coordinate and w00 that radial distance from the center
where the intensity drops down to e−2 of the central intensity, usually called
”Gaussian radius”. Here, w00 denotes the radius of a pure TEM00 beam,
while w0 is the radius of a multimode beam, which is discussed later. At a
distance of 2w0, the intensity is only about (exp (−(2w00)2/w2

00))2 = 3 · 10−4

of the central field amplitude, and thus almost always negligible. Since the
Fourier-transform of a Gaussian distribution is still a Gaussian distribution
no integration is needed to propagate a Gaussian beam.

The beam radius of a Gaussian beam with its waist at z = 0 is given by

w2 (z) = w2
00

1 +
(
λz

πw2
00

)2
 = w2

00

(
1 +

(
z

zR

)2
)

(3.2)

and the radius of curvature of the wave front.

R (z) = z

1 +
(
πw2

00
λz

)2
 = z

(
1 +

(
zR

z

)2
)

(3.3)

, see Fig. 3.1
One can show that the minimum curvature radius as a function of z is

achieved for zR = πw2
00/λ, which is called the ”Rayleigh-length”.

For distances much longer than the Rayleigh-length z � zR the beam size
increases almost linearly with z and the beam evolution no longer appears
as hour-glass shaped, but cone-like, see Fig. 3.2. From this one can estimate
the far field beam divergence as

θ ≈ λ

πw00
(3.4)

During propagation, a longitudinal phase delay occurs, also called ”Gouy-
phase”which is given by

ζ (z) = arctan
(
z

zR

)
(3.5)
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Figure 3.1: Curvature radius dependence on the longitudinal position.
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Figure 3.2: Gaussian beam propagation. The red solid line is the beam size,
the blue dashed line shows the asymptotic behavior. The black line indicates
the axis. With the help of the green lines one can see: After traveling a
distance of one Rayleigh-Length, the beam radius grows by a factor of

√
2,

thus doubles the beam area.
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3.2. NUMERICAL SIMULATION SETUP

One number to quantify how Gaussian a beam is, is called M2. It de-
scribes the ratio of the beam parameter product of a real beam and a Gaus-
sian beam. The beam parameter product is the product of the rms beam
divergence and minimum rms beam size:

M2 = BPPreal

BPPgauss
= θ0w0

θ00w00
= θ0w0π

λ
(3.6)

The M2 changes Eq. 3.4 to

θ0 = M2 λ

πw0
(3.7)

and

w2 (z) = w2
0 +

(
M2λz

πw0

)2

(3.8)

3.2 Numerical simulation setup
The studies presented in this chapter have been done using the time-dependent
3D FEL code ”GENESIS 1.3, v2” [99]. This means that an appropriate model
for the FEL start-up from shot noise has been used. The electron beam line
considered in the simulations is similar to the FLASH2 beam line of the
FEL facility FLASH at DESY, Hamburg, Germany [24,26]. All the relevant
beam line parameters for the simulation are listed in Table 3.1.

The goal of the simulations is to study the FEL output power and contrast
at the end of the beam line as a function of the M2 -value of the seed pulse.
it has been assumed that the seed waist is located at the entrance of the first
undulator module. In all cases the waist size w0 is kept constant and equal
to 55µm. As shown in Figure 3.3 this value corresponds to the optimum
beam size for a seed pulse consisting of the fundamental TEM00 mode only.
The seeds with different M2 -values have been prepared as field distribution
files for GENESIS all with the same total seed power of 2.5 kW and the same
longitudinal power profile. The 2.5 kW for the given temporal profile lead
to a pulse energy of 70 pJ, which is estimated to be the laser power that
has coupled in successful HHG experiments. This means that the fraction
of the power in the fundamental mode is decreasing as M2 increases. These
field distributions have been generated by superposition of different Hermite-
Gaussian modes. The amplitude and phase of each individual mode has been
adjusted using a direct-search numerical algorithm [100] so that the following
boundary conditions have been fulfilled:
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3.2. NUMERICAL SIMULATION SETUP

Table 3.1: Simulation parameters and ranges used in the numerical simula-
tion. For the simulated wavelength, only three undulators were considered so
that none of the simulated cases reaches saturation.

Undulators
Lattice FODO

Number of undulators 3
Undulator period λu 31.4 mm

Periods per undulator Nperiods 76
Undulator intersection Ldrift 91.36 cm

Max. K parameter (rms) Krms 2.0
HHG pulse

Temporal shape Gaussian
Wavelength λHHG 37.6 nm
Pulse energy EHHG 70 pJ
Peak power Pmax,HHG 2.5 kW
Waist size w0 55µm

Duration (rms) τHHG 12 fs
Electron beam

Peak current Imax 2.5 kA
Beam size σx 49µm

σy 100µm
Bunch Length (rms) σz 30µm

Energy E 700 MeV
Slice energy spread σE 500 keV

Normalized emittance εx,n 1.4 mm ·mrad
εy,n 1.4 mm ·mrad
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3.3. GENERATION OF FIELD DISTRIBUTIONS WITH GIVEN BEAM
QUALITY FACTORS AND WAIST SIZES

Figure 3.3: Normalized output power of the seeded FEL behind the third
undulator vs. the waist size of the seed pulse.

• The waist size has to be 55µm, as discussed above.

• M2 is equal to the desired M2 -value for both planes.

• In order to keep the axial symmetry of the multimode seed field, only
TEMmn modes with even n,m are taken into account.

Obviously, there are many sets of Hermite-Gaussian modes that fulfill the
aforementioned boundary conditions. Out of them, the one consisting of the
smallest possible number of higher order modes was picked. Technically, this
is implemented in the numerical algorithm, which starts with the fundamen-
tal mode and higher order modes are being added in steps of one to the field
only if a solution with the desired M2 could not be found.

3.3 Generation of field distributions with given
beam quality factors and waist sizes

In order to generate seed pulse files E (x) containing field distributions used
in seeding simulations a generation routine has been developed. A seed pulse
field consists of a superposition of Hermite-Gaussian generating functions

Gn (x) =
( 2
π

) 1
4 1√

2nn!w (z)
Hn

(√
2x

w (z)

)
exp

(
− x2

w2 (z)

)
(3.9)
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with the Hermite polynomials

Hn (x) = (−1)n exp
(
x2
) dn

dxn exp
(
−x2

)
.. (3.10)

E (x) =
∑
j

(cjGj (x)) (3.11)

with cj being complex amplitudes describing the phase and amplitude of the
Gaussian mode. Of course, a given M2 value can be achieved by an infinite
number of modal compositions. For real cj one can state that [96]

M2
x =

∞∑
n=0

((2n+ 1) cn)
∞∑

n=0
cn

(3.12)

In order to maintain the axial symmetry of the field one needs to exclude
all odd n. Produced seed pulses should maintain as few modes as possible,
thus the algorithm starts with the TEM00 only. Of course the only possible
parameter that can be optimized here is the radius of the fundamental mode
as its phase is defined as 0 (all other phases refer to the TEM00 phase) and
it’s amplitude c0is defined as 1. The radius of the fundamental mode is also
a fit parameter.

If the number of modes is not sufficient to model the desired M2, the
next higher order modes are considered. The best setting is used as an
optimization starting point. In order to maintain symmetry for the two-
dimensional case cnm = cmn can be chosen. The optimization is performed
until another local minimum on the penalty function (Eq. 3.13) is reached.

P =
(
|w0 − w0,desired| ·

105

m +
∣∣∣M2

0 −M2
desired

∣∣∣ · 101
)
· 103 (3.13)

The factor of 103 is needed to provide a sufficiently large penalty function,
making the used computer program more stable. If the value of the penalty
function is still too high (P > 50) after the maximum number of optimization
steps is reached, higher order modes are added as described in this paragraph.

3.4 FEL output power vs. seed pulse beam
quality

The simulation results have been summarized in Figure 3.4 with the power
contrast Ppk−〈PSASE〉

〈PSASE〉
as the figure of merit. Ppk stands for the peak output
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power for the seeded FEL, 〈PSASE〉 for the SASE power time averaged over
the FEL photon pulse. Apparently the contrast has a maximum at M2

Figure 3.4: Seeded FEL power contrast vs. M2 of the seed pulse. The circles
show the simulation with the same TEM00 mode in terms of intensity and
size which is embedded in the seed pulse with the given M2 . These pulses
have by definition an M2 of 1, however their position on the x-axis refers to
the M2 of the seed pulse they are taken from.

=1 and drops rapidly to 0 at an M2 of about 5, where the power of the
fundamental mode is almost zero. In order to give a proper interpretation of
these results, all the higher order modes in the seed field distributions have
been taken out except for the fundamental TEM00 mode. This seed pulse has
by definition an M2 of 1. It is the embedded TEM00 mode out of the seed file
in terms of size and intensity. Then the simulations have been repeated and
the results are shown in Figure 3.4 as circles. The comparison between the
seeding with the full modal content and the TEM00 only shows that mainly
the fundamental mode is amplified in the FEL process. One can see that the
power contrast comes almost completely from the embedded fundamental
mode, while higher order modes do not contribute to the power contrast. But
their presence shows no evidence of destructing the gain of the fundamental
mode. This conclusion is supported by the simulation results using the same
seed field distribution but without the fundamental mode. The results, also
shown in Figure 3.4 as crosses show that the FEL seeded with such fields
have almost zero output contrast. Furthermore the drop in the FEL power
contrast can be understood in a way that with increasing M2 , given the
waist size is fixed, the TEM00 mode transverse size is decreasing. This means
that the fundamental mode does not couple effectively to the electron beam
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which explains the decreasing contrast. In addition, for larger M2 the seed
pulse energy is distributed among more higher order modes, which means
less power in the fundamental mode. This effect further contributes to the
decrease of the power contrast. Since in the exponential growth regime the
FEL works as a linear amplifier, the plot above should be independent on
position along the undulator as long as the FEL is not saturated. This can
be seen in Fig. 3.5.

Longitudinal position in undulator z [m]
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Figure 3.5: Difference (color coded) of the power gain curves for different
M2 in comparison to the M2 =1 case, normalized to the power after 10 m
for each M2 . One can see that for the M2 ¡3 the gain curve behaviour is the
same as for the M2 =1 case,

One has to note that power contrast is considered, while in practice
one usually measures energy contrast. Therefore in the exponential growth
regime the expected energy contrast can be estimated from Figure 3.4 by
scaling the power contrast with the ratio between the seed pulse length and
the SASE photon pulse length. In addition, the influence of the M2 of the
seed on the M2 of the FEL has been studied, leading to the following result:
For our simulation setup and for any simulated M2 of the seed pulse the
resulting M2 at the end of the FEL is 1.38, independent from the initial M2

as shown in Fig. 3.6. This is also the case when the FEL starts from noise,
e.g. in SASE mode. This is in agreement with the theoretical description
in [85].

As one can see in Fig. 3.8 for the case of M2 =5, that seeding with higher
order modes leads to spectra that still show that the FEL did not start from
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Figure 3.6: Dependence of the M2 of the FEL radiation in saturation on the
M2 of the seed pulse at the end of the linear regime.

noise, as a second spike at around 37.9 nm is clearly suppressed. However they
have the same features as the pure SASE reference spectra. In comparison,
the spectra of the fundamental Gaussian mode (Fig. 3.8) show clearly all
the advantages that were discussed for HHG seeding. The wavelength of the
seeded FEL differs from the SASE case slightly. The central wavelength is
shorter for the seeded case, but also dependent on the M2 of the seed laser,
which is visible in Fig. 3.9

3.5 Modal reconstruction of intensity profiles

As already mentioned, due to limited space in the electron beam line it is
challenging to install a wave front sensor in the vicinity of the undulator.
For that reason the M2 -value is often the only measure for the quality of
the seed pulse. M2 is usually measured using the focus scan technique [97].
An alternative method is to use a mode decomposition of the transverse seed
pulse intensity profile as proposed in [95]. The advantage of this technique
is that one can measure M2 from a single intensity profile, provided that
the observation screen is at the waist of the seed beam. In the single plane
case, the field amplitude can be considered as superposition of Hermite-
Gaussian functions [95] as in Eq. 3.9. This approach can be extended into
two dimensions as it has been derived in [96]. The two-dimensional time-
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Figure 3.7: Longitudinal power distributions for SASE and two different seed
pulses of M2 = 1 and M2 = 4.8. One can see that SASE and M2 = 4.8 have
the same double-spike structure while for the fundamental seeded, only one
spike is present.

37 37.5 38 38.5
0

0.2

0.4

0.6

0.8

1

Wavelength [nm]

I
n
t
e
n
s
i
t
y
 
[
a
r
b
.
u
.
]

 

 
1
4.8
SASE

Figure 3.8: Spectra for SASE and two different seed pulses of M2 = 1 and
M2 = 4.8. One can see that all three have one dominating spike. For the
fundamental seeded FEL, there is only one spike in the spectrum, while for
the M2 = 4.8 and SASE case, two spikes are visible.
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Figure 3.9: Central wavelength in the spectra after three undulators for dif-
ferent M2 (red crosses). The blue line indicates the central wavelength of the
SASE case. The clustering at three different wavelength is an artefact of the
limited spectral resolution of the used simulation code.

averaged intensity distribution in the waist is then given by

I (x, y) =
∞∑

n,n’,m,m’=0
[AnmGn (x)Gm (y)

× A∗n’m’Gn’ (x)Gm’ (y)]
(3.14)

Here one makes use of the fact that the Guoy phase in Eq. (5c) in Ref. [96]
can be generalized as:

θm,n = (m+ n+ 1) arctan
(
z

zR

)
z=0= 0 (3.15)

and is zero at the waist. Assuming that the modes are independent of each
other, the time-averaged intensities can be added. That means that the
elements AnmAn’m’ = cnmδnn’δmm’ where δmn stands for the Kronecker symbol.
For the time-averaged intensity Eq. (3.14) reduces to

Ī (x, y) =
∞∑

n,m=0

(
cnmG

2
n (x)G2

m (y)
)

(3.16)

where cnm are the weights representing the intensity content of the individual
modes. These coefficients can be calculated as shown in [95] using the Fourier
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transform Ĩ (px, py) of the intensity distribution where px, py are the space-
frequency variables.

cnm = C0

∞∫
0

∞∫
0

[
Ĩ (px, py) Ψm

(
π2w2

0p
2
x

)
×Ψn

(
π2w2

0p
2
y

)
pxpydpxdpy

] (3.17)

where Ψn (t) = Ln (t) exp (−t/2) with Ln the n-th order Laguerre polynomial.
The constant C0 is a normalization factor which is used to adjust the total
power of the reconstructed field to the measured one. Although the method
provides unique solutions for the power content coefficients, in practice one
has to set an upper limit for the expected highest mode number. This means
that the summation in Eq. (3.16) does not go to infinity but is limited to up-
per summation bounds nmax,mmax. In the following analysis of experimental
data, nmax = 8 was set since the reconstructed intensity profiles yield more
than 95% of the original intensity contained within a 2σ boundary. The up-
per bounds depend on the considered profile and have to be adjusted for each
particular case. It is worth noting that the precise calculation of M2 requires
high number of modes as noted in [96]. However, the higher order modes
tend to have very small intensities, close to the noise level of the detector,
and therefore it is difficult to obtain a precise estimate for their power inten-
sity coefficients from experimental data. From this point of view the choice
of nmax,mmax is a compromise between the need to correctly measure M2

and the desire to keep the measurement error small. These issues have been
covered in the discussion on the measurement errors in the section below. In
our analysis the waist size w0 of the fundamental mode (w00)is a free param-
eter which can be fitted with the maximum likelihood approach using the
following numerical algorithm: One starts with some initial guess for w0 and
computes the mode content coefficients cnm where n,m = 0...nmax. Based
on these coefficients, the intensity distribution Î using Eq. (3.16) is evalu-
ated. The algorithm then adjusts w00 until the difference

(
Ī − Î

)2
reaches a

minimum.

3.6 Comparison to experimental results
The procedure described above has been used to analyze the 38 nm HHG
seed pulse at the sFLASH direct seeding experiment [77,94]. The transverse
intensity distribution at the waist is shown in Figure 3.10. Apparently the
measured intensity distribution is tilted and asymmetric. There are three
sources for this [101].
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1. The injection beam line which transports the seed pulse from the har-
monics source to the undulators rotates the beam by about 11◦, thus
introducing coupling between x and y.

2. Astigmatism which comes directly from the source leads to asymmetry
and has been experimentally studied in [94].

3. The NIR laser beam used for the production of the harmonics is also
already astigmatic.

This asymmetry leads to odd modes contributing to the intensity distribu-
tion. Since in our analysis two-dimensional Fourier transform of the intensity
distribution has been done, the decomposition algorithm is not restricted to
even modes, to which the algorithm was limited before in the simulations,
and to determine the modal content of this intensity profile the odd modes
have been included.

Figure 3.10: Transverse intensity distribution of the 38 nm HHG seed beam
used at the direct seeding experiment sFLASH. It was measured waist, color
coded is the intensity measured by the camera.

The modes decomposition yields the power content coefficients as shown
in Figure 3.11. With these power coefficients one can calculate M2 of the
field. There are at least two possibilities to do this. The first option is to
use the formula derived in Ref. [96] which directly relates the beam quality
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Figure 3.11: Power content coefficients cnm of the harmonics beam shown
in Fig. 3.10. The TEM00 mode is with around 90% of the overall intensity
the strongest mode. Power content coefficients smaller than 10−3 are colored
white. More than 96% of the pixel value intensity is contained in the 64
reconstructed modes.

factor to the power content coefficients:

M2
x =

∞∑
n,m=0

((2m+ 1) cnm)
∞∑

n,m=0
cnm

and M2
y =

∞∑
n,m=0

((2n+ 1) cnm)
∞∑

n,m=0
cnm

(3.18)

Applying Eq. (3.18) yields M2
x = 2.45 and M2

y = 2.39. This result is in a
very good agreement with the result obtained with the second method which
is to numerically propagate the field over a certain distance and thus obtain
the dependence of the beam size versus longitudinal position w (z) and then
analyze this data in the same way as a focus scan technique by exploiting
the formula M2 = πw0

λz

√
w2 (z)− w2

0. One can estimate the M2 of the HHG
seed beam to be M2

x = 2.2 ± 0.6 and M2
y = 2.0 ± 0.6. The error estimation

for the first contribution has been done using a Monte Carlo simulation con-
sidering uncertainties in the determination of the wavelength and beam size
due to finite camera pixel size, yielding an error of about 20%. This Monte
Carlo simulation works as follows: First, a field consisting of a random set of
modes is generated and the corresponding intensity profile calculated. This
continuous profile is then converted to a grid with a size corresponding to
the size of the camera pixel, typically in the order of few µm. Then noise is
added and finally a modal reconstruction takes place. An uncertainty of 10%
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in the wavelength is the worst estimate. Since in the reconstruction the error
on w0 dominates by a far, the error in wavelength is almost negligible. After
the reconstruction, the M2 -value is calculated. Obviously, due to the intro-
duced noise, finite grid size and wavelength uncertainty the calculated M2

differs from the true one. The above described procedure has been repeated
105 times, which is roughly a factor of 100 for noise and grid size, and an
additional factor of 10 for the wavelength uncertainty. For different assumed
measurement errors, the resulting values are plotted in Fig. 3.12. The graph
in this figure shows the probability for a given measurement result to occur.
Another error to the measurement is introduced if the measurement has not
been done directly at the waist position. This error source has also been
studied by scanning the z-position. It turns out that within one Rayleigh
length this leads to an error of 20% or less, independent of the actual nu-
merical value. This error adds quadratically to the errors due to noise, finite
grid size and wavelength uncertainty which gives a final random error on
the M2 value of approx. 28%. Bunch-to-bunch fluctuations are not an error
source as this method can be applied to single intensity images, although
they would be interesting to study.

Figure 3.12: Probability distribution of the M2 values determined using
Monte Carlo simulation. This only covers uncertainties from the measure-
ment, not bunch-to-bunch fluctuations.

A modal decomposition of the measured seed profile shown in Fig. 3.10
has been performed and an input field distribution for GENESIS containing the
power content coefficients from the modal reconstruction has been prepared.
It has been assumed that the profile was taken at the waist and the phase
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differences between the modes have been assumed to be zero. All modes are
generated in roughly the same time in the same, small volume. One can then
say they all should have the same phase. During the transport, the shortness
of the seed pulse should prevent heating of the mirrors to change photon pulse
properties during the irradiation. As all modes have the same wavelength,
dispersion is not an issue. At the waist, in the undulator, the Gouy phase is
0. If we assume the wavefront of the seed pulse in the gas cell to be plane,
than the phase relation in the focus will be the same as in the source. The
FEL output power for the seeded and unseeded case has been calculated for
the parameters listed in Table 6.1. The power contrast along the internal
bunch coordinate is plotted in Fig. 3.13 behind the last undulator. The
simulated contrast for this case is in a good agreement with the expected
value for an M2 of 2.2 in Figure 3.4 and with the experimentally measured
energy contrast reported in [77]. It should be stressed that in this reference,
an energy contrast is reported with a ratio between the SASE photon pulse
length and the seed pulse length of about 4. The seeded FEL pulse energy
was (1.3± 0.5) µJ while the unseeded SASE pulse had an energy of about
300 nJ. The duration of the seeded FEL pulse is determined by the duration
of the seed pulse of approx. 15 fs rms while about 60 fs rms where estimated
to lase at SASE mode.

Figure 3.13: Simulated power contrast along the internal bunch coordinate s.
This is one typical result for one electron bunch.
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3.7 Conclusion
The influence of M2 onto the achievable power contrast between the directly
seeded FEL radiation and SASE has been studied considering the hardware
setup and the electron beam properties. It has been found that the power
contrast decreases rapidly with M2 reaching 0 at an M2 of about 5. A modal
decomposition using a single transverse intensity profile has been discussed
as a method for M2 measurement. This technique has been applied to the
experimental data obtained at the sFLASH experiment and it has been shown
that the power contrast from a GENESIS simulation using the reconstructed
field is in a good agreement with the experimental observation at sFLASH,
taking into account the measured M2 data and the ratio between seed pulse
and bunch duration.
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Chapter 4

Optimization of the Source
Point of a Direct HHG-seeded
FEL

In the range from 10 to 40 nm a direct high-harmonic generation (HHG)
seeding option was one of the possible seeding schemes foreseen for FLASH2
to improve the FEL radiation quality. For experiments it is important to
have the saturation point of the FEL radiation at a constant longitudinal
position, close to the end of the undulator. On the other hand, one would
like to keep the waist of the HHG seed at a fixed longitudinal position, too,
for all wavelengths. In this paper, we present an optimized and adaptable
configuration of the undulator positions, assuming fixed positions for both,
the HHG seed waist and the FEL radiation saturation point.

4.1 Seeding option at FLASH2
For a wavelength range between 10 nm and 40 nm an HHG seeding option was
one possible seeding scheme to be realized. A novel gas jet target has been
developed for the seed source [102], which is necessary as the needed seed
power increases with decreasing wavelength, while the conversion efficiency
goes down with the harmonic number [103]. Alternatively, for the longer
wavelengths, a target similar to the one of the sFLASH experiment (where
seeding at 38.1 nm has already been demonstrated [77, 104]) can be used.
In order to reduce the overall number of mirrors and therefore the technical
complexity of the HHG seed injection beam line, it is desirable to keep the
seed waist position fixed. According to zemax calculations for the HHG setup
at FLASH2, this point is inside the third undulator. Seeding with HHG is
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done with a gas target. For longer wavelengths, a single gas-cell setup can be
used, similar to the one used at sFLASH. It has been demonstrated to work at
a wavelength below 40 nm, although only at 10 Hz [77]. In order to exploit the
advantage of superconducting accelerators, namely the high bunch-to-bunch
repetition rate, a laser system at DESY has been developed that has the
required stability and power needed to drive an HHG source [105,106]. This
source fulfilled specifications, however it has not been tested at FLASH2.

The photon users have to image the saturation point of the radiation
to the respective sample. This requires high-precision adjustment of XUV
optical elements. In general, for each wavelength in the undulator the lon-
gitudinal position where the FEL goes into saturation (the so-called source
point) is different. Since the users may want to have different wavelengths
in the experiment, they have to re-align the setup after every wavelength
change. The position of the saturation point depends among others on the
FEL gain length and wavelength. The required effective undulator length in-
creases with decreasing wavelength. For SASE one can move the saturation
point by opening (or closing) undulators upstream such that the required
saturation length is achieved inside the last undulator. If the position of the
source point (the onset of FEL saturation) is kept at a fixed position, then
from the users point of view, a focus adjustments will not be needed.

4.2 Numerical Simulations
The goal of the numerical studies is to determine the optimal undulator
configuration (gaps closed or opened), while keeping the HHG seed waist
and FEL saturation point position fixed.

The individual simulations were performed using the full 3D FEL simula-
tion code GENESIS 1.3 [107]. The FLASH2 undulator system consists of 12
variable gap undulators. The undulator parameters are given in Table 4.1.
For seeding, only the undulators #3 through #12 are used, as for the shortest
possible wavelength of 4 nm ten undulators are sufficient to reach saturation
with seeding. For SASE, however, all twelve would be used. The position
of the waist of the HHG beam is located in undulator module #3. It is
assumed that the gap of this undulator is always closed as the interaction of
the seed and the electron beam takes place here. It has been also assumed
that undulator gap #12 is always closed since the saturation point should be
located here. The gaps of the remaining eight undulators #4 through #11
can be opened or closed independently. Undulators with gaps opened are
treated as drift spaces. All consecutive drift spaces are simulated as one long
drift space. The gap of undulators #4 through #11 is assumed to be either
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Table 4.1: Typical FLASH2 parameter set used in the numerical simulations.
For seeding only 10 undulators are considered. These parameters are design
parameters for the operation of FLASH 2

Undulators
Number of undulators 10 (out of 12)

Undulator period λu 31.4 mm
Undulator length Lu 2.3864 m

Periods per undulator Nperiods 76
Undulator intersection Ldrift 87.92 cm

Max. K parameter (rms) Krms 2.0
HHG pulse

Temporal shape Gaussian
Wavelength λHHG 37.6 nm
Pulse energy EHHG 70 pJ
Peak power Pmax,HHG 2.5 kW

Duration (rms) τHHG 12 fs
Rayleigh length zray 2 m

M2 M2 1
Electron beam

Peak current Imax 2.5 kA
Bunch Length (rms) σe− 30µm

Energy E 700 MeV
Energy spread σE 500 keV

Normalized emittance εx,n 1.4 mm ·mrad
εy,n 1.4 mm ·mrad

opened or closed. Additional 2.5 m of virtual undulator length are simulated
downstream of undulator #12 to check for FEL saturation.

4.3 Optimization of undulator gaps configu-
ration

For many wavelengths the total available undulator length at FLASH2 (≈ 30 m)
will be considerably longer than the saturation length. In such cases some of
the undulator gaps have to be opened in order to reach saturation in the last
undulator (i.e. to keep the saturation point fixed). Obviously, more than
one possible undulator gap configurations are possible. In this section the
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optimization process for the undulator configuration will be shown using the
initial conditions listed in table 4.1. With these initial conditions a number
of steady-state simulations has been performed in order to find a starting
point for further optimization. The used figure of merit has been the peak
power of the FEL radiation in the last undulator. The undulator configura-
tion with the highest output power has been used in the next iteration of the
optimization. After this time-independent run, a time-dependent simulation
has been performed in order to check spectral properties of this undulator
setting.

Figure 4.1: Best undulator gap configuration for a time-dependent simulation
of HHG seeding at 38 nm at FLASH 2. Yellow bars mark closed undulators.
The green bar is an additional undulator added for the simulation to check
whether the FEL is in saturation or not. The blue line is the FEL peak power.

For the optimal setting, one can simulate the difference of SASE and seed-
ing performance of the FEL. This is shown in Fig. 4.2. At the longitudinal
position with the highest energy contrast, the power spectra are shown in
Fig. 4.3(a) and the longitudinal power distributions are shown in Fig. 4.3(b)
the radiation pulse yields around 1.2µJ SASE pulse energy (about 12 MW of
power) and about 21µJ (roughly 1 GW) in seeded operation. This is inside
an undulator, which means that in the experiment one might change beam
parameters slightly to increase the saturation length a little, so that the point
of the maximum contrast would move towards the end of the undulator.

As shown in Fig. 4.1 for the optimal setting, five consecutive undulator
gaps have to be opened. This large drift space of about 17 m is introducing
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Figure 4.2: FEL pulse energies and energy contrast. Since the seeded FEL
has a shorter saturation length, the energy contrast increases with the active
undulator length. At around 30 m, the seeded FEL runs into saturation, while
the SASE FEL pulse energy still increases, therefore the contrast decreases.

a slippage between electron bunch and FEL radiation. Due to the irregular
arrangement of active undulators the slippage between radiation and electron
motion introduces a complicated temporal profile of electron bunching and
FEL radiation the effect of which is illustrated in Fig. 4.4(a). Inside undulator
#9 the bunching introduced in undulator #3 will cause radiation while the
radiation pulse from undulator #3, carrying a peak power of about 75 kW,
will ”seed” the bunch at a different longitudinal position. In undulator #11,
after another drift space, the first (left) and second (right) bunched regions
inside the bunch start radiating. Due to the slippage inside the undulator, the
first bunched region becomes wider. In undulator #12, both bunched regions
radiate FEL pulses with a temporal difference. The undulator configuration
is imprinted to the electron bunch in terms of bunching.

Since the pre-pulse seen in Fig. 4.4(a) carries a significant amount of
power, it could decrease the contrast and/or the temporal resolution of the
user experiment. In order to study how to reduce the negative effect of this
pre-pulse, several simulations were performed using different temporal delays
within in a range of ±6τHHG between the HHG seed and electron bunch. As
shown in Fig. 4.5(a) the second pulse almost vanishes when the power peak of
the seed pulse passes the first undulator entrance 7 fs prior to the maximum
of the current of the electron bunch. The profiles for the optimal contrast
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(a) Longitudinal power distribution

(b) Spectra

Figure 4.3: Longitudinal power distribution (a) and spectra (b) at the position
of the highest energy contrast (instead of the end of the last undulator as in
Fig. 4.5 and Fig 4.4)) for the optimized temporal offset of 7 fs, optimized
in terms of pre-pulse reduction. The head of the pulse is to the right. The
radiation pulse yields an energy of 21µJ.
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(a) Longitudinal power distribution

(b) Spectra

Figure 4.4: Longitudinal power distribution (a) and spectra (b) for a temporal
offset of 54 fs, i.e. the electron bunch peak current arrives at the entrance of
the first undulator 54 fs earlier than the HHG seed pulse. The head of the
pulse is to the right. The radiation pulse yields an energy of 328µJ.
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don’t have this feature and show a nice, almost perfect Gaussian shape. One
has to point out that the spectra and power distributions in Fig. 4.4, 4.5,
4.3(b) are typical results of the GENESIS simulations for a variety of random
number seeds. In this case the seeded FEL pulse has an energy of about
395µJ, while SASE contributes 114µJ (see Fig. 4.2). However, one has to
note that in the studies presented above a optimistic estimation of the HHG
seed pulse parameters has been considered, e.g. the M2 of 1. As listed in
Table 4.1 the assumed HHG pulse energy is about 70 pJ at the undulator
entrance. Since 70 pJ is a optimistic estimation, a number of simulations has
been performed for HHG seed pulse energies in the range from 50 pJ to 10 nJ.
The maximum energy contrast which can be expected from simulation can
be seen in Fig. 4.6. The pulse length for the seeded FEL pulse is about 15 fs
compared to 40 fs for the SASE case.

4.4 Summary and outlook
The direct HHG seeding option for FLASH II has been studied by the means
of numerical simulations, assuming fixed positions for the HHG seed waist
and the FEL saturation point. For a set of design FLASH2 and HHG pa-
rameters an optimized undulator gap configuration has been found and in-
vestigated. The effect of the temporal offset between HHG seed and electron
bunch on the longitudinal power distribution has been examined. However,
optimization of this parameters leads to a longer FEL radiation pulse. It
has been shown that at the position of the maximum energy contrast the
radiation pulse is shorter but also less powerful and carrying less energy.

For shorter wavelength, the saturation length becomes longer, thus more
undulators need to be used. This means the number of possible undulator
setting changes until at the shortest wavelength only one possible setting, all
undulators closed, exists. The investigations presented in this chapter should
be repeated for a set of representative, shorter wavelength.
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(a) Longitudinal power distribution

(b) Spectra

Figure 4.5: Longitudinal power distribution (a) and spectra (b) for a different
timing offset. The peak power of the HHG seed radiation pulse arrives 7 fs
earlier than the peak current of the electron beam (i.e. the seed pulse has
been shifted by +61 fs with respect to Fig. 4.4. The head of the pulse is to the
right. The radiation pulse yields an energy of 395µJ.
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Figure 4.6: Maximum pulse energy contrast in dependence of the HHG seed
pulse energy. The simulation assumed the optimum timing offset and undu-
lator configuration and shows values for the position of best contrast along
the undulator beam line.

72



Chapter 5

High-gain harmonic generation

5.1 Data handling between different simula-
tion codes

In order to simulate the process of high-gain harmonic generation (HGHG)
one usually splits up the simulation into three parts (compare Fig. 5.1).

• Modulator simulation: Simulate energy modulation due to electron-
laser overlap (FEL-Simulation)

• Dispersive section simulation: Electron tracking through a dispersive
section, e.g. dipole chicane (beam tracking)

• Radiator simulation: Simulate FEL radiation process due to the in-
duced bunching (FEL-Simulation)

GENESIS1.3 is capable of loading not only average sliced radiation and
beamlet files (called ”radiation files” and ”beam files”) where the radiation
and electron beam properties are averaged over a longitudinal distance but
also particle distribution files and radiation field files which contain proper-
ties of the individual particles and volumes. In addition it is capable to track
the input particle distribution through a symmetric D-shape chicane con-
sisting of 5 drift spaces and 4 dipole magnets. However, all drift spaces and
dipoles respectively have equal lengths. In addition, collective effects as space
charge, coherent synchrotron radiation and so on, are not covered within the
simulation of a chicane. However, GENESIS1.3 offers the possibility to apply
6D transfer matrices to any imported particle distribution. Those matrices
describing the second order particle behaviour - but no collective effects - can
be obtained using elegant.
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Figure 5.1: Usual HGHG simulation using three individual simulations (Mod-
ulator, dispersive section, and radiator)
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Several codes have been developed in order to deal with such collective
effects and more. While importing electron beam tracking results to FEL
simulations is widely used, one usually does not import particle distribu-
tions out of FEL simulations to electron tracking codes. In the rare exam-
ples found averaged beam properties are used, not the particle distributions.
Since GENESIS and elegant have different coordinate systems, a conversion
is needed.

5.1.1 Data exchange from GENESIS1.3 to elegant
One of the frequently used 6D particle tracking codes is elegant [108] de-
veloped at APS-ANL. elegant uses the self-describing data sets format
(”SDDS”) to save data, which is convenient as many codes such as ASTRA
and CSRwake are also capable of importing SDDS particle distributions. The
code GENESIS1.3 uses the hierarchical data format (”HDF”) which is freely
available and supported by for example MatLab, Java, Mathematica, and
Python. Both data types are convertible to each other. But GENESIS1.3
and elegant not only differ in the file format, but in the data that is saved:

GENESIS1.3 has the same number of particles for each longitudinal sim-
ulation slice. In order to model a current distribution along the longitudinal
axis for each of the slices a beamlet current is assigned - this means that
not all simulation particles have the same charge! For each particle within
a slice 6 coordinates are saved. The transverse position x and y in meter,
the transverse particle momentum px resp. py, the energy in terms of the
relativistic Lorentz factor γr and the longitudinal position inside the slice in
terms of the ponderomotive phase Θ ∈ [−π : π].

elegant has a beam current assigned to each particle distribution file,
while each individual particle has the same charge. The 6 phase-space coor-
dinates are the transverse positions x and y, the angle between the beams
tangential and the particles trajectory x′ and y′, the particles relativistic
Lorentz factor γr and the longitudinal position inside the bunch in meter z.
See Table 5.1 for more details.

In order to model the correct current distribution in elegant one needs to
know the current distribution. For the modeling of the current distribution,
not all particles out of a GENESIS1.3 distribution will be taken, but a number
Nselected scaling with the current will be randomly chosen from the available
particles.

Nselected = Nslice
Islice

Imax
(5.1)

with Nselected the number of particles to be written to the elegant particle
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distribution, Nslice the number of particles per slice in GENESIS, Islice the
current of the slice and Imax the current of the slice with the maximum
current.

Table 5.1: Coordinate systems and conversion between GENESIS1.3 and el-
egant

Property GENESIS1.3 elegant conversion
Transverse position x x x = x

y y y = y
Transverse angle xp x′ xp

βzγr
= x′

yp y′ yp
βzγr

= y′

Longitudinal position Nslice, Θ z
(

Θ
2π −

1
2 +Nslice

)
· λrad = z

Energy γr γr γr = γr
Charge/Current Islice (n) Qbunch

∑ (Islice (n)) λrad
c = Qbunch

5.1.2 Data exchange from elegant to GENESIS1.3

After elegant has tracked the particle distribution through whatever beam
line, the conversion of the resulting data has to take place. This is needed as
GENESIS1.3 assigns the current a property that is constant over the length of
one slice while elegant calculates the current from the number of particles
per length (See Fig. 5.2). There are several conditions that must be fulfilled:

All particles have to be sorted by their longitudinal position in the bunch.
Then the bunch is cut into Ntotal slices, which - depending on their motion in
the simulated longitudinal phase-space can lead to a bunch with a different
number of slices than the imported particle distribution. The number of
particles per slice is then used to assign a current Islice to each of the slices.

In the next step, one needs to fulfill the conditions required for GENESIS1.3
particle distribution files: First, all slices have to have the same number of
particles per slice, which then has to be an integer multiple of the number
of simulation bins (NBINS),which by itself needs to be a multiple of 4. For
most simulations, NBINS is 32. According to the GENESIS1.3 manual, it has
to be at least two times the number of the highest harmonic in the FEL
spectra to be calculated plus 2. The information of the number of slices and
the length of the individual slices as well as their distance has to be saved to
the parameter area of the GENESIS1.3 particle distribution file. The length
of all slices is the same and corresponds to one radiation wavelength.
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(a) GENESIS particle distribution. Each slice
has the same number of particles while current
is treated as an external slice property..

(b) ELEGANT particle distribution. Current
is handled as particles per volume.

Figure 5.2: Comparison of a GENESIS1.3 and ELEGANT particle distribu-
tion.
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5.1.3 Challenging particle distributions

Since the number of particles per slice needs to be the same for GENESIS1.3
particle distributions where the current varies strongly are difficult to handle
and many particles are thrown away in the remodeling process. This means
that full gaussian particle distributions wider than 6σ cannot be used together
with this method effectively due to large noise. For the simulation of SASE or
the seeding process with the complete electron beam, this method should not
be used. For direct seeding and HGHG seeding, one of the beneficial effects
is the short pulse duration imprinted to the electron distribution by the
means of a short pulse high power laser. This means that in general - unless
one deals with ultrashort electron pulses, one can on purpose study only a
short section of the electron bunch, and simulate the effect of seeding for the
section of the bunch that is overlapped with the laser alone. This means that
the application of this method requires the seed pulse to be much shorter as
the electron beam. One should, however, take care to include any slipping
between electrons and radiation field. For the optimization of seeding, this
means one has to do many simulations to find the optimal position inside of
the bunch to be overlapped with the seed.

5.2 Energy spread measurements
As discussed in the theory section the energy spread is an important fig-
ure of merit for the simulation of HGHG, so a realistic number for this is
needed. Therefore, measurements on the initial, uncorrelated energy spread
at FLASH have been performed using the main dipole of FLASH that is
usually used to separate the electron beam and the FEL photons.

First, a calibration constant was found for the screen in the dispersive
section. At an energy of 685 MeV, the final two superconducting accelerating
modules are switched off and do not contribute to the energy gain of the
electrons. Those modules were used to change the energy to ±1%. The
position of the beam on the screen in the dispersive section is then depending
on the energy of the electrons. Beam position monitors were used to ensure
that the incoming orbit won’t change with the energy. The energy resolution
of the dump dipole screen was determined to be 106.48±0.33 px/MeV which
is 9.39± 0.03 keV/px.

After determining the energy resolution ACC67 was put at zero crossing,
introducing an energy chirp onto the beam which will enlarge the beam size
in the dump like an additional, uncorrelated energy spread. Since the beam
size behaves like σ =

√
βε+ δ2D2, we reduced the β-function by means of a
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quadrupole to have better resolution.

We then increased the gradient of ACC67 to increase the added energy
chirp onto the bunch. The amount of additional energy spread can be cal-
culated if the bunch length is known. This was measured using a transverse
deflecting cavity to be 7.2 ps which is in good agreement with the maximum
possible bunch length from the photo cathode injector laser.

Then, the beam size was fitted against the additional energy spread (see
Fig. 5.3)

Figure 5.3: Fit of the energy spread against the beam size. The flattening at
an additional energy spread of about 5 · 10−3 is a consequence of the limited
energy spread that can be transported without losses.

The result of this fit is that βε = (22.10± 0.01) m mm mrad which for
an assumed emittance of 1.7 mm mrad means β = (13.000± 0.006) m. This
means for no additional energy spread the beam size should be (4.7011± 0.0011) mm,
and was measured at (4.7043± 0.039) mm. Any difference in beam size is
an effect of the uncorrelated energy spread for the uncompressed FLASH
electron bunch. From this agreement, we can conclude that the contribution
of any uncorrelated energy spread to the beam size result from an energy
spread smaller than 44 keV.
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5.3 Modulation depth vs. seed pulse beam
quality

In section 3.3 it has been shown how to generate field distribution files that
can be used as input radiation for GENESIS simulations. These input files
can be generated at an arbitrary wavelength, thus they can be used in long-
wavelength HGHG seeding simulations as well. For this simulation, input
radiation files at 266 nm, were produced. A simulation based on the foreseen
HGHG hardware setup at FLASH was performed using the HGHG simulation
framework of T. Plath for different M2 values.

As seen in the previous chapter, an increasing M2 leads to a lower peak
power contrast with respect to SASE. In the case of HHG the amplification
process starts from the externally generated seed which needs to overcome
the shotnoise to initiate the seeding process at the desired wavelength.

For HGHG, the topic of this chapters, one needs to imprint an energy
modulation onto the electron bunch. This process is the same that takes
place at the beginning of an HHG seeded FEL. Since the important feature
is the coupling of energy of the seed field to the electrons, smaller M2 should
imprint higher energy modulations in the modulator.

Figure 5.4: Energy modulation at the entrance of the first undulator module
for an initial laser seed of 300 MW (blue) and 1 GW (red).

One short modulator has been simulated. In Fig. 5.4 one can see the peak-
to-peak modulation amplitude vs the M2 value of the seed pulse which proves
the assumption above: For a seed beam with 1GW peak power containing
only the fundamental mode, the modulation amplitude has its maximum at
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about 8.9 in terms of γ which means roughly 5 MeV and drops to about 4
(2 MeV) at an M2 of 5.

The simulated particle distributions have then been tracked through a
magnetic chicane which converted the energy modulation into a density mod-
ulation. The electron bunch was then used for a GENESIS simulation in order
to predict FEL properties for the different M2 values.
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Chapter 6

Achievements in seeding at
FLASH

6.1 High-harmonic generation

The seeding project at FLASH was the first experiment to show direct HHG
seeding in the wavelength range below 40 nm [55]. An external, highly coher-
ent source of radiation, the so-called high-harmonic generation source, pro-
vides a radiation field that is used to seed the sFLASH FEL amplifier [94].
The numbers and figures presented in this section are taken from the publi-
cation [55].

The setup used for the successful demonstration of HHG seeding be-
low 40 nm is the sFLASH beam line that has been described in Chapter 1.
FLASH was operated at a repetition rate of 10 Hz and an energy of 700 MeV.
The four-dimensional, spatial overlap is achieved by the means of screens:
The electron beam is imaged by an OTR screen, and the XUV beam by the
fluorescence on an YAG-screen. The overlap in the wavelength regime is set
by matching the gap of the undulator for the wavelength at the given electron
energy. The correct radiation wavelength could be checked by the means of
a spectrometer. In order to achieve the temporal overlap, three steps are
needed:

(1) For the coarse overlap, a photomultiplier is used. The measured signal
is the NIR beam used to generate the XUV beam, and the synchrotron
radiation emitted from a five-period electromagnetic wiggler.

(2) If the coarse overlap is set, the radiation can be sent to a streak camera
instead of the photomultiplier which can be used to set the relative timing
of the two beams within down to ±2 ps.

(3) In order to get sub-ps precision, which is needed due to the only
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Table 6.1: Parameters during the first demonstration of HHG seeding at
FLASH.

Electron beam
Energy 700 MeV

Energy spread rms 2 · 10−4

Emittance 1.7 mm ·mrad
Bunch charge 0.5 nC
Peak current 1 kA

FEL power gain length 0.70 m
Average beam size 170µm

Seed laser beam
Pulse energy at source 9 nJ

Pulse energy stability rms 10%
Central wavelength 38.2 nm

Spectral bandwidth rms 0.09 nm
Pulse duration < 15, fs

Average beam size rms 280µm

tens to hundreds of fs long electron bunches, the coherent enhancement
of optical undulator radiation is used. Therefore, a second electromagnetic
wiggler, tuned to 400 nm, the second harmonic of the 800 nm NIR drive laser,
will produce a coherent enhancement of undulator radiation initiated by the
energy modulation imprinted to the electron beam by its interaction with
the NIR laser in the first undulator and the subsequent chicane translating
the energy modulation into a density modulation.

Since the relative timing between the seed laser and electron beam fluc-
tuates one needs to scan the relative timing. This is done by changing the
timing delay of the laser using a device called ”‘vector modulator”’ that
changes the phase of an externally distributed 1.3 GHz signal that is used
for the synchronization of the laser oscillator, working as an electronic delay
stage.

At each measurement point of the time scan the NIR laser, and thus the
XUV pulse, was toggled so that one can be sure that the observed effect
of seeding is not related to the timing alone. In fig. 6.1 one can see the
combined results of this timing scan. When the HHG source is active, one
can see a temporal region where the FEL maximum pulse energy exceeds the
average FEL pulse energy by a factor of up to 5. The same scan without
XUV seed pulses shows no such region. From that one can be sure that the
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enhancement in FEL pulse energy comes from the overlapped XUV pulse.
In addition the spatial overlap was changed and the enhancement was also
dependent on this parameter.

Figure 6.1: Result of the seed scan. One can see that for the laser off (blue)
cases there is no change of the FEL energy while for the laser on (red) case
a significant enhancement of the FEL energy is present within a certain time
delay range. The 0 ps is set arbitrarily to the maximum energy contrast.

Another visualization of the observed seeding effect can be seen in Fig. 6.2.
In Fig. 6.2(a) one can see the FEL photon pulse energy distribution without
the seed pulse. The distribution of FEL puls energies is a gamma distribution.
In Fig. 6.2(b) the seed pulse is overlapped with the electron beam. The same
gamma function as in (a) is visible. The histogram shows an excess in photon
pulse energies above 2.5 fold the average SASE pulse energy.

In addition to energy enhancement measurement spectra of the FEL ra-
diation at the fundamental and second harmonic of the XUV radiation have
been measured. The spectrum of the first harmonic is shown in Fig. 6.3, while
consecutive one-shot spectra of the second harmonic are shown in Fig. 6.4
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(a) Histogram of FEL energy with the laser timing moved off of the electron bunches.
One can see that the FEL photon energy distribution can be described using the gamma
distribution characteristic for SASE mode. There are only few shots exceeding the mean
SASE FEL pulse energy by more than a factor of 2.5

(b) Histogram of FEL energy with the laser timing on the electron bunches. One can see
that the FEL photon energy distribution can be described using the gamma distribution
plus an additional gaussian distribution. There are many shots exceeding the mean SASE
energy by a factor of more than 2.5. This can clearly be assigned to successful seeding.

Figure 6.2: Histograms of FEL pulse energies for seeded and unseeded cases.
The pulse energy was measured using an multi-channel plate detector.
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Figure 6.3: Spectrum of the XUV radiation of the sFLASH undulators for
SASE at the fundamental undulator wavelength and the HHG seed pulse

Figure 6.4: Individual single-shot spectra of the second harmonic of the FEL
radiation for seed laser off (left) and seed laser on (right). One can see that
high energy shots on the second harmonic only occur if the seed laser has been
switched on.
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6.2 HGHG
Recently (April 2015) the first evidence for HGHG seeding at 38 nm was
found in the seeding experiment at FLASH. Publications on this success
are in preparation. The following numbers and figures are taken from the
electronic logbook. As the pulse energy of the 266 nm laser is much higher
compared to the XUV beam used for HHG, the energy modulation can be
observed using a transverse deflecting structure. This is also a direct mea-
surement of the relative timing between UV pulse and electron bunch. This
can be seen in Fig. 6.5.

Figure 6.5: Longitudinal phase-space distribution of the electron bunch mea-
sured using the transverse deflecting cavity. The energy modulation in the
electron bunch induced by the UV seed can be seen as a hole in the curved
bunch profile

Comparison to simulation work performed by Ch. Behrens can be used
to obtain the modulation amplitude of about 350 keV. (see Fig. 6.6)

After the optimization of the undulator gaps and phase shifter settings,
the UV beam timing was synchronized to the electron beam. The FEL
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Table 6.2: Parameters during the first demonstration of HGHG seeding at
FLASH.

Electron beam
Energy 700 MeV

Bunch charge 0.3 nC
Bunch duration 500 fs

Peak current 0.6 kA
Typ. beam size in radiator 100...200µm

Seed laser beam
Pulse energy at source 250µJ

Rayleigh length 1.4 m
Central wavelength 266 nm

Pulse duration 120..150, fs
Typ. beam size in modulator FWHM 1 mm

Figure 6.6: Measured rms width of the electron beam in a given time interval
compared to several simulated energy modulation amplitudes.

88



6.2. HGHG

output energy was measured while the seed laser was toggled. There was
a clear correlation between seed laser status and FEL energy. The energy
contrast was a factor of about 100. (See Fig. 6.7)

Figure 6.7: FEL pulse energy vs. shot number. The mean FEL energy with
the seed laser on is about a factor of 100 higher than for those cases when
the laser was switched off.

The spectra shown in Fig. 6.8 shows the HGHG radiation spectra com-
pared to SASE spectra, while the latter has been multiplied by a factor of
1000 to improve the visibility. Finally, an image of the HGHG FEL radiation
on a screen is shown in Fig. 6.9
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Figure 6.8: Spectra of average HGHG radiation, single-shot HGHG spectra
and average SASE radiation. The SASE spectrum has beam multiplied by
1000 in order to enhance visibility, thus having a contrast of about 1000 for
the averaged spectra.

90



6.2. HGHG

Figure 6.9: Profile of the seeded FEL radiation using a screen.
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Chapter 7

Parallel operation of two FEL
beam lines

7.1 Introduction
The increased number of scientific photon users at the FLASH facility made
an extension of the existing photon science facilities at DESY necessary.
Aditionally, the new undulator beam line is planned to deliver seeded FEL
radiation to the users. In this chapter the FLASH extension will be in-
troduced, several different methods of FEL-multiplexing are discussed, the
injector laser tests are presented, and finally the first results of parallel op-
eration are shown [109].

WHile the first undulator beam line, FLASH1 has been described earlier,
FLASH2 consists of the following components. In order to generate FEL
radiation, twelve planar hybrid permanent-magnet, variable gap undulators
with a total magnetic length of 30 m are installed in the new tunnel. This
length is sufficient to saturate the FEL at a wavelength of 4 nm in SASE
mode. The undulators are, apart from minor modifications, the same U32
undulators that are also used in the sFLASH experiment (see chapter 1).
The foreseen optics is a FODO lattice. The general layout of the FLASH-
facility after completing the installation of FLASH2 can be seen in Fig. 7.1.
The design parameters for the two beam lines at FLASH are summarized in
Table 7.1.

The extension is mainly designed to increase the amount of available beam
time by providing photon pulses to two users simultaneously.

The most important demands from the user’s side are:

• Ensure maximum flexibility in several parameters such as photon pulse
length and wavelength.
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Figure 7.1: Layout of the FLASH facility after the installation of FLASH2.
The total length is about 315 m. This sketch is not to scale.

• Deliver bunch trains to both users at a repetition rate of 10 Hz.

• Provide each beam line with bunch trains of different duration and
spacing

7.1.1 The timing system
Offering the maximum possible flexibility for two FEL beam lines has huge
implications on the complete accelerator. Each component like beam loss
monitor, beam position monitor, toroids etc. needs to know which bunch
train belongs to which FEL beam line, which parameter each bunch train
needs, when the bunch train starts, how long it is, when it ends, and in which
order the FLASH1 and FLASH2 bunch trains are produced within the 10 Hz
macro pulse cycle. The timing system has to deliver this information to the
individual accelerator components and data acquisition in order to correctly
assign the measured information to the two bunch trains. Basically, the
timing system contains and distributes the information what kind of bunch
pattern can be expected for each part of the machine. A few important
hardware components relying on this information are the kicker, the RF
acceleration and compression system and lasers.

Also machine protection for the two FEL beam lines should, whenever
possible, only affect the corresponding beam line. In addition, any feedback
applied should only change parameters for the bunch train it is working on,
which would in most cases be safest to be achieved by blocking the corre-
sponding laser. The development and deployment of such an advanced timing
system is also one important step for the European XFEL. The components
used to run two FEL beam lines are controlled by the timing system and
introduced in the next subsections.
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Table 7.1: Expected parameters for FLASH2.

FLASH1 FLASH2
Electron Beam Value Value
Energy Range 0.5 – 1.25 GeV 0.5 – 1.25 GeV
Peak Current 2.5 kA 2.5 kA
Bunch Charge 0.06 - 1 nC 0.02 - 1 nC
Normalized Emittance 1.4 mm mrad 1.4 mm mrad
Energy Spread 0.2 MeV 0.5 MeV
Average β-function 10 m 6 m
Rep. rate 10 Hz 10 Hz
Number of Bunches per second∗ 7500 7500
Bunch separation 1-25 µs 1-25 µs
Undulator Value Value
Type Planar, fixed gap Planar, variable gap
Period 27.3 mm 31.4 mm
K 0.9 0.5 - 2
Segment length 4.5 m 2.5 m
Minimum gap height 9 mm 9 mm
Number of segments 6 12
Photon Beam SASE Value Value
Wavelength range (fundamental) 4.2 - 52 nm 4 - 90 nm
Average single pulse energy 1 - 500 µJ 1 - 500 µJ
Pulse duration (FWHM) 10 - 200 fs 10 - 200 fs
Peak power (from av.) 1 - 5 GW 1 - 5 GW
Spectral width (FWHM) ≈ 0.5 - 2 % ≈ 0.5 - 2 %
Peak Brilliance 1028 - 1031 1028 - 1031
∗Shared between FLASH1 and FLASH2, assuming the highest possible

repetition rate of 1 MHz.
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7.1.2 Intra-bunch train switching
The superconducting linac driving the FLASH FEL provides bunch trains
with a repetition rate of 10 Hz. Each of these bunch trains consists of up to
800 bunches at a bunch repetition rate of 1 MHz, or less for lower repetition
rates. Since not all users need the complete 800 µs of the RF pulse, but
want to keep the 10 Hz macro pulse repetition rate, one needs a kicker with
switching times much shorter than the RF pulse duration. To maintain the
flexibility in bunch-to bunch repetition rate at FLASH a flat-top kicker is used
to separate the two bunch trains produced in the linac by a 1 mrad angle.
Downstream a DC septum deflects the beam by 6.5 degrees horizontally.
Since FLASH delivers long bunch trains, the kicker amplitude, causing the
electron beam deflecting angle, needs to have a flat-top of the duration of
the deflected bunch train. The flat top of the kicker makes then changes in
the repetition rate independent from kicker settings. More information can
be found in [110].
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7.1.3 Dual injector laser setup
Before FLASH2, at FLASH one could switch between two photo cathode in-
jector laser systems. One was the laser system used for operation, while the
second one was installed as a backup solution. For FLASH2, both laser sys-
tems are used simultaneously and can be set to any of the available repetition
rates between 40 kHz and 1 MHz, completely independent from each other.
Using two lasers systems offers the possibility to choose pulse properties like
bunch-to-bunch repetition rate and bunch charge completely independently
from each other. For the optimum performance one has to be sure that both
injector lasers hit the cathode under the same angle and at the same position.
For FLASH, both laser systems have different pulse durations. This means
the electron bunches generated will differ in their temporal shape which needs
to be compensated for by means of RF compression. The start time of both
lasers can be set independently based on the user demands. If the FLASH1
user needs 200 bunches per macropulse, then there are up to 550 bunches
per macropulse left for the user at FLASH2.
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7.1.4 Changes in the RF system
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Figure 7.2: Timing pattern for FLASH before the extension. The supercon-
ducting cavities are filled. Electron bunches are then injected and accelerated
during the up to 800 µs long flat top, in this example only 500 bunches are
present. The remaining flat-top is unused.

In order to adjust the photon pulse duration one needs to adjust the
electron bunch length. This is mainly done by changing the pulse energy
of the injector laser, thus changing the charge which in first place does not
change the bunch length. The compression needs to be adjusted as a certain
peak current is needed for the operation of the FEL. For FLASH this is
done using different RF acceleration gradients and phases and fixed magnetic
chicanes, called bunch compressors. Since the bunch compressors consist
of dipole magnets, they cannot be used to change the compression of the
electron bunches within the needed timescale that lies in the order of the
rise time or fall time of the extraction kicker of tens of µs. This argument is
also valid for any other magnet both bunch trains share. One has to adjust
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Figure 7.3: Timing pattern for FLASH after the extension. The supercon-
ducting cavities are filled. Electron bunches generated by means of the first
injector laser are then injected and accelerated during the first flat top. After
the first bunch train ends, the flat top of the RF is changed. At the same
time, the kicker voltage is rising to its flat top value. When the RF and
the kicker reached the flat top, the second injector laser generates electron
bunches which will be kicked to FLASH2.

98



7.1. INTRODUCTION

RF parameters to change the bunch length. Therefore the modules need to
deliver two flat-tops in the RF pulse separated by a transition time that is
shorter than the kicker rise time (see Fig.??). One has to note that changing
RF parameters in superconducting cavities takes much longer than in normal
conducting modules due to the high Q factor. Since the FLASH1 beam
line features fixed-gap undulators, the central energy of the emitted FEL
photons can only be adjusted by changing the electron energy. Especially user
experiments studying resonances need the exact FEL radiation wavelength
within a margin of only tens of picometers. For FLASH1 at 700 MeV, an
adjustment of 50 pm means a change of about 1 MeV. Such changes also need
to be covered by the RF system and transported to the undulator. In the
commonly shared part of the accelerator, the optics will be mismatched for
one of the beams if the energy is changed. This mismatch can be corrected
by means of quadrupoles in the FLASH1 and FLASH2 beam line. However,
the electron beam energy still needs to be in the energy acceptance of the
energy collimators, which is about ±3% at FLASH1. Experimental tests
have been performed that show some evidence that in deed that ±3% could
possibly be transported. In Fig. 7.2 the old timing is visualized with one
RF flat top, one bunch train and one injector laser. In comparison, Fig. ??
shows the new timing, with the kicker and a second RF flat top, bunch train
and injector laser.
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7.2 FLASH2 hardware commissioning results
Although it was clear from the start that the flexibility of FLASH1 and
FLASH2 operation is in principle possible, a large number of proof-of-principle
tests have been performed even before FLASH2 was built. For this, the com-
ponents mentioned in Sec. 7.1 earlier have been tested. The results are
presented in this section. The kicker used to extract the second bunch train
must rise as fast as possible and provide a stable and constant electromagnetic
field over the complete duration of the FLASH2 bunch train as the kicker is
the only time-dependent component for the extraction; the septum is DC-
powered. The kicker system has been installed in the FLASH1 tunnel and
tested with beam: A current of 100 A was applied. The resulting orbit devi-
ation was corrected by DC corrector magnets and the SASE level compared
to the original orbit without kicker and orbit correction. The fluctuations
on SASE intensity introduced by the kicker did not exceed the instabilities
one would expect from the natural SASE fluctuations. The kicker is usually
housed in a metal cage. In a first test, this led to a slope on the area were
the kicker should deliver a flat top, as shown by the yellow line in Fig. 7.4.
This had of course a massive impact on the SASE performance. The same
test was repeated with a different cage. The flat top was as flat as needed,
as can be seen by the ocher line in Fig. 7.4. Only moving the timing of the
beam near the edges of the flat top within 10 µs resulted in a decrease of the
SASE intensity.
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Figure 7.4: Flatness of the long-pulse flat top extraction kicker with (yellow)
and without (ocher) casing. One can see that with the casing, the kicker
flatness is stable but not constant.
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Changing the electron bunch length requires the change of the bunch
charge and RF parameters. The range of RF parameters that can be reached
using the double flat top was tested. One example for three flat tops within
one pulse can be seen in Fig. 7.5. The results for the RF parameter range
are shown in Table 7.2. The RF is sufficiently flexible to allow for the opti-
mum compression for oth bunch trains. In another experiment, the charge
of the electron bunches was changed for one RF flat-top and the SASE per-
formance optimized, while the second bunch train maintained its charge and
RF setting. The goal of this experiment is to demonstrate that a high and a
low charge beam can be transported and produced optimized FEL radiation
at the same time while only touching fast switching RF parameters. Two
typical operating points of FLASH, 0.7 GeV and 1.1 GeV have been used for
this measurement. The results can be seen in Table 7.3.

Figure 7.5: Envelope of the RF pulse measured at the accelerating module
ACC45, gradient (left) and phase (right). There are three flat tops visible
where the third flat top is already foreseen for FLASH3.
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Table 7.2: RF changes within an RF pulse checked for various RF stations.
These values were the differences between the first and second flat top for
optimum performance of both FEL beam lines individually under SASE con-
ditions.

RF Station Phase Ampl. Transition time
(Deg.) (MV) (µs)

Gun +5 -0.1 50
ACC1 +/-2 +/-3.0 30
ACC39 +/-9 -3.0 60
ACC23 +/-3 -15.0 100
ACC45 +/-5 +/-15.0 100
ACC67 – – –

Table 7.3: This table shows the SASE dependence on the electron bunch
charge for two different electron energies. The scans were performed by de-
creasing the charge, and afterward only touching RF parameters which can
be changed within the split RF pulse, and the pointing of the electron beam
into the undulator. At the lowest charge, the machine was optimized again
for 700 MeV, increasing SASE from 30 to 55 and the scan has been repeated
increasing the charge.

Charge (nC) SASE (µJ) SASE (µJ)
at 0.7 GeV at 1.1 GeV

0.60 210 165/110
0.30 170 80/100
0.15 110 75
0.07 30/55 35
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For the same bunch charge and compression in each bunch train the lasing
is the same. One can change the SASE energy by reducing the bunch charge
in one train without touching the other. The measurement were performed
using the FLASH1 beam line. Usually, half the bunch charge does not result
in the half FEL pulse energy, because the gain length gets shorter. Changing
the RF parameters leads to the same peak curent and then the FEL energy
scales with the bunch length. This can be seen in Fig. 7.6.

(a) Both bunch trains have the same charge
per bunch.

(b) The second bunch train has about 50% of
the charge per bunch than the first one.

Figure 7.6: Measured photon pulse energy on a Gas Monitor Detector for
two bunch trains seperated by 50 µs. The first train has 30 pulses while the
second one has 20 pulses. The vertical axis shows the photon pulse energy
in arbitrary units, the horizontal scale is the time (roughly in microseconds).
The yellow line is the maximum value, the green line the exponentially filtered
average and blue line the instantaneous value. The gap of about 50 µs is
foreseen for the kicker to rise and to adjust the RF parameters. For the top
figure, the cathode lasers were setup to deliver he same charge, for the bottom
figure, for the 2nd pulse train the charge was reduced to half. RF parameters
were adjusted to optimize lasing for each bunch train individually.

In addition to test the dependency on the photon pulse energy of the
different lasers, test were performed on the bunch length as a function of the
bunch charges. The results of this measurement is displayed in Fig. 7.7.
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Figure 7.7: Charge dependence of the electron bunch length after the optimum
compression. Color coded is the bunch number in the train. The black line
is the average.
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An additional test was to demonstrate that small deviations in electron
beam energy can be transported through FLASH1 while maintaining lasing.
To this end, the gradient of the second RF flat top was changed. The dif-
ference in total energy was 3 MeV, as shown in Fig. 7.8. This resulted in
different radiation wavelength as can be seen on the spectrometer camera in
Fig. 7.9

Figure 7.8: Energy of the individual bunches. Bunch train 1 consisting of
30 bunches has about 500 MeV total energy, bunch train 2 consisting of 20
bunches about 497 MeV.
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(a) Bunch train 1 with an en-
ergy of 500 MeV only.

(b) Both bunch trains on spec-
trometer.

(c) Bunch train 2 with an en-
ergy of 497 MeV only.

Figure 7.9: XUV-Spectrometer camera image of the FEL radiation driven
by two bunch trains of different energies. Smaller wavelengths are to the
left. The yellow box has a width of about 0.1 nm. One can estimate that the
two bunch trains are seperated by about 3 times the box’ widht. This would
mean a difference of 0.3 nm. This corresponds to an energy deviation of
∆E
E

= 0.6% which is in a good agreement to the measured energy deviation of
3MeV

500MeV = 0.6%.
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7.3 FLASH2 beam line commissioning
Since the official beam permission, many tests have been performed to show
that FLASH2 can fulfill the demands of the photon users and to show the
flexibility offered by the FLASH2 setup. In Fig. 7.10 one can see the expected
spectral range and its dependence on the gap as well as the wavelength that
were already demonstrated. In Fig. 7.11 one can see the FEL radiation
profiles taken on a YAG screen inside the photon beam line at different
beam times sorted by wavelengths for different electron beam energies, while
in Fig. 7.12 four images of the FEL radiation on a YAG screen are shown
that were taken during a wavelength scan within about 30 minutes at a fixes
electron beam energy. The wavelength was changed by varying the gap of
the undulators.

Figure 7.10: Theoretical and achieved wavelength of the FLASH2 undulator
system for three different electron beam energies. A filled marker indicates
that this wavelength has been demonstrated experimentally.
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(a) 42 nm (b) 23.5 nm (c) 4 nm

Figure 7.11: Profiles of the FEL radiation on a YAG screen in the photon
beam line for different wavelengths between 4 nm and 42 nm.

(a) 13.5 nm (b) 11 nm

(c) 8.5 nm (d) 6 nm

Figure 7.12: Some profiles of the FEL radiation on a YAG screen for a
wavelength scan from 13.5 nm to 6 nm that was performed in 0.5 nm steps.
FLASH1 was running at 5 nm during the complete scan, which took about
30 min.
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7.4 Examples for other FEL multiplexing fa-
cilities

As shown before, FLASH1 and FLASH2 give the maximum flexibility possi-
ble for simultaneous delivery of two pulse trains for users. There are however
other methods, though not as flexible, still used to increase beam time for
users. FLASH features an electromagnetic undulator downstream the main
XUV undulator beam line used for the generation of coherent radiation in the
terahertz-regime used for two-wavelength experiments. As the wavelength
differ by a large amount, the micro bunching and energy spread introduced
in the XUV wavelength range will not be harmful to the THz radiation pro-
duction. It might, on the opposite, even be helpful as it contains noise on
longer wavelengths.

Another example is the beam line SASE3 at the European X-Ray Free-
Electron Laser. Here one uses the spent beam of the first undulator beam
line and transports it through a dipole magnet. This magnet separates the
electrons from the photon beam and thus it introduces an angle between the
photon beams of SASE1 and SASE3. The following undulator beam line
produces then FEL radiation for the second user. (See Fig. 7.13) The disad-
vantages here are that the exact same beam drives two undulator systems,
which means they cannot vary in terms of pulse duration, electron energy or
pulse pattern. In addition, using a spent beam one always has to consider the
degraded electron beam quality due to the lasing process in the first undula-
tor. Any changes in the electron orbit or optics for the first undulators will
make corrections for the second undulator inevitable. For the electron orbit,
which can be measured without degrading the electron beam, the correction
can be handed over to an orbit feedback system. The electron beam optics
however can only be determined by the beam size, which is a destructive
measurement. Thus, it can only be corrected if the users abdicate a fraction
of their beam time.

For normal conducting accelerators with repetition rates of around 100 Hz,
one can also use fast kickers to apply an orbit kick to the electron beam
on a bunch-to-bunch time scale. For SACLA, the Japanese XFEL facility,
the following scheme, applicable for normal conducting FELs, has been pro-
posed [112]: The charging of the high voltage power supplies starts with a
trigger signal generated based on the power line frequency (which, for the
case of the prefecture of Hyogo where RIKEN is situated, is 60 Hz). A
reference RF clock and counter unit is used to deal with timing jitter and
provides adjustable timing delays. The main linac produces bunch trains at
60 Hz with an kinetic energy of 6.8 GeV. The last RF modules are operated
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Figure 7.13: Undulator section of the XFEL. One can see that SASE3 uses
the spent beam of SASE1. The grey block between bot undulators is the dipole
magnet. Image taken from [111].

at gradients of 200 MeV per module at lower frequencies, four modules at
30 Hz and two at 15 Hz. That means that the FEL can operate at three
different wavelength, but the total rate of pulses is decreased for each energy.
Although three different electron energies are produced, the flexibility is lim-
ited in terms of electron charge, compression, bunch pattern and repetition
rate.

Figure 7.14: SACLA Timing pattern
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Chapter 8

Summary and Outlook

The FEL output power in dependence of the M2 of the incoming XUV beam
has been studied in simulation. The results lead to the conclusion that the
power contrast comes almost completely from the embedded fundamental
TEM00 mode, while higher order modes contribute only little to the power
contrast. In addition, there is no evidence that the presence of higher order
modes has a negative effect on the contrast. The behaviour of the gain curves
has been studied. For an M2 up to 4 the gain curves show the same behaviour
as for the M2 =1 case. The M2 of the FEL radiation has been shown to be
independent of the incoming XUV seed beem and a fixed number, which is in
agreement with the theoretical description in [85]. For the reliable operation
of a seeded FEL one would however like to have a more dedicated device
for the measurement of M2 that would be installed in the vicinity of the
undulator and deliver measurement results with lower measurement errors.

It has been shown that a modal reconstruction using Hermite-Gaussian
modes is possible. The obtained M2 has a large error in the order of 28%.
However, the M2 obtained by this method can be used to characterize the
FEL seed beam in the vincinity of the undulator, where only single screens
are present. An XUV transverse profile obtained during a measurement shift
at FLASH has been used to generate a seed beam for the simulation out of
the deconstructed modes. It led to the same power contrast, and, with the
assumptions on the FEL pulse lengths, to the same energy contrast that has
been observed. M2 measurements of an THG trippler have been performed
and are also in agreement with the ISO measurement method. In the future
one would like to repeat the measurements on successfull seeding shifts in
order to show the effect of M2 in the experiment.

A direct HHG seeding option for FLASH2 has been studied under the
conditions that the focus of the XUV beam should be situated in the first
undulator and the source point for the users of the FEL radiation should
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be in the last one. All possible combinations of the independently operating
variable gap undulators have been studied in order to obtain the best FEL
performance in terms of power contrast in the SASE case. The simulation
shows that for the optimal performance it will be necessary to change electron
beam parameters to move the point of the best contrast towards the end of
the last undulator. Simulation will be needed to find this optimum electron
beam settings. Furthermore, these calculations have to be repeated for some
shorter, representative wavelengths (e.g. 30, 20, 10, 5 nm) and different M2

values.
For HGHG, the energy spread is an important figure. Therefore the dis-

persion has been measured at the end of the undulator, using the dump
dipole as an electron spectrometer. The upper limit of the energy spread
through the complete FEL can be estimated to be 40 keV. A new method
for tracking particle distributions through a magnetic chicane (or other mag-
netic lattices) has been developed and used to optian the energy modulation
amplitude for two different laser seed beam powers and different M2 . Fur-
thermore, during the time of this thesis, HHG and HGHG seeding has been
demonstrated successfully at sFLASH. This is an important step for the fu-
ture seeded operation of FLASH2. One would like to use the dump dipole
as an electron energy spectrometer in a way such that one could directly
observe the energy spread introduced by the seeding process as at is done in
FERMI@ELETTRA.

Before FLASH2 was ready to be operated, important pre-tests were per-
formed. One of those is the study on the influence of the extraction kicker
that seperates the bunches between the FLASH1 and FLASH2 electron beam
line on the SASE performance. Those intensity fluctuations did not exceed
the fluctuations one expects in SASE operation. The needed flexibility in
the RF system has been tested. The flexibility in the RF system to drive
two FEL beam lines is achieved by providing two flat-tops in the temporal
RF power distribution, although in the pre-test three flat-tops were success-
fully tested, as it is foreseen to extend the FLASH2 beam line by a third
beam line - FLASH3. As soon as the second injector laser was installed test
were performed using two flat tops. One could show that for equal bunch
charges on both flat-tops the SASE performance was the same, and that for
smaller bunch charges with optimized compression using RF parameters of
the second flat top the FEL performance followed the expected behaviour.
The charge dependence of the electron bunch length under optimum com-
pression was studied and it was shown that the RF is capable of offering
enough flexibility to cope with the needed compression changes. Finally, two
electron bunches with different kinetic energies were used to produce FEL
radiation. This was successfully done, with a clear spectrogram of two SASE
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wavelength of the two electron beams. Switching the energy of either beam
was possible without any changes of the electron optics.

Whithin several months the commissioning of the hardware was done.
The beam extraction was successful, and transmisssion to the dump was
achieved soon. All of the wavelengths that were planned for FLASH2 could
be shown to lase. An electron energy scan, corresponding to a wavelength
change from 13.5 nm down to 6 nm, was performed in less than 30 minutes.
Right now, first user beam is delivered at FLASH2.

Most tests at FLASH2 were performed during user operation at FLASH1.
FLASH1 and FLASH2 were already operated simultaneously, both with long
bunch trains.
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