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Rossbach, Mapping few-femtosecond slices of ultra-relativistic electron
bunches,
Scientific Reports 7, 2431 (2017)
DOI: 10.1038/s41598-017-02184-3

iii
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Brenner, M. Dohlus, N. Ekanayake, T. Golz, T. Laarmann, T. Lim-
berg, E. Schneidmiller, N. Stojanovic, M. Yurkov, Suppression of FEL
Lasing by a Seeded Microbunching Instability,
Proc. 37th International Free-Electron Laser Conference, Daejeon,
Korea (2015)

K. Hacker, S. Khan, R. Molo, S. Ackermann, R. Assmann, J. Bödewadt,
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bach, M. Wieland, K. E. Hacker, S. Khan, R. Molo, S. Ackermann,
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Abstract

In the course of the present experimental PhD work the first extreme ul-
traviolet (XUV) and soft x-ray pulse shaper relying on reflective optics has
been developed. Its use will allow arbitrary control on the time-frequency
spectrum of femtosecond pulses generated by seeded free-electron lasers
(FEL) and high-harmonic generation (HHG) sources.
The device is based on the geometry of a 4f grating compressor. It has been
applied to shorter wavelengths through the use of grazing incidence optics
operated under ultra-high vacuum conditions. The design blaze angle and
line density of the gratings allow the manipulation of all the different har-
monics typical of high-gain harmonic generation (HGHG) and echo-enabled
harmonic generation (EEHG) FELs, as well as of HHG sources, without the
need of realignment of the instrument and even simultaneously in multi-
color experiments.
Furthermore, the diagnostics necessary for commissioning of the pulse shaper
have been realized, including an UV-IR cross-correlator for initial studies
using 266 nm femtosecond pulses. HGHG seeding at FLASH and temporal
characterization of the amplified XUV and soft x-rays by means of THz
streaking has been achieved with important contributions by the author of
this thesis. These longitudinally fully coherent FEL pulses are well-suited
for future shaping applications.
A successful proof-of-principle pulse shaping experiment using 266 nm light
has been performed, demonstrating spectral phase-control on femtosecond
UV pulses.
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Zusammenfassung

Im Zuge der vorliegenden experimentellen Doktorarbeit wurde der erste
Pulsformer für extrem ultraviolette (XUV) und weiche Röntgenstrahlen en-
twickelt, der ausschließlich auf reflektierende Optik setzt. Seine Nutzung
wird die beliebige Steuerung des Zeit-Frequenz-Spektrums der Femtosekun-
denpulse ermöglichen, die von seeded Freie-Elektronen-Lasern (FEL) und
Hohe-Harmonischen Quellen (high harmonic generation, HHG) generiert
werden.
Das Gerät basiert auf der Geometrie eines 4f Gitterkompressors. Der Ein-
satz für kürzere Wellenlängen wird durch die Verwendung von Optiken
unter streifendem Einfall im Ultrahochvakuum ermöglicht. Die Blazewinkel
und Liniendichte der Gitter wurden so ausgewählt, dass die Manipula-
tion aller verschiedenen Harmonischen für high-gain harmonic generation
(HGHG) und echo-enabled harmonic generation (EEHG) FELs sowie für
HHG Quellen ermöglicht wird, ohne eine Neujustage des Instruments zu
erfordern, und erlaubt sogar die gleichzeitige Nutzung mehrerer Harmonis-
cher in Mehrfarben-Experimenten. Ferner wurden Diagnosegeräte entwor-
fen, die für die Inbetriebnahme des Pulsformers nötig sind, inklusive eines
UV-IR Cross-Korrelators für die ersten Versuchen mit 266 nm Femtosekun-
denpulsen.
HGHG Seeding bei FLASH und die zeitliche Charakterisierung der verstärk-
ten XUV- und weichen Röntgenstrahlen mittels THz Streaking wurde mit
wichtigen Beiträgen des Autors dieser Doktorarbeit erreicht. Diese longitu-
dinal vollständig kohärenten FEL-Impulse sind für zukünftige Experimente
mit geformten Pulsen gut geeignet.
Ein Nachweis der Funktionalität des Pulsformers wurde unter Nutzung von
266 nm Licht erfolgreich erbracht, indem die spektrale Phasensteuerung an
Femtosekunden-UV-Pulsen demonstriertet wurde.
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Introduction

In the last decade a new window of opportunities has opened up using
intense free-electron laser (FEL) pulses in the XUV and soft x-ray regime
for photon science applications. Pioneering work has been done at FELs like
FLASH at DESY in Hamburg and FERMI at Electra in Trieste. Both have
been recently expanded with a second FEL line, due to the high demand of
their photon pulses for experiments.
The implementation of so-called seeding schemes at these facilities, which
allows for the generation of fully coherent photon pulses, paved the way for
applying quantum control methodologies at FELs (see [1] and references
therein). First experiments have been conducted at FERMI, tuning the
machine parameters in order to tailor the photon pulse characteristics [2–4].
Further research and development of photon pulse shaping capabilities at
FELs would enable current experimental techniques to be transferred from
the optical spectral range (IR, visible and UV) to the short-wavelength
limit, e.g. four-wave mixing [5].
The PhD project pursued in the present work has been focused on three
main objectives:

1. Feasibility study of an XUV and soft x-ray pulse shaper (XXPS)
relying on grazing incidence optics within the limits of current tech-
nology.

While the use of photon pulse shapers is nowadays widespread for optical
wavelengths, applying this technology to shorter wavelengths presents sev-
eral challenges. The typical shaper geometry is that of a zero-dispersion
compressor comprising of a symmetric arrangement of two gratings and
focusing optics depicted in Fig. 0.1. Due to the shorter wavelength, re-
quirements on positioning accuracy and surface quality of the optics are
much tighter. In addition, to achieve a sufficient resolution the dispersion
section after the diffraction gratings needs to be lengthened and the size of
the optical elements on the shaping (phase) mask needs to be reduced by a
large factor. The choice in optical elements is greatly reduced, with the use
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a commissioning strategy requiring as little as possible use of intense XUV
and soft x-ray sources, that favors instead the use of conventional fs lasers.
As will be explained in detail in Chapter 3 a smart grating design allowed
use of subharmonics of the seeded XUV radiation (off-line), i.e. the optical
266 nm seed laser itself, without changing the overall alignment. It goes
without saying that appropriate diagnostic tools had to be developed as
well.

Within the present PhD work it is described how these three objectives
have been achieved, and the results are discussed. In chapters 1 and 2,
introductions to FELs and pulse shaping in general are given, respectively.
In Chapter 3, the design of the XXPS is described, in both its anticipated
XUV (15 nm-40 nm) and soft x-ray (4 nm-15 nm) implementation, together
with the diagnostics developed for its commissioning. The expected per-
formances are discussed in detail. Finally, in Chapter 4 the results of the
first proof-of-principle pulse shaping experiment using UV laser light are
highlighted.



Chapter 1

Seeding the Free-Electron
Laser FLASH

Free-electron lasers (FELs) are currently the main source of high-peak-
power (GW) femtosecond laser pulses in the extreme ultraviolet (XUV,
10-40 nm) and soft x-ray (1-10 nm) wavelength range. They are particle ac-
celerators which generate radiation starting from ultrarelativistic electron
bunches. This chapter begins with a short introduction to the basics of
FEL physics (Section 1.1). Sections 1.1.1, 1.1.2 and 1.1.3 closely follow the
the book “Ultraviolet and Soft X-Ray Free-Electron Lasers” by Schmüser,
Dohlus and Rossbach [6], where in-depth discussions of the presented topics
can be found with detailed mathematical derivations of all described effects.
Seeding techniques allow generation of longitudinally fully coherent pulses1.
Because this is a prerequisite for any photon pulse shaping device and its
application, the main characteristics of those schemes are given in Section
1.2. In particular the seeded photon beam parameters and performance
are compared to the self-amplified spontaneous emission (SASE) scheme,
used by most FELs in the world.
Research and development of seeding at FLASH (in the course of this the-
sis called sFLASH) is described in Section 1.3. It makes use of part of the
FLASH accelerator at DESY in Hamburg (Germany), which since opening
in 2005 is the first XUV and soft x-ray FEL available to the photon science
user community for experiments.

1The longitudinal coherence of a pulsed light source is determined by the degree of
phase correlation along the pulse. A light pulse is said to be longitudinally coherent if
there is a strong degree of phase correlation along the whole pulse, as shown e.g. by
strong interference pattern when different sections of the pulse are overlapped through a
split and delay unit. A more exhaustive discussion of the topic can be found in Section
1.2.3.

4



FEL Physics and Seeding Schemes 1.1 5

Key components for the reliable operation of FELs and their control are
electron and photon diagnostics. The most important devices, and how
they help in tailoring the ultraviolet seed laser, relativistic electron bunches
and FEL radiation, are covered in Section 1.4.
The chapter ends with a short summary of the sFLASH R&D activities,
in which the author played an active role between 2014 and 2018 (Section
1.5).
Note that in Accelerator Physics, the coordinate system is usually oriented
with the z-axis along the electron beam direction, the y-axis pointing up-
wards and the x-axis horizontally according to the right-hand rule. Such
convention is followed in the totality of this work.

1.1 FEL Physics and Seeding Schemes

An FEL consists of two main components: a particle accelerator and an
undulator (or sometimes multiple). The particle accelerator accelerates
electrons up to ultra-relativistic speeds. Electrons are used because of their
ease of production (compared to positrons) and low mass, because the in-
stantaneous power emission of a charged particle on a circular trajectory
is:

P =
cq2γ4

6πǫ0R2
(1.1)

where c is the speed of light, q is the particle’s charge, γ is its Lorentz
factor, ǫ0 is the permittivity of the vacuum and R is the radius of the tra-
jectory [7].
Linear accelerators (linacs) are usually preferred over storage rings due
to their higher peak-current and lower energy spread2. The undulator is
a straight section containing one or more periodically poled magnet struc-
tures, called undulator modules. While traversing these insertion devices
the electron bunches emit synchrotron radiation pulses with a small energy
bandwidth.
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curved trajectory they emit synchrotron light. This radiation is emitted into
a cone with a semi-angle of 1/ (2γ), with its axis centered on the instanta-
neous electron trajectory [7]. Due to the periodicity of the electron motion
and due to the small amplitude of their sinusoidal path, strong interference
phenomena occur, with constructive interference of emitted photons in a
band around the resonant wavelength, given by:

λrad =
λu

2γ2

(

1 +
K2

u

2

)

(1.2)

where λu is the undulator period length, γ is the relativistic Lorentz factor
and Ku = λueB0

2πmec
, where B0 is the on-axis peak magnetic field, e and me

are respectively the electron charge and mass, and c is the speed of light.
Constructive interference also happens for the harmonics of the resonant
wavelength. In an undulator the amplitude of the sinusoidal motion is small
(compared to what happens in a wiggler, which is an insertion device with
the same magnetic structure of an undulator but stronger dipoles and larger
period). Thus, the photons are emitted in a small, only slightly elliptical
cone along the z-axis in the forward direction. The electric field of the
emitted radiation is parallel to the sinusoid plane, i.e. the radiation emitted
is linearly polarized along the plane of oscillation (all the modules currently
in operation at FLASH are such conventional planar undulators, albeit
undulators designed to generate circularly polarized radiation do exist [8]).
The bandwidth of the undulator radiation, centered around the resonant
wavelength and with an almost Gaussian distribution, has its fwhm given
by:

∆ω =
ωrad

Nu

(1.3)

where ωrad is the angular frequency of the resonant wavelength and Nu is
the number of periods in the undulator.

1.1.2 Energy exchange between electrons and
radiation

Let’s now consider the effect of radiation on the electrons present in the
undulator, when the radiation propagates along the axis of the electron
sinusoidal motion with the electric field in the plane of the electron motion.
The power exchange between electrons and electric field E is given by the
interaction with the Lorentz Force as:
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(a) (b) (c)

Figure 1.3: The microbunching process. Due to the energy exchange with
the radiation, electrons in an undulator change their effective longitudinal
velocity and slowly accumulate within small slices. Such slices are located
periodically near the points of maximum electron-radiation exchange. At the
undulator entrance the electrons in the bunch are uniformly distributed (a).
Slowly their density starts to modulate (b) until they reach the maximum
density allowed by Coulomb repulsion (c).

1.1.3 Working principle of a SASE FEL

Conventional optical lasing schemes, e.g. resonance cavities, are not pos-
sible at short wavelength, where mirrors with high 90°-reflectivity are not
available. Therefore single-pass FELs are used to generate XUV and soft
x-rays. In single-pass FELs each light pulse is generated by a single elec-
tron bunch, passing through the undulator only once. The physical process
responsible for the high laser peak power output typical of such devices
is called microbunching. Electrons that have lost energy to the radia-
tion travel on a sinusoid with higher amplitude compared to electrons that
gained energy, due to their lower momentum and nearly-identical magnetic
force because of their ultrarelativistic speed. A modulation of the electrons’
longitudinal velocity follows, leading to modulation of the electron density
in the bunch.
The electrons accumulate in tight slices with the periodicity of the undula-
tor resonant wavelength. Thus, the radiation emitted by the electrons from
different slices close to the resonant wavelength interferes constructively.
Due to superradiance, the intensity of the radiation grows with the square
of the number of electrons in these slices or ’microbunches’ (Fig. 1.3). The
mathematical derivation of this process can be found in [6].
The microbunching process is at the root of the three power growth regimes
in a single-pass FEL, which are shown in Fig. 1.4. They are called the
lethargy regime, the exponential growth regime and the saturation regime.
At the undulator entrance the FEL is in lethargy regime. The densely
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Figure 1.4: The FEL power gain curve. In a SASE single-pass FEL at the
beginning of the undulator the microbunches are still not formed, therefore
the FEL power growth is slow. This phase is called the lethargy regime.
When the microbunches are sufficiently developed, the power growth quickly
becomes exponential. When the microbunches approach their maximum de-
velopment, the power growth slows and quickly reaches a maximum satura-
tion level.

packed slices are slowly starting to form, and the power increase is approx-
imately linear. When the slices are sufficiently dense and the electric field
of the radiation is sufficiently intense the power growth rapidly becomes
exponential. Once the electrons in the slices are packed as closely as pos-
sible due to Coulomb repulsion the power growth reaches saturation. In
this regime further energy losses bring the electrons out of phase with the
electromagnetic field, therefore electrons gain energy back from the radia-
tion. Such a limit can be overcome with the addition of afterburners, i.e.
tapered undulators whose magnetic field progressively decreases in order to
keep microbunches and radiation in phase, thus increasing the amount of
energy that can be extracted from the ultra-relativistic electron bunches [9].
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To reach saturation typically several meters of undulator are needed, and
the shorter the wavelength the longer the undulator must be (undulators for
hard x-ray generation in the new European XFEL are up to 256m long [10]).
The use of afterburners further increases the undulator length.
Commonly, undulator lengths are expressed in terms of the gain length Lg,
i.e. the length where the power grows by a factor e in the exponential
growth regime. It can be calculated approximately analytically, using 1D
theory, though 3D simulations are needed for an accurate prediction. The
bandwidth rms of an FEL holds:

∆λ

λ
≈ 2ρ (1.5)

The Pierce parameter ρ is a dimensionless quantity connected to the max-
imum tolerable beam energy spread: as a rule of thumb, a relative energy
spread greater than the Pierce parameter leads to a significant gain length
increase and smaller saturation power. It is defined as:

ρ =
1

4π
(πg0)

1

3 (1.6)

The gain parameter g0 is a dimensionless parameter defined as:

g0 = 4π
J

I0
(
(λuKu)

2

γ3
)(λuKufb)

2 (1.7)

where J is the current density of the electron beam, I0 = 17045.09A is the
Alfvèn current and fb is the Bessel factor, defined in a planar undulator as:

fb = J0(ξ)− J1(ξ) (1.8)

Here Jn are the cylindrical Bessel functions, while ξ is defined as:

ξ =
1

2
K2

u(1 +K2
u)

−1 (1.9)

Self-amplified spontaneous emission (SASE) is a well-established mode of
operation that has been used to operate the first single-pass FELs. The
electron bunch generated by a linac is directly fed into the undulator. The
electrons spontaneously start emitting synchrotron radiation, that slowly
begins to create microbunches in a stochastic fashion. Due to the low in-
tensity the lethargy regime is several gain lengths long. In SASE FELs
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saturation is typically reached in about 18-20Lg [6]. The bandwidth of
each pulse covers usually most of the FEL bandwidth, with shot-to-shot
variations.
The pulses generated by SASE FELs have several limitations. Their longitu-
dinal coherence is poor and the spectrum of each single SASE shot presents
many spikes at different wavelengths. The peak positions and amplitude
vary from shot to shot, along with the power output.

1.1.4 Seeding schemes

In order to improve FEL pulse characteristics, an external laser can be used
to initiate the microbunching process. Important laser beam attributes, like
longitudinal (temporal) coherence, photon and pulse energy stability and a
Gaussian spectrum, can be transferred from the seed laser to the electron
bunch modulation and finally to the FEL pulses. In general, two approaches
can be distinguished. The electron beam can be injected into the FEL un-
dulator overlapped with a seed laser beam on the FEL resonance. This
configuration, in which the FEL acts as an amplifier of the input signal,
is called direct seeding. Alternatively, the seed can interact with the elec-
trons, starting the microbunching process in a controlled way before the
electrons enter the final FEL undulator. The first method is used in direct
seeding and self-seeding schemes, while the second one is used in high-
gain harmonic generation (HGHG) [11, 12] and echo-enabled harmonic
generation (EEHG) [13, 14].
When a seeding scheme is used, the SASE process is taking place in parts
of the electron beam that are not seeded. Seeding schemes require shorter
undulators compared to SASE, due to the fact that the lethargy regime is
shorter. It follows that the undulator length can be optimized in such a
way that the resulting seeded FEL power approaches saturation while the
SASE one is multiple orders of magnitude weaker.
At sFLASH currently HGHG is being studied, while EEHG is under de-
velopment. Both of these schemes are briefly described in the following
sections.

1.1.5 High-gain harmonic generation: single stage
and cascaded

Compared to direct seeding the HGHG scheme requires additional hard-
ware in the accelerator: a second undulator and a magnetic chicane are
added between the linac and the main undulator (see Fig. 1.5).
The first undulator entered by the electron bunch at the linac exit is called
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(a) (b)

(c) (d)

Figure 1.6: Evolution of the longitudinal phase-space distribution of the
electron bunch in the HGHG scheme. A section of the electron bunch before
(a) and after (b) the modulator and after the bunching chicane (c) are
compared. The resulting charge distribution after the chicane is also shown
(d). Pictures courtesy of Tim Plath.

bn = Jn

(

nkR56
∆γ

γ

)

exp

(

−1

2
[nkR56

σγ

γ
]

)

(1.10)

where n is the harmonic number, k is the wavenumber of the seed laser,
R56 is the corresponding element of the chicane transfer matrix that corre-
lates the energy difference of an electron from the beam mean energy to its
position change after the chicane in the longitudinal phase-space, ∆γ is the
amplitude of the energy modulation introduced in the modulator and σγ is
the electron energy spread, both expressed in terms of the Lorentz factor
γ. Uniformly distributed electrons give b = 0, while b ≈ 0.6 at saturation.
Bunching factors for typical sFLASH parameters are shown in Figure 1.7.
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Figure 1.7: Bunching factor at the radiator entrance for typical sFLASH
parameters.

After the chicane the electron bunch enters the main FEL undulator, called
a radiator. If the radiator is tuned to a harmonic of the seed laser wave-
length, then the electron bunching at that particular harmonic will start
the FEL power growth. The radiator is much longer than the modulator
(300 periods at sFLASH), but it is still shorter than the SASE undulator
(400 to 500 periods) that would be required with the same electron bunch
characteristics, because of the already partially developed microbunches.
The shorter length of the insertion device reduces space requirements for
seeded FEL facilities, and keeps the SASE background low. At sFLASH it
is typically about 1000 times lower than seeded power.
The highest harmonic at which the radiator can be operated is limited
by certain constraints. As a rule of thumb, in order to generate sufficient
bunching at the h-th harmonic the amplitude of the energy modulation
induced in the modulator needs to be approximately h times the initial
electron energy spread. However, the energy spread induced by the mod-
ulation can severely spoil FEL performances. With state-of-the-art tech-
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tion has been demonstrated at FERMI, with h1 = 6 in the first stage while
h2 = 10 in the second stage3 [16].
Though not experimentally shown yet, a cascaded HGHG FEL could in
principle incorporate more than two stages to go even further down in wave-
length. It can be calculated analytically that the following inequality must
hold for the HGHG process to take place [17]:

htot ≪
√

Pm,1

Pn,1

(1.11)

Here htot is the harmonic of the seed laser generated at the output of the
last stage, while Pm,1 and Pn,1 are respectively the seed power and the
shot noise power in the first modulator, with the second being usually in
the order of 100W. Because the modulation process increases the energy
spread there is an upper limit to the amount of seed power, and therefore
to the harmonic that can be reached. This inequality can be regarded as an
upper limit. More detailed 3D electron beam dynamics simulations must
be run to pinpoint FEL performance parameters.

1.1.6 HGHG photon pulse properties

(a) (b)

Figure 1.9: HGHG FEL energy bandwidth, as a function of seed laser band-
width (a) and initial energy spread (b), for standard sFLASH parameters, in
particular 266 nm seed wavelength and radiator tuned to the 7th harmonic.

HGHG FELs generate longitudinally fully coherent pulses, with only
small shot-to-shot variations in temporal profile and energy bandwidth.

3
hn is the resonant harmonic of the radiator with respect to the modulator in the

n-th stage



18 1. Seeding the Free-Electron Laser FLASH

Thus, they are ideally suited for pulse shaping, where coherence and con-
stant properties of a pulse are of the utmost importance.
The time duration of the pulses generated by a HGHG FEL depends on
the seed laser time duration and on the harmonic to which the radiator is
resonant. The pulse time duration can be estimated with the equation:

∆tFEL =
∆tseed

3
√
h

(1.12)

where ∆tFEL is the duration of the seeded FEL pulse, ∆tseed is the duration
of the optical seed laser and h is the number of the harmonic at which the
radiator is tuned. This prediction has been shown to be consistent with
experimental data [4] and can be obtained as a fit of analytical predictions,
but for an extra 7/6 factor [18].
The energy bandwidth of an HGHG FEL depends on the seed laser band-
width and on the initial electron energy spread. An increase in the seed
laser bandwidth translates to an increase of the FEL pulse bandwidth, as
long as the spectrum of the seed laser remains within the modulator band-
width. An increase in the energy spread also translates to a larger FEL
pulse bandwidth, but at the cost of degraded FEL performances. There
is no analytical way available for estimating this quantity with sufficient
accuracy. The effects of initial energy spread or seed bandwidth variation
at sFLASH have been simulated using the well-established FEL simulation
code GENESIS 1.3 [19] and the results are shown in Fig. 1.9. Typical
values at sFLASH are 135 keV for the energy spread and 0.64% for the seed
laser bandwidth fwhm. In the simulations, one of the parameters was kept
fixed while the other was varied.
It can be seen that an increase in seed laser bandwidth can considerably
increase the resulting bandwidth of the FEL pulse. However changing the
seed laser bandwidth beyond 6% has a rather small effect. Compared to
this an increased electron energy spread affects the resulting bandwidth of
the FEL pulse much less, keeping in mind that this goes hand-in-hand with
an increase of the saturation length and degraded FEL performance.

1.1.7 Towards shorter wavelengths with EEHG

Echo-enabled harmonic generation (EEHG) is a more advanced seeding
scheme compared to the approaches described above, because of the in-
creased complexity of the electron bunch manipulation involved [13]. Much
shorter wavelengths are within reach of a single stage. In an EEHG FEL
two modulators are present, each followed by a magnetic chicane as shown
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seed laser of wavelength λ2, where λ2 is usually a harmonic or subharmonic
of λ1 or even λ2 = λ1. The second pulse can be injected in the first bunch-
ing chicane, or even together with the first seed pulse if the two pulses are
polarized orthogonally to each other and the electron wiggling planes of the
modulators are similarly perpendicular. Such arrangement requires only a
single seed laser injection beamline, and is realized at sFLASH. The disper-
sive strength of the second chicane is comparable to typical HGHG values,
and it induces the electron bunch current modulation. Its magnetic field
is tuned in order to maximize the electron bunching at the selected radia-
tor harmonic. The described scheme induces a bunching factor bh ∝ h−

1

3 ,
which is comparable to HGHG values for low harmonics of the seed lasers
but much higher for the tenth harmonic and above. The EEHG scheme
has been first demonstrated in the UV spectral range at the Next Linear
Collider Test Accelerator (NLCTA) at SLAC [20]. With seed wavelengths
of λ1 = 800 nm and λ2 = 2400 nm, seeding at the 15th harmonic of 2400 nm
was achieved, i.e. at 160 nm. The viability of much higher harmonics is
currently under study at the NLCTA, and bunching up to the 75th har-
monic has been recently shown [21], although the small bunch current of
the facility does not allow for the high-gain FEL process to start.

1.2 HGHG vs SASE Pulses: a Comparison

SASE and HGHG FEL pulses differ in many characteristics. The main
differences are to be found in their spectrum, pulse energy and longitudi-
nal coherence. Of particular interest for many applications is the achievable
contrast between seeded pulse and SASE background in HGHG. These char-
acteristics are discussed in some detail in the next subsections. When not
otherwise specified, SASE data shown is from FLASH1, the worldwide first
XUV and soft x-ray SASE FEL, available for user experiments since 2005.
HGHG data is either from sFLASH or from FERMI, the first XUV and soft
x-ray HGHG seeded FEL, that started FEL user operations in 2012.

1.2.1 Pulse spectrum

The SASE process is started from random emission of synchrotron radiation
in the first undulator periods (shot noise). Such a process starts simultane-
ously everywhere along the bunch. In the undulator the emitted radiation
travels on a straight line and therefore overtakes the electrons. Thus, while
slipping forward through the electron bunch, the radiation interacts with
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Figure 1.13: HGHG FEL spectrum at sFLASH. The spectrum of successive
pulses is shown. The shot-to-shot spectral stability is very good, both in
central wavelength and in spectral bandwidth. The FEL spectrum is approx-
imately Gaussian. Picture courtesy of Tim Plath.

1.2.2 Pulse energy and contrast

The energy distribution of SASE pulses depends drastically on the un-
dulator length. If the undulator is not long enough to reach saturation,
shot-to-shot energy fluctuations are huge due to the variable duration of
the lethargy regime. The resulting energy distribution follows a gamma
distribution (as depicted in Fig. 1.14 (a)). However if the undulator is long
enough that the FEL process reaches saturation for each electron bunch,
then the energy jitter is smaller, and the energy distribution is approxi-
mately Gaussian, as can be seen in Fig. 1.14 (b) [23]. If the undulator
length is such that only some of the pulses reach saturation, the energy
distribution will be a weighted combination of the two.
Sometimes a monochromator is used at the exit of a SASE FEL to select a
single wavelength for spectroscopic applications. A monochromator reduces
the FEL pulse bandwidth and fixes its central value, at the expense of re-
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Figure 1.15: Energy distribution of a SASE FEL after a monochromator. A
monochromator is an effective solution for limiting and fixing the bandwidth
of SASE FELs. This result comes at expense of significant energy reduction
and increase in the energy fluctuation, whose single shot energy distribution
has σ = 100%. Figure reprinted by permission from Springer Nature: [22].

Here E(r1, t) and E(r2, t+τ) denote the complex electric field (see Eq. 2.1)
at positions r1 and r2 separated by a time interval τ , while 〈〉 indicates that
the value is averaged over the ensemble. The complex degree of coherence
is defined as:

γ12(τ) = Γ(r1, r2, τ)/I(r1)
1/2I(r2)

1/2 (1.14)

with I(r1) and I(r2) being the average intensities in r1 and r2. The direct
measurement of the contrast of the fringes in a double-slit experiment re-
turns the modulus of γ12(τ).
In the lethargy regime at the beginning of the SASE process many TEMmn

modes are present. However only the TEM00 mode has its maximum at the
center of the undulator axis, where the electron density on average is high-
est. The better overlap with the electron beam greatly favors the TEM00

power growth in the exponential regime. As a result, it is by far the domi-
nant mode in a saturated SASE beam.
The FEL radiation is diffracted by the electrons in the electron beam from
the axis outwards. It is a slow effect, that makes the outer beam electrons
interact in the undulator with radiation produced by electrons closer to the
beam core. The result is some transversal coherence being introduced to the
SASE pulse (see Fig. 1.16) [25, 29]. In HGHG a high degree of transversal
coherence is inherited from the seed laser.(see Fig. 1.17).
The longitudinal coherence of SASE pulses is poor. The coherence length is
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Figure 1.17: HGHG beam profile and transversal coherence. The beam
profile 52.4m (a) and 72.5m (b) after the end of the radiator is Gaussian.
The double-slit interference pattern (c,d) has been measured positioning two
20 µm slits, separated by 0.8mm, about 8.5m before the 72.5m screen. The
diffraction pattern shows high contrast. Figure reprinted by permission from
Springer Nature: [26].

comparable to the cooperation length, with many modes at slightly differ-
ent wavelengths being present. The number of modes depends on electron
beam characteristics and FEL wavelength (see Fig. 1.12). A high degree of
longitudinal coherence in seeded HGHG pulses has been shown at FERMI,
by means of a longitudinal interferogram. Twin FEL pulses were gener-
ated by having two seed laser replica interact with separate portions of the
electron bunch. The two pulses superposition produced clear interference
fringes, showing a high degree of phase stability [2]. The results are shown
in Fig. 1.18.

1.3 FLASH Seeding Infrastructure

FLASH is an XUV and soft x-ray facility located at DESY in Hamburg.
It started under the name of TESLA Test Facility (TTF) as an UV FEL
with first lasing at about 100 nm central wavelength in 2001 [30]. It under-
went several updates, the last one taking place in 2014. FLASH comprises
of a single linac that accelerates electrons for two SASE FELs, FLASH1
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Figure 1.18: Longitudinal interferogram of an HGHG pulse at FERMI.
The electron bunch current and mean energy (a) are compared to the seeded
FEL pulse (b). The head of the bunch and of the FEL pulse are on the
left. From the interferogram it is possible to measure the time duration
τ and bandwidth ∆λ (in terms of wavelength) or Ω (in terms of angular
frequency) of the FEL pulse. The high contrast of the fringes, as shown by
a projection of the central section of the interferogram (c) indicates an high
degree of longitudinal coherence in the pulse. Figure reprinted under the
Creative Commons Attribution 4.0 International License from [2].

and FLASH2, and a seeded FEL called sFLASH. The three FELs can be
operated simultaneously [31]. The FLASH layout is depicted in Fig. 1.19.
FLASH1 features fixed gap undulators and provides SASE pulses between
51 nm and 4.2 nm to users in the FLASH1 Experimental Hall. FLASH2
is the latest addition to FLASH. It comprises of variable-gap undulators,
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rms stability.
At the compressor exit the 800 nm beam is split into two pulses of equal
energy. These two replicas are sent into two triplers (only one of which is
used for HGHG, while both are used for EEHG), which are sets of non-
linear crystals that generate the third harmonic of 800 nm, i.e. 266 nm,
as detailed below. To keep the B-integral4 below 1, and therefore avoid
any risk of degradation of the Gaussian beam intensity distribution, the
beam diameter before the triplers is expanded from about 7mm to about
14mm fwhm. The frequency up-conversion is generated using two b-Barium
borate (BBO) crystals, one a-BBO5 crystal and a zero-order waveplate.
The first b-BBO crystal converts 800 nm to the second harmonic (400 nm),
then the a-BBO crystal delays the 800 nm pulse, in order to temporally
overlap it with the second harmonic. The zero-order waveplate rotates the
polarization of the second harmonic by 90°, in order to make it parallel to
the 800 nm polarization. Finally, the second b-BBO crystal combines them
to produce the third harmonic of 800 nm (266 nm). The polarization of the
UV beam is adjusted using quartz waveplates. The 266 nm pulses gener-
ated have a duration of about 150 fs, and energy in excess of 500µJ. The
bandwidth is in the order of 0.6% (see Fig. 1.21). At the exit of each tripler
a waveplate is used to rotate the beam polarization, and each beam focus
can be independently set using two telescopes.
The two UV pulses are then sent colinearly in the injection beamline. The
injection beamline is made of 3 bandpass multilayer mirrors and a 4th
multi-wavelength mirror for 800 nm, 400 nm and 266 nm. The 4th mirror is
located inside the accelerator tunnel vacuum, where substitution of parts is
problematic, therefore a multi-wavelength mirror has been chosen to allow
for wavelength flexibility.

1.3.2 Relativistic electron bunches as gain medium

The FLASH photoinjector consists of a photocathode made of Cs2Te posi-
tioned at the back plane of a 1.6-cell RF copper cavity. Three independent
laser systems are employed to generate electron bunches from the pho-
tocathode. Two are used for standard operation: they are identical and

4The B-integral is a quantity used in Laser Physics to measure the accumulation of
non-linear effects on the relative phases of the laser spectral components. Such phase
variations can create beating patterns, that in high peak-power lasers can locally lead
to high enough intensity to induce distortions in the pulse profile and damage of the
optics [33].

5 a-BBO and b-BBO differ in the position of the barium atoms in the reticule. This
results in different birefringent properties. See [34].





FLASH Seeding Infrastructure 1.3 33

3.9GHz, and is used to linearize the energy chirp of the bunch. The electron
energy after the first module is 150MeV.
The first bunch compressor is located behind the 3.9GHz RF module.
Bunch compressors consist of a magnetic chicane, where electrons with
higher kinetic energy at the end of the bunch travel a shorter path compared
to low energy electrons at the head. With proper tuning of the dispersive
strength of the chicane the electron beam length can be decreased by more
than one order of magnitude in a single chicane. The compression process
is illustrated in Fig. 1.22. Due to Liouville’s theorem6, a side effect of the
beam’s longitudinal compression is the increase in its energy spread.
The first bunch compressor is followed by 2 further RF modules operating
at 1.3GHz. They accelerate the electron beam up to 450MeV, and feed it
into the second bunch compressor. The electron beam is then accelerated
by 4 further RF modules, each operating at 1.3GHz, up to a maximum en-
ergy of 1.2GeV. The usual electron energy for sFLASH operation is about
700MeV.
The linac is followed by a kicker and septum, which are two magnets needed
to switch electron bunches to a different beamline within a few µs. They
are used to send bunches to the FLASH2 undulator line, allowing FLASH2
to operate routinely in parallel with FLASH1 or sFLASH. The operation
of three FEL lines in parallel is not performed on a regular basis.
The layout of the sFLASH and FLASH1 machine section is shown in Fig.
1.23. At its entrance two transverse collimators are located. They block
electrons straying far away from the beam axis, due to Coulomb replusion,
preventing them from hitting the undulators and damaging their perma-
nent magnets. Afterwards the electrons enter a section called ’dogleg’. It
is delimited by two dipoles and has a twofold purpose: electron energy
collimation and seed laser injection. The first dogleg dipole disperses the
electrons to different angles according to their energy, followed by energy
collimators blocking electrons whose energy is far from the nominal one.
The second dipole closes the electron dispersion, while allowing for the in-
jection of the seed laser coaxially to the electron beam. It is followed by
the ORS section (from optical-replica synthesizer, a diagnostic device for
which this section and its two modulators were originally built [35, 36]).
This section contains two electromagnetic modulators, the first with a hor-
izontal electron wiggling plane, the second with a vertical wiggling plane.
Both modulators have only 5 periods with λu = 200mm and Kmax = 10.8.

6Liouville’s theorem states that the phase-space volume of a statistical distribution
is conserved during its transformations. Therefore, the product between the volumes
occupied by a statistical ensemble in space and in momentum is conserved.
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1.3.3 Extraction beamline for amplified XUV pulses

The sFLASH extraction beamline transports the FEL pulses from the exit
of the radiator to the tunnel photon diagnostic station and to the sFLASH
experimental hutch. A CAD model of the extraction beamline is shown in
Fig. 1.24.
A magnetic chicane displaces the electron beam vertically, allowing for the
insertion of an extraction mirror (M0). The extraction mirror is made of a
triplet of mirrors, each hit by the FEL radiation at 3.3° grazing angle, for
a total deflection of 20° from the nominal electron orbit. The mirrors are
coated with amorphous carbon, which has a reflectivity of approximately
90% down to about 9 nm, giving a total transmission for the three mirrors
of about 70%. A narrow stripe at the top of the mirrors, 2.5mm wide, is
coated with nickel, to reflect light below 9 nm. Nickel reflectivity is above
70% at 3.3° down to about 2 nm radiation, leading to a combined transmis-
sion of approximately 35% for the three mirrors. The surface roughness of
the mirror has been characterized to be in the order of 0.5 nm rms.
Next in the beamline is the alignment laser (a class 2 solid state laser)
insertion point. A mirror can be moved into the beamline to deflect the
pilot laser beam coaxially to the FEL radiation. Further down, a Ce:YAG
screen can be inserted into the beamline. It is the first screen where seeded
FEL pulse profiles can be imaged after the last radiator module. Behind
the screen a switching mirror (M1) sends the FEL radiation either to the
tunnel diagnostic station, comprising of an intensity monitor and a broad-
band spectrometer, or to the experimental hutch. Further details on the
dignostic tools to characterize the seeded FEL radiation will be given in
Section 1.4.3. The switching mirror is made of two mirror pairs, that can
be inserted alternatively into the beamline. All mirrors are coated with
amorphous carbon and nickel like the extraction mirror elements. The sur-
face roughness of the mirrors is again 0.5 nm rms.
Between the switching mirror and the experimental hutch light travels
through a 20m-long beampipe. Two more Ce:YAG screens are used for
the alignment. At the beampipe exit a further switching mirror (M2, not
shown if Fig. 1.24, see Fig. 3.21) is located. It is coated like the previous
mirrors in the beamline, and has the same surface roughness of 0.5 nm rms.
It can be rotated to switch the FEL between the two main beamlines in the
experimental hutch. The first one transports the FEL to a THz streaking
setup (Sec. 1.4.3), the second one to theXUV and SoftX-ray Pulse Shaper
(XXPS).
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1.4 Electron and Photon Beam Diagnostics

In a HGHG FEL the interaction between the seed laser, the electron beam
and FEL components, including electron beam dynamics in the machine,
determine the characteristics of the generated light pulses. Control over
these parameters allows for tailoring the FEL output pulses. Therefore,
accurate and as complete as possible diagnostics of electron beam, seed and
FEL pulses are crucial.
In this section sFLASH diagnostics and tailoring options are discussed.
First the electron beam components most important for seeding are pre-
sented. Next, capabilities of the seed laser diagnostics are discussed. Fi-
nally amplified FEL pulse diagnostics and tailoring options are the focus of
interest.

1.4.1 Analysis and control of electron beam
parameters

Figure 1.25: TDS and electron spectrometer location in the sFLASH setup.
The electrons in the beam (light blue in the figure) are mapped vertically by
the TDS according to their longitudinal position. The following dipole mag-
net disperses the electrons horizontally depending on their energy. This way
the longitudinal phase-space distribution is mapped to the transverse planes
and can be observed on a subsequent fluorescent screen. Figure reprinted un-
der the Creative Commons Attribution 4.0 International License from [37].

Several parameters of the electron beam are crucial for a HGHG FEL:
the electron mean energy, the beam orbit, the beam profile and the longi-
tudinal phase-space distribution. The longitudinal phase-space distribution
of a relativistic electron bunch is a plot of electron energy vs longitudinal
coordinate in the bunch. It allows retrieval of important parameters such
as energy spread and peak current.
The electron mean energy is estimated in two different ways. One estimate
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is obtained by using the voltages and phases of the RF cavities to calculate
the energy transferred to the electrons. The second estimate is obtained by
using the bending radius of the electron beam due to the first dipole in the
dogleg. The two estimates return similar results, typically within less than
1% difference.
The electron beam orbit is determined using Ce:YAG screens and beam
position monitors (BPMs). BPM measurements are non-destructive and
are used in real time by an orbit feedback software to keep the orbit con-
stant in the beamline during FEL operation. It sustains the electron orbit
by changing the magnetic field in several correction dipoles. This software
compensates automatically for the effect of small beam parameter changes
or drifts. The Ce:YAG screens are useful to overlap the electron beam with
the seed laser.
The electron beam profile is defined by the emittance of the electron beam
multiplied by the evolution of its beta function in the beamline. The de-
tailed discussion of these concepts can be found in Particle Accelerator
Physics books like [38] and [39] and is beyond the scope of this thesis. The
emittance is determined by the injector, while the beta function changes
along the beamline due to the magnetic optics (quadrupoles, solenoids
and to a smaller extent undulators and dipoles). The beam profile can be
measured in several positions along the beamline using optical transition
radiation (OTR) screens, allowing reconstruction of projected emittance
and beta function.
The analysis of the electron longitudinal phase space is performed using
a transverse deflecting RF structure (TDS) and an electron spectrometer
(see Fig. 1.25). The TDS consists of an RF cavity with the RF electric (and
magnetic) field perpendicular to the electron beam direction of motion, in-
stead of coaxial geometry like in RF cavities in a linac. The electrons in
the beam receive different transversal acceleration depending on the lon-
gitudinal position in the beam. The RF cavity is followed by an electron
spectrometer, consisting of a magnetic dipole that disperses the electrons
according to their energy in the plane perpendicular to the one in which the
TDS acts. The electrons are detected on a fluorescent screen, where elec-
tron energy as a function of the bunch longitudinal coordinate is measured
with 10 fs resolution [37,40].
For optimal HGHG performances the electron beam trajectory from the

modulator entrance to the radiator exit should ideally be a straight line.
Strong kicks in the electron bunch trajectory deteriorate the alignment be-
tween the microbunches and the undulator magnetic field and should be
kept below 1 µrad per magnet, according to experience. Operation experi-
ence at sFLASH has shown that with bigger bends in the trajectory FEL
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(a) (b)

Figure 1.26: Typical measurement of the longitudinal phase space distribu-
tion of an electron beam used for seeding with the seed laser off (a) and on
(b). Figure reprinted under the Creative Commons Attribution 4.0 Inter-
national License from [37].

lasing is poor or absent.
To maximize the FEL power output the electron beam profile must be kept
as small as possible in the radiator. Several approaches are in use, from the
periodic FODO transport (see [38] and [39]), to a ballistic transport (where
no focusing magnets are used in the undulator, to avoid unwanted kicks
due to the magnet slight misalignment), to irregular empirically-optimized
transport [41]. The ballistic transport is used in sFLASH to minimize orbit
kicks. The energy spread can be tailored to slightly increase or decrease
the FEL bandwidth, but usually it is kept as low as possible, in order to
maximize the FEL power output. The energy chirp in the seeded part of
the beam can be tuned: while no energy chirp is usually preferred, a lin-
ear energy chirp can be introduced to generate chirped FEL pulses with
increased bandwidth.
Optimal bunch compression is also crucial for HGHG operation. The beam
current must be high in order to increase the FEL output pulse energy, but
not so high that collective effects in the electron bunch due to Coulomb
repulsion spoil the microbunching in the bunching chicane before the ra-
diator. In addition the area of the electron bunch with high current and
desired energy spread and energy chirp must be longer than the seed laser
pulse length, to minimize the effect of seed and electron timing jitter on
FEL output.
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The seed laser defines a straight line on the Ce:YAg screens throughout
the machine, which is used as reference for a straight electron orbit. While
the electron beam profile is measured using the OTR screens, all remaining
electron beam parameters, as well as the intensity and longitudinal posi-
tion of the seed laser modulation, are characterized using the TDS and
the electron spectrometer. Typical measurements of the longitudinal phase
space distribution of the electron beam used for seeding, with and without
seed laser modulation, can be seen in Fig. 1.26. The two extremities of
the bunch are off-resonance and have bad emittance, therefore even if hit
by the seed laser they will not lase. Most of the charge is concentrated in
the middle of the bunch, which has a flat energy profile. When the seed
laser is on, the electron bunch is energy and density modulated, respec-
tively. The induced modulation is symmetrical with respect to the energy
axis, but these measurements were taken after the radiator during FEL op-
eration. As expected, the seeded electrons lost energy to the FEL radiation.

1.4.2 Experimental tools to diagnose the ultraviolet
seed beam

The diagnostic devices used for monitoring the seed laser parameters are
shown in Figure 1.20. A commercial GRENOUILLE setup is used to char-
acterize the 800 nm pulses that enter the tripler for frequency upconversion.
It is a variation of a frequency-resolved optical gating (FROG) providing
full temporal and spectral diagnostic of the near-infrared laser pulses in
real time. The 266 nm seed pulses are diagnosed using a spectrometer to
determine the spectrum and a cross-correlator to measure time duration
and time profile. The cross-correlator is described in detail in Chapter 3.
The transverse overlap of seed laser and electron beam in the modulator
is achieved by aligning the two beams on Ce:YAG screens right before and
after each modulator. These screens considerably overestimate the electron
beam size (OTR screens must be used for accurate measurements), but the
electron beam center can be determined with sufficient accuracy. The over-
lap is optimized in the end by maximizing the electron beam modulation
signal on the TDS.
Though seed photon beamline diagnostics are sufficient to establish laser-
electron overlap, there is in principle no diagnostic at the interaction point
that can determine the transverse profile of the focused seed laser, i.e. the
exact seed power density interacting with the relativistic electrons. To cir-
cumvent this limit, a ’virtual undulator’ has been set up. It is an optical
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Figure 1.29: THz streaking setup at sFLASH. Part of the seed laser energy
is used to generate THz pulses, intrinsically synchronized with the FEL
output. The THz pulses are focused on a gas jet, where it overlaps with
the FEL light coming through a slit. Figure reprinted under the Creative
Commons Attribution 3.0 License from [42].

and are coaxial to the beam. MCP 1 detects photons scattered at small
angles from the golden mesh (> 50% gold reflectivity for angles smaller
than 30° and wavelength > 8 nm), MCP 2 detects photon reflected at 90°
(between 15% reflectivity at 40 nm down to 0.1% at 13 nm) and MCP 3
detects photons back scattered (between 9% reflectivity at 40 nm down to
about 0.05% at 13 nm).
The tunnel spectrometer is used to measure the FEL radiation wavelength
and bandwidth between 1.7 nm and 39 nm. The rather broad range comes
at the expense of resolution, which is according to specs:

R =
λ

∆λ
≈ 642 (1.15)

while the actual value has been estimated to be about 400 [43]. The
spectrometer is a commercial toroidal grating, flat-field spectrometer from
McPherson. The light entering through a variable-width slit is dispersed
by a concave gold coated grating and finally detected by a 40mm MCP
perpendicular to the dispersed beam located on the Rowland circle of the
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grating. The MCP can be moved along the Rowland circle in order to cover
the full spectrometer range.
To achieve higher spectral resolution, a high-resolution XUV spectrometer,
a copy of the one described in Chapter 3, will be installed in the experi-
mental hutch.
To estimate time duration and energy-chirp of femtosecond XUV and soft
x-ray pulses THz streaking can be used. It is a non-destructive diagnostic
technique that has been successfully used to characterize FEL pulses [44].
THz streaking setups have three main elements: a THz pulse, a gas target
and a photoelectron spectrometer, e.g. a time of f light (TOF) spectrome-
ter. An XUV or soft x-ray fs pulse with a narrow bandwidth interacts with
a gas jet in the presence of a strong THz field. The XUV pulse ionizes the
gas, generating free electrons with small differences in kinetic energy. The
rising and falling edges of the THz field are much longer than the ionizing
FEL pulse duration. The zero-crossing of one of these flanks is overlapped
with the XUV pulse, so that the emitted electrons receive an acceleration
(or deceleration) linearly proportional to their ionization time. Thus, the
kinetic energy of the photoelectron depends on its time of emission. This
allows mapping of the FEL pulse power profile to the electron energy and
spectrum, respectively (see Fig. 1.28). By comparing the electron spectra
obtained from the rising edge of the THz field with the ones obtained from
the falling edge it is possible to calculate the XUV pulse chirp [42].
In the sFLASH experimental hutch a LiNbO3 nonlinear crystal hit by a
30mJ 800 nm pulse split from the near-infrared drive laser for seeding is
used to generate THz through optical rectification [45]. The layout is shown
in Figure 1.29. This arrangement provides intrinsic synchronization with
the seeded FEL signal, because both pulses are generated by the same laser
source. The THz pulse has (0.5±0.1)THz central frequency and a maxi-
mum field strength of (80±10) kV cm=1.
THz streaking can be used as a single-shot photon pulse diagnostic, when
three detectors are used for each shot: two provide rising edge and falling
edge measurements, while the third one measures ionized electrons unper-
turbed by the THz field. For a more detailed discussion the reader is referred
to the literature, e.g. [46].

1.5 Status of Seeding R&D at FLASH

Seeding research and development at FLASH has started with studying the
feasibility of HHG direct seeding schemes for XUV [47]. After an upgrade it
was recommissioned as a HGHG FEL, with first lasing in 2015. Currently,



Status of Seeding R&D at FLASH 1.5 45

schemes to tailor the seeded radiation for advanced applications are being
tested.
sFLASH can generate HGHG seeded pulses at the 7th (38 nm), 8th (33 nm)

Figure 1.30: sFLASH HGHG spectra at the 7th harmonic. Spectra of 270
consecutive pulses (gray). The average spectrum (blue) is compared to a
Lorentzian fit (red). Figure reprinted with permission of the author from
[43].

and 9th (29 nm) harmonic of the 266 nm seed laser wavelength [48]. The
typical time duration of the seeded pulses is below 100 fs rms. Values of
(57±14) fs and (54±8) fs have been derived from TDS and THz streaking
measurements at the 8th harmonic, respectively [42]. The shortest pulse
duration of (33.0±3.9) fs has been measured for the 7th harmonic [43].
The spectral stability is rather good. However sometimes the pulses show
secondary peaks (see Fig. 1.30), of which the origin is not yet understood.
Spectral bandwidths between 0.3% and 0.6% have been measured. Fourier
limited pulse duration with corresponding bandwidth would be between 9
and 19 fs at 38 nm and between 8 and 16 fs at 33 nm. These values are 2
to 4 times shorter than the characterized sFLASH pulses, indicating that
the pulses are not yet at the Fourier limit. Future measurements using
a higher-resolution spectrometer will be carried out as a function of seed
pulse compression and machine settings in order to optimize the temporal
and spectral pulse properties.
Average pulse energies on the order of (35.1±10.4) µJ have been measured
for the 7th harmonic and slightly lower for the 8th and the 9th harmonics.
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Typical pulse energy fluctuations at sFLASH are on the order of 30%. This
can be attributed to the poor pointing and energy stability of the sFLASH
seed laser [43].
The sFLASH operation will be further developed in several directions. The
seed laser and its beamline are being upgraded to reduce pointing and en-
ergy fluctuations, while the addition of an UV pulse shaper is planned to in-
crease tailoring opportunities for the optical seed. Furthermore, the EEHG
seeding scheme is currently undergoing commissioning, to make shorter
wavelengths available at sFLASH.



Chapter 2

Photon Pulse Shaping

Pulse shaping describes the capability of modifying the polarization, tem-
poral profile or amplitude of coherent electromagnetic waves in a controlled
way. Pulse shapers have been widely used in the field of ultrashort laser
pulses, due to the high demand for tailored laser beams in nonlinear optics
and short pulse spectroscopy.
In this chapter the basics of pulse shaping are described. Section 2.1 sum-
marizes some particularly useful concepts in the field of ultrashort laser
pulses, focusing on the time-frequency profiles of the pulses. A general in-
troduction to laser beams can be found e.g. in [33] and [49] and is beyond
the scope of this thesis. Section 2.2 introduces the ‘Photonics Approach’ to
pulse shaping at short wavelengths, i.e. pulse shaping by means of optical
devices in the XUV and soft x-ray spectral range. The photonics approach
has been followed in the present work to develop the XXPS. More detailed
information about optical pulse shaping can be found in [50] and [51]. Sec-
tion 2.3 introduces the ‘Machine Approach’ to pulse shaping, i.e. pulse
shaping of a seeded HGHG FEL pulse by tailoring the electron bunch and
UV seed laser parameters. FEL pulse shaping was demonstrated for the
first time at FERMI in Trieste, Italy in 2015 [4].
In this chapter the temporal and spectral distribution widths are expressed
in terms of fwhm as common in optics, unless otherwise specified.

2.1 Time-Frequency Profile of Ultrashort

Laser Pulses

A laser pulse is completely defined by its complex electric field E (t):

E (t) = A (t) e−iφ(t) (2.1)
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where A (t) is called the real amplitude (or envelope) and φ (t) is called the
carrier phase. The complex Fourier transform of the electric field in the
spectral domain Ẽ (ω) is defined as:

Ẽ (ω) =

∫ +∞

−∞

E (t) e−iωtdt (2.2)

It is an equivalent complete description, because E (t) can be obtained from
Ẽ (ω) using the inverse Fourier transform:

E (t) =
1

2π

∫ +∞

−∞

Ẽ (ω) eiωtdω (2.3)

The pulse shape in the spectral domain can be written in a form that is
analogous to the electric field in the temporal domain:

Ẽ (ω) = Ã (ω) e−iφ(ω) (2.4)

where Ã (ω) is called the spectral amplitude and φ (ω) the spectral phase,
with both being real functions.
The phase φ (ω) can usually be written as a Taylor expansion (notable
exceptions are phase jumps, like the ones that separate adjacent spikes in
a SASE FEL pulse, and purely sinusoidal phases). The expansion reads as:

φ (ω) =φ (ω)(0)ω0
+ φ (ω)(1)ω0

(ω − ω0) +
1

2
φ (ω)(2)ω0

(ω − ω0)
2 +

+
1

6
φ (ω)(3)ω0

(ω − ω0)
3 +

1

24
φ (ω)(4)ω0

(ω − ω0)
4 +

+ ...+
1

n!
φ (ω)(n)ω0

(ω − ω0)
n

(2.5)

where φ (ω)(n)ω0
is the n-th derivative of φ (ω) calculated at ω0. The term

φ (ω)(0)ω0
is called absolute phase, or carrier envelope phase (CEP) (see Fig.

2.1). The CEP describes the delay of the carrier phase with respect to the

maximum of the electric field envelope. The term φ (ω)(1)ω0
in the expansion

indicates the group delay between the pulse and the arbitrary origin of time
t = 0. The term φ (ω)(2)ω0

is called the quadratic chirp, or energy chirp, of the
pulse. It indicates an increased pulse duration compared to the Fourier limit
due to a delay of each frequency that linearly increases or decreases through
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(a) (b)

Figure 2.1: Two pulses with same amplitude but different CEP (red). The
picture shows two 400 nm Fourier limited laser pulses with 2 fs length. The
pulse envelope (blue) is the same, but a CEP equal to 0 produces a cosine
pulse (a) while a CEP equal to π changes the sign of the carrier (b).

the spectrum. The term φ (ω)(3)ω0
is known as the cubic phase. When not

equal to 0 it indicates the presence of multiple pre- and post-pulses in the
time domain.
The time-bandwidth product (TBP), is the product of a pulse duration
and spectral bandwidth:

TBP = ∆t ·∆ω (2.6)

The minimum TBP can be obtained mathematically. For a Gaussian pulse
one finds:

∆t ·∆ω ≥ 0.441 (2.7)

A pulse with the minimum TBP product is said to be Fourier limited. For
ultra-short pulses, Equation 2.7 can be rewritten more conveniently as:

∆t[fs] ·∆E[eV ] ≥ 1.825 (2.8)

When the spectral bandwidth is fixed, the TBP can be used to indicate
how close the temporal pulse width is to the Fourier limit.
Another useful parameter to relate the pulse time duration to its Fourier
limit is the pulse complexity η. It can be seen as the ratio between the
pulse length and the sharpest structure of the pulse in time (∆t and δt
respectively) or, equivalently, in the spectral (∆ω and δω) domain (see Fig.
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(Sec. 2.2.1). Next, the 4f geometry, potentially the most flexible and most
widely used pulse shaper setup, is described in detail (Sec. 2.2.2).

2.2.1 Infrared, visible and UV pulse shapers

An electromagnetic wave is fully characterized by its polarization, ampli-
tude and phase. Tailored pulse shapes are generated by manipulating each
of these parameters in a controlled way. Waveplates are typically used to
change the polarization or intensity of a laser pulse. To modify its time-
frequency spectrum, i.e. spectral amplitudes and phases, more complex
devices are needed. Basic temporal shape changes, e.g. pulse stretching
through the introduction of a linear chirp, can be obtained using relatively
simple devices, at the expense of limited controllability. Some of the most
common single-purpose pulse shapers are shown in Fig. 2.3.
Arbitrary pulse forms are achieved by manipulating the relative phase delay
between different frequency components within laser pulses. Only longitu-
dinally coherent light pulses, i.e. pulses where the phase relation between
different frequencies is fixed shot-to-shot can be shaped in a controlled and
reproducible way. When FELs are used as a light source, SASE pulses lack
the necessary coherence (unless a monochromator is used, but the large re-
duction in power and high power jitter makes such approach unsuitable for
most applications) to be used as a pulse shaping light source. Thus, seeded
pulses are a prerequisite for pulse shaping.
Arbitrary pulse shapers can be operated in open loop or closed loop schemes.
In open loop, the effect of the pulse shaper on the laser pulse is predicted
analytically and the device is programmed accordingly. This approach is
approximate and cannot always be used, especially when the characteristics
of the incoming laser pulse are not well known. In closed loop operation
the action of a particular pulse shape on a sample of interest is evaluated,
for instance by recording a time-of-flight ion mass spectrum of the inter-
action products. Different pulse shapes, i.e. different shaper settings for
amplitudes and phases, typically result in different fragmentation patterns.
This information is continuously fed back into the data acquisition software.
The software uses an algorithm (e.g. a genetic algorithm or an evolution-
ary algorithm) to tune iteratively the pulse shaper in order to obtain the
target fragmentation pattern, i.e. an optimized time-frequency spectrum
of the pulse for a particular laser-induced reaction pathway. Such an ap-
proach, although somewhat complex, can be regarded as a spectroscopic
tool, because the optimized pulse contains all information about the in-
duced dynamics on the ultrafast time scale [58]. It requires, though, some
pulse-to-pulse stability of pulse properties.
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where ωk is the frequency and α comes from the 4f geometry:

α =
λ2
0f

2πcd cos θd
(2.12)

where c is the speed of light and d is the grating period (Fig. 2.5). Thus,
the resolution can be expressed as:

δω =
∆x0

α
(2.13)

The calculated value δω represents a lower limit for the spectral resolution
of the pulse shaper in 4f geometry. Optics simulation software like Optics
Studio/Zemax have been used in the present work to calculate the achiev-
able resolution, taking into account optical aberrations. Usually the actual
resolution of a 4f pulse shaper isn’t limited by the focus size in the Fourier
plane, but by the size of the active optical elements (e.g. liquid crystal pixel
size) of the phase mask (see Section 2.2.3). The frequency resolution δω
of a pulse shaper can be Fourier transformed. The resulting time interval
determines the temporal window T that can be shaped without distortions:

T =
2ln2

δω
=

∆xin

‖v‖ (2.14)

where v has the dimension of a velocity, and is given by:

v =
cd cos θi

λ0

(2.15)

2.2.3 Phase masks in the Fourier plane

A phase mask is an optical element used to control the spectral phase of
individual frequency components within the laser bandwidth. It is placed
in the Fourier plane of the 4f pulse shaper, where due to their spatial sepa-
ration the mask can act on the individual frequencies, introducing variable
delays. The most common phase masks for optical and IR pulse shapers
are liquid-crystal pixel and acusto-optic modulator masks. Both variants
cannot be used for XUV or soft x-ray applications because they are based
on transmissive optics: the light passes through a liquid crystal in the first
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2.7). Each micro-mirror is anchored by springs and moved to the desired po-
sition through electrostatic forces. MMAs can be produced with high pixel
density and custom coatings, resulting in high resolution shaping with high
reflectivity. The main drawback of MMAs is the creation of pulse replicas
due to the pixelation of the phase changes they introduce and due to the
non-reflective gaps between the pixels [50].

2.3 Tailoring Relativistic Electron Bunches:

the ‘Accelerator Approach’

An alternative to this photonics approach consists in fine tuning the FEL
parameters in order to tailor the generated pulses. The capabilities of such
an approach were demonstrated at FERMI in 2015 [2–4]. This section
starts with a short description of the FERMI FEL (Sec. 2.3.1), followed
by a presentation of the ‘Machine Approach’ to pulse shaping (Sec. 2.3.2).
A short comparison between the main advantages and limits of the two
technologies is given at the end of this chapter.

2.3.1 Free-electron laser FERMI in a nutshell

FERMI is a HGHG FEL located at the ELETTRA Laboratories in Trieste,
Italy. A single linac accelerates electron bunches for two FEL beamlines,
called FEL-1 and FEL-2 (see Fig. 2.8). FEL-1 was the first FEL operational
at FERMI. It is a single stage HGHG FEL generating UV and XUV radia-
tion in the 20-100 nm wavelength range. It has been providing light pulses
for user experiments since 2012. FEL-2 is a two stage cascaded HGHG
FEL, pushing the wavelength range towards 4-20 nm [8]. User experiments
at FEL-2 started in 2015.
The linac driving FERMI is made of copper, non-superconducting RF cav-
ities. It can accelerate electron bunches up to energy between 1.0 and
1.5GeV and a peak current between 500 and 700A with 50Hz repetition
rate. It includes an x-band linearizer RF cavity, to improve the bunch
energy profile, and a laser heater, to destroy unwanted microbunching gen-
erated by the injector [61, 62].
Two different laser systems are used to seed FERMI. One is a tunable
optical parametric amplifier (OPA) system that generates deep-UV pulses
in the 230-300 nm wavelength range, while alternatively the third harmonic
of a Ti:Sa system can be used to seed at a fixed wavelength of 261 nm.
Typical laser parameters are summarized in [62].
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(a) Figure reprinted under the Creative Commons Attribution 3.0 License from [60].

(b) Figure from [8], reproduced with permission of the International Union of Crystallog-
raphy.

(c) Figure from [8], reproduced with permission of the International Union of Crystallog-
raphy.

Figure 2.8: Sketch of FERMI layout. (a) Layout of the complete machine,
with main section names: INJ - injector section (includes the laser heater),
L1-L4 - linac sections, BC1-2 - bunch compressors, MTC1-2 - matching
sections (each containing six quadrupoles to tailor the beam focusing prop-
erties and transversal size before the undulators), RAMP - transport line,
SPRD - beam spreader section (a dispersive section comparable to FLASH
dogleg). (b) Layout of FEL-1. The radiator is made of six undulator mod-
ules. (c) Layout of FEL-2. The first stage short radiator contains only
two modules, identical to the ones used in FEL-1, while six longer elements
form the second radiator.
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(a) Theoretical values.

(b) Experimental data.

Figure 2.10: Experimental data showing chirp tailoring down to the Fourier
limit at FERMI. (a) Theoretical prediction of the FEL spectrum as a func-
tion of the dispersive chicane strength. The chicane strength starts from a
setting optimal for HGHG seeding, and is then increased to obtain overcom-
pression. Results for a heavily chirped pulse and a Fourier limited one are
shown. (b) Comparison between theoretical predictions and experimental
results, in case of an heavily positive chirp of the seed laser (b.a), moder-
ate energy chirp (b.b) or light negative chirp (b.c). In the last case, the
spectrometer signature is compatible with Fourier limited pulses. Reprinted
figure with permission from [4].

wavelength. An electron energy chirp in the bunch or other non-linearities
will be transferred to the FEL pulse. Overall, the electron energy spread
influences FEL photon pulse energy and its spectral bandwidth. (2) The
seed laser modulation and magnetic chicane strength determine which parts
of the electron bunch will radiate and with how much intensity. Up to a cer-
tain optimal modulation and chicane transfer matrix element R56 (3) the
higher the modulation and chicane strength are the higher the bunching
factors of the seed harmonics become. Beyond such a level overcompression
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starts to take place, reducing the bunching factors. This effect can be used
to generate FEL double pulses or pulse trains, by having sections of the
electron beam where the laser modulation is far above the optimal value
and due to overcompression and energy spread increase the electron beam
does not radiate. (4) The FEL amplification process in the exponential
regime far from saturation maintains the microbunching temporal profile,
but for a small contribution to the phase.
The total HGHG FEL pulse phase can be written [4] as:

φFEL (t) = n[φs (t) + φe (t)] + φa (t) (2.16)

where φs (t) is the phase contribution given by the seeding process, φe (t) is
the phase contribution of the electron bunch energy chirp, n is the harmonic
at which the radiator is tuned, and φa (t) is the contribution to the phase
due to the FEL amplification process.
By means of tight fine tuning of the electron beam temporal profile and
of the chicane strength, combined with pulse shaping of the seed laser, the
FERMI team managed to produce seeded FEL pulses with a controllable
amount of energy chirp [4], down to no energy chirp and the Fourier limit
(see Fig. 2.10).
The main drawback of an optical short wavelength pulse shaper is its rather
low transmission. The use of two gratings and at least 3 mirrors even in
grazing incidence causes high losses (more on the topic in Chapter 3). The
machine approach overcomes this problem, but suffers from intrinsic lim-
its in the temporal profiles of the pulses that can be produced. First, due
to the slippage of the radiation both in the modulator and in the radia-
tor, neighboring parts of the seeded bunch influence each other preventing
extremely small features from being present in the shaped FEL. Second,
when multiple laser pulses (e.g. pulse trains) are used to seed the same
bunch, their separation in the modulator must be sufficient to avoid cross
talking [65].



Chapter 3

Design, Setup and
Transmission of an XUV and
Soft X-Ray Pulse Shaper

Figure 3.1: The XXPS in the sFLASH experimental hutch. The optical
elements are arranged in five vacuum chambers connected by bellows. Due to
this configuration the distance between chambers and therefore the focusing
distance of the setup can be easily adjusted.

Since their introduction in 1983 [59], pulse shapers based on zero-dispersion
compression in 4f-geometry, which have been discussed in Chapter 2, have
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been widely used with laser pulses ranging from IR to UV. The transfer of
this methodology to shorter wavelengths in the XUV and beyond has been
prevented by the lack of suitable intense coherent light sources in these re-
gions. With the advent of seeded FELs the situation has changed. In order
to achieve good transmission and spectral resolution, grazing incidence of
the light on the optics is mandatory. This results in a total length of about
2m for the XUV shaper version with tight requirements on optics quality
and alignment, keeping in mind that for spectral phase control a precision
in the order of λ/8 is required.
The Extreme Ultraviolet and Soft X-Ray Pulse Shaper (XXPS) is de-
signed to operate between 4 and 40 nm. The device is shown in Figure 3.1.
In its current realization it is optimized for XUV operations, between 15
and 40 nm. A different pair of gratings and optics with different coatings
and shallower grazing angles will be needed for soft x-ray operation down
to 4 nm. Due to the current limits in actuator accuracy also due to the λ/8
precision requirement, optical pulse shaping below 4 nm isn’t possible with
current technology. In the XUV realization, blazed custom made gratings
will be used. Their line density will be such that all the harmonics of the
sFLASH seed laser are dispersed to the same angle, with the n-th harmonic
having maximum transmission at the n-th order due to the blaze angle. As
a result, the shaper can be operated at different FEL wavelengths without
needing realignment. Thus, increased ease of operation and potential for
multi-color experiments are achieved. As a side effect even the fundamental
can be used for proof-of-principle shaping, as will be demonstrated in the
next chapter.
In this chapter the XXPS is described, focusing on how the design challenges
have been addressed. In Section 3.1 an overview of the setup is given, while
in Section 3.2 the optical components are described in detail. How trans-
mission and resolution have been optimized is also discussed in this section.
After a quick description of the mechanical aspects of the XXPS in Section
3.3, in Section 3.4 the built-in diagnostic tools assisting its operation or de-
veloped for its commissioning are presented. An FEL photon beamline has
been built inside the sFLASH diagnostic hutch that connects the sFLASH
beamline with the entrance of the XUV pulse shaper. It is described in
Section 3.5. The measured XUV transmission of the XXPS in its current
form is presented in Section 3.6.
In this chapter all incidence and dispersion angles are measured with respect
to the surface of the reflecting optic. The design of the optical beampath
has been done using the ray-tracing software OpticStudio (formerly Zemax),
in conjunction with Gaussian optics calculations to determine focus sizes
and Rayleigh lengths. The mechanical elements of the XXPS have been
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decrease the beam footprint on the three optical elements in the center of
the XXPS, in particular on the phase mask, in the plane perpendicular to
the dispersion direction.
The modular arrangement of the optical components in individual vaccum
tanks enables the adjustment of the focal distance f in between them with-
out constraints, e.g. to compensate for divergence in the incoming beam.
Furthermore, a future upgrade of the shaper in order to increase the spec-
tral resolution in the Fourier plane or moving towards shorter wavelength
is easily possible by replacing the gratings and the mirrors. Increasing the
relative distances at shallower grazing incidence results in increased spectral
resolution and transmission, respectively. Currently, the relative distance
between the optics (focal length f) is 330mm.
The five vacuum chambers are mounted to a single support frame, in order
to minimized relative change in position of the optical components due to
vibrations. To minimize those the XXPS support frame rests on passive
damping elements, while magnetically levitated turbopumps are used to
create and maintain high vacuum in the device. The turbopumps are insu-
lated from the vibrations of the pre-vacuum scroll pump using soft-plastic
connection pipes.
The XXPS is equipped with eight Ce:YAG screens to assist during the
alignment. The beam position and profile on each screen is investigated
using CCD cameras. A white light interferometry (WLI) setup is used to
monitor the position of the reflective elements of the shaping phase mask
on a shot-to-shot basis in real time (see Section 3.4.2).
For shaper commissioning and alignment two spectrometers were developed:
one for XUV pulses and one for UV based commissioning using 266 nm
radiation generated by frequency upconversion of the sFLASH Ti:Sa fem-
tosecond seed laser.

3.2 XUV Optics

At the heart of the XUV pulse shaper are the seven optical elements. The
layout of the XXPS optics is shown in Figure 3.3. Two cylindrical mirrors
(SM2 and SM3) focusing along the y-axis and two plane gratings dispersing
the FEL pulse in y-direction form the 4f zero-dispersion compressor. Var-
ious reflective phasemasks can be placed in the Fourier plane (see Section
3.2.4). Two extra mirrors (SM1 and SM4) are added symmetrically at the
extremities of the 4f setup. These mirrors focus the beam along the x-axis
perpendicularly to the Fourier plane onto the shaping mask, thus reducing
the size of the beam footprint on the mask. The advantage is that the
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To maximize XUV transmission, the mirrors are coated with amorphous
carbon. For soft x-ray applications close to the carbon K-edge (4.4 nm)
nickel coated mirrors will be used. The current specifications can be found
in Table 3.1.

SM1 and SM4
Coating Amorphous C

Curvature Radius 414.5mm
Incidence angle 14.9 °

Focusing distance 810mm
Size (HxWxT) 35 x 10 x 10mm

Table 3.1: Technical specifications of SM1 and SM4.

Symmetric gratings dispersing in y-direction

As typical for the 4f geometry, the first grating in the pulse shaper dis-
perses the spectrum while the second one recombines the colors in a paral-
lel beam. For the initial commissioning two pairs of off-the-shelves gratings
from Richardson Gratings (subsidiary of the Newport Corporation) were
used, one optimized for a central wavelength of 266 nm and another for
38 nm. The final pair of gratings covering the XUV spectrum from 15-
40 nm will be custom built. All of them will be plane constant line spacing
gratings, but they differ in line separation, blaze angle and coating. Their
specifications are summarized in Table 3.2.

266 nm 38 nm Custom
Richardson Richardson

l/mm 300 2400 333
Dispersion 266 nm 3.8 nm/mm 4.0 nm/mm

38nm 0.54 nm/mm 0.53 nm/mm
Angle Incidence 6° 4.7° 5°

Dispersion 23.8° 25.1° 24.8°
Blazing 10.4° 2° 9.9°

Coating Al & MgF2 Au Au

Table 3.2: Gratings specifications.

The pulse shaper commissioning started using 266 nm pulses, the third har-
monic of the Ti:Sa femtosecond sFLASH seed lasers. For basic alignment
this wavelength has several advantages compared to short wavelength FEL
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pulses. Air is transparent to UV light, making direct access to the XXPS
during commissioning possible. Beam alignment can be easily checked at
any position with the help of a specific laser card or even a piece of paper.
Also, due to the much longer wavelength 266 nm pulse shaping requirements
in terms of alignment and surface quality are more relaxed, making the first
alignment simpler, even if not accurate enough for the following XUV ap-
plications.
The pair of gratings used for 266 nm commissioning are ruled gratings with
300 lines/mm operated in the first order. The resulting dispersion in the
Fourier plane with f = 330mm is 3.8 nmmm=1. The gratings are blazed at
10.4 °. This blaze angle is close to the ideal one, which with a 6 ° incidence
angle and a 23.8 ° dispersion angle would be 8.9° (in order to obtain spec-
ular reflection of 266 nm light to the first order). The gratings are made
of BK-7 glass coated with aluminum. The aluminum coating is protected
from oxidation by a thin layer of magnesium fluoride. Such coating has
approximately 90% reflectivity at 266 nm. Due to the blaze angle almost
all of the reflected light is diffracted to the first order: no other diffraction
order was visible during operation.
The second step in the commissioning program made use of 38 nm radiation,
the 7th harmonic of the 266 nm seed laser routinely generated by sFLASH
using the HGHG seeding scheme. Here, a different set of ruled gratings
with 2400 l/mm are operated in the first order. The resulting dispersion in
the Fourier plane with f = 330mm is 0.54 nmmm=1. The 2 ° blaze angle is
far from the ideal 10.2 ° that would be required with a 4.7 ° incidence angle
and a 25.1 ° diffraction angle, but it still slightly improves transmission in
the first order. This grating is coated with gold.
The final custom-made XUV grating for the shaper will have 333 l/mm, and
will be blazed at 9.9 °. With an incidence angle of 5 °, the first order of the
266 nm light will be diffracted at 24.8 °. The grating equation reads:

d(sin θi − sin θd) = mλ (3.1)

where d is the line density of the grating, m is the grating order, λ is the
incident light wavelength and sin θi and sin θd are respectively the incident
and diffracted beam angle with respect to the normal to the grating surface.
It follows that the n-th harmonic of 266 nm n-th order will be diffracted at
the same angle of the first order diffraction of 266 nm. Due to the blazed an-
gle almost all the transmitted light will be diffracted into the desired order.
This is of great importance for operating the short-wavelength pulse shaper
at seeded FEL machines. Because HGHG and EEHG FELs produce only
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no data is available [66].

XUV application

For operating the pulse shaper in the XUV 14.8° (SM1, SM4 and gratings)
and 10° (SM2, SM3 and phase mask) reflection angles are used. Shallower
angles were taken into consideration for the gratings, but 14.8° is a good
compromise between reflectivity and dispersion. Note that the incidence
angles on SM1 and SM4 and on the grating blazed surfaces are equal, in
order to maintain the exit beam in the same horizontal plane of the en-
trance beam. The incidence angle on the focusing mirrors SM2 and SM3
and on the shaping phase mask is 10°. Shallower angles would have induced
shadowing on the micro-mirror array that is planned to be used as a phase
mask. The use of incidence angles on SM2 and SM3 different from that on
the phase mask was simulated. It would have increased the aberrations in
the Fourier plane and therefore it has not been realized.
The 266 nm test gratings as well as the final XUV custom-made gratings
allow use of beams with a diameter of up to 5mm. The 38 nm gratings
for testing the device are shorter and can be used only with a pulse with a
diameter of up to 2mm.
All focusing mirrors are made of polished silicon substrates from Pilz Optics
with 0.5 nm rms surface roughness and maximum radius of curvature errors
1.5% for SM1 and SM4, 1% for SM2 and SM3. They have been coated
with amorphous carbon by Incoatec for maximum XUV reflectivity down
to about 10 nm. The reflectivity of carbon at 10° and 14.8° is shown in
Figure 3.6. Although amorphous carbon coatings would also be the best
choice for the gratings and the shaping mask, we used these components
with gold coating so far, because they are commercially available. The
transmission for different material configurations, assuming 80% filling fac-
tor for the pixel mask and assuming conservatively only 30% transmission
to the selected order for the grating is shown in Table 3.4. The 45 nm-thick
carbon coating of the cylindrical mirrors has been seen to strongly absorb
visible and 266 nm radiation. Reflectivity at 266 nm has been measured
to be extremely low, with a combined reflectivity of two cylindrical mir-
rors, one at 14.8° with s-polarization and one at 10° with p-polarization,
of about 2.7 ∗ 10−6, corresponding to approximately 1.7� per mirror. As
a result, alignment of the pulse shaper with four or more amorphous car-
bon coated optics using alignment lasers and UV radiation is challenging.
While the low transmission of visible light can be overcome using a more
powerful alignment laser and CCD cameras to look at the beam, intense
UV radiation can modify the bondings of the carbon atoms, deteriorating
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Figure 3.6: Reflectivity curve for carbon (brown), uncoated silicon (grey)
and gold (yellow) at 10° grazing incidence for p-polarized light (continuous
line) and at 14.8° for s-polarized light (dashed line). The surface roughness
rms is assumed to be 1 nm. Data generated using E. Gullikson’s tool on
the Center for X-ray Optics and Advanced Light Source of the Lawrence
Berkeley National Laboratory’s website.

the amorphous carbon coating [67]. Therefore the use of high peak-power
UV pulses should be avoided.
To circumvent this problem, un-coated silicon substrates can be used for
alignment with both, visible alignment laser and 266 nm radiation. Because
of the good reflectivity of silicon in the XUV (as shown in Figure 3.6), sili-
con optics can be used for pulse shaper operation above 20 nm, and replaced
only for shorter wavelengths. The total transmission using uncoated silicon
mirrors is shown in Table 3.5.

Soft x-ray implementation

High transmission is not achievable for FEL wavelengths below about 15 nm
at 14.8° grazing incidence. Shallower angles and different coatings are neces-
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XXPS XUV Transmission
Gratings Mask 38 nm 20 nm 15 nm

Gold Silicon 0.6% 0.2% 0.1%
Gold 0.5% 0.2% 0.2%
Am. C 0.5% 0.2% 0.2%

Amorphous C Silicon 1.0% 0.5% 0.02%
Gold 0.8% 0.5% 0.3%

Amorphous C 0.8% 0.6% 0.3%

Table 3.4: XXPS XUV transmission with various mask and grating coat-
ings. The four mirrors are always assumed to be amorphous-carbon-coated.
E. g. the 0.2% transmission of the device at 15 nm while using gold-coated
gratings and a carbon-coated mask is obtained assuming 58% reflectivity for
SM1 and SM4, 74% for SM2, SM3 and the phase mask, 43% reflectivity and
30% diffraction to the desired order for the gratings and 80% occupancy of
the phase mask.

XXPS Transmission With Uncoated Mirrors
Gratings Mask 266 nm 38 nm 30 nm 20 nm

Gold Silicon 6.7% 1.3% 0.7% 0.003%

Table 3.5: XXPS transmission with gold-coated gratings and uncoated sili-
con substrates for the remaining elements.

sary in order to achieve good transmission. Nickel reflectivity is high down
to about 3 nm at 5° grazing incidence and down to 2 nm at 3° (as shown in
Figure 3.7). Further down in wavelength the reflectivity drops steeply due
to the L-I absorption edge at 1.2 nm. Thus, both solutions would allow the
carbon K-edge at 4.40 nm to be reached.
However, there are several drawbacks in the use of such configurations. To
keep the present resolution in the Fourier plane the focusing distance should
be increased to 0.99m if a 5° grazing incidence is used and to 1.67m if a 3°
grazing incidence is used. In turn, the total XXPS length would increase
to 4.7m and 7.3m respectively. In addition, the increased FEL footprint
on the optics would require longer mirrors and gratings by a factor 3-5 to
keep the beam diameter at 5mm. The overall XXPS transmission in both
geometries for different laser wavelength is shown in Table 3.6.
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Figure 3.7: Reflectivity curve for a 30 nm nickel coating on a silicon sub-
state at 5° grazing incidence (light blue) and at 3° grazing incidence (dark
blue). The results are similar for s- (dotted lines) and p-polarization (dash-
dot lines). Data generated using E. Gullikson’s tool on the Center for X-ray
Optics and Advanced Light Source of the Lawrence Berkeley National Lab-
oratory’s website.

3.2.3 Spectral resolution in the Fourier plane

The pulse shaping capabilities of the XXPS are determined by the spec-
tral dispersion of the gratings and the width of the ’monochromatic lines’
in the Fourier plane. The dispersion determines how many pixels of the
Fourier mask are illuminated within the spectral bandwidth of the pulse
and therefore can be used for shaping. The line width determines the mini-
mum separation between frequency components whose spectral phases can
be tailored independently.
The spectral dispersion of a pulse shaper is determined by the dispersion
angle of the gratings and the focusing distance in the 4f geometry. The
former was selected as a compromise between resolution and transmission
(see Section 3.2.2). In the XUV realization of the XXPS the custom grat-
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XXPS Soft X-Ray Transmission
Grazing Angle 266 nm 38 nm 10 nm 4nm

5° 39% 2.1% 0.4% 0.2%
3° 49% 3.4% 1.3% 1.1%

Table 3.6: XXPS transmission with nickel coatings as a function of grazing
incidence angle.

ings will operate at a nearly constant dispersion angle of 24.8°, keeping the
dispersion approximately constant throughout the XUV spectrum. The fo-
cusing distance of 330mm was given by lab space constraints, i.e. to keep
the total XXPS length at 2m. Thanks to the modular, 5-chamber design
of the XXPS, a longer focusing distance can easily be implemented using
longer vacuum pipes to connect the chambers and replacing the focusing
optics. The separation of the different colors (∆λ = 2�) in the Fourier
plane is given in Table 3.7 for three different pulse shaper configurations:
XUV and soft X-ray applications at 5° and 3° grazing incidence, respec-
tively.
The focus width of the monochromatic beams is affected by several ele-

XXPS Dispersion
Grating f Spatial Color

Separation ∆λ = 2�
[ m] [µm]

XUV Custom 0.33 140
2 840

Soft X-Rays 5° 250 l/mm 0.99 137
Soft X-Rays 3° 90 l/mm 1.65 140

Table 3.7: Dispersion for different shaper geometries.

ments: Gaussian waist size ωy, geometrical optics effects blurring the image
in the dispersion direction by ∆y and of course surface quality of the optical
elements. The Gaussian waist size is a function of the focusing distance and
the wavelength, and it increases with increasing focal length f or wavelength
λ. The contribution of geometrical effects can be studied with software like
OpticStudio, and must be minimized through careful alignment of the op-
tical elements. Poor surface flatness, slope errors and surface roughness
can spoil performances and decrease spectral resolution. In Table 3.8 the
contribution of the first two factors is shown for different wavelengths and
optical elements. The grating maximum resolution λ

∆λ
gives the minimum
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XXPS Resolution
Grating f λ ∆ymin ωy ∆y

m nm µm µm µm
XUV 333 l/mm 0.33 266 3.7 1.2 2.8

38 3.7 0.17 2.8
15 3.7 0.66 2.8

2 266 22 7.0 1.0
38 22 1.0 1.0
15 22 0.40 1.0

2400 l/mm 0.33 38 0.51 0.17 2.8
300 l/mm 0.33 266 4.1 1.2 2.1

Soft X-Rays 5° 250 l/mm 0.99 15 1.6 0.19 1.2
4 1.6 0.050 1.2

Soft X-Rays 3° 90 l/mm 1.65 15 2.7 0.32 1.1
4 2.7 0.084 1.1

Table 3.8: Contributions to the focus size in the Fourier plane. The mini-
mum separation on the Fourier plane between two lines that can be resolved
given the grating resolution is also listed. All numbers assume that a pulse
with 5mm diameter is used.

separation ∆ymin of two lines that can be resolved. In the table, the sepa-
ration of monochromatic beams in the Fourier plane at the resolution limit
is shown. It can be seen that for the XUV and soft x-rays the Gaussian
waist size is smaller than the effects due to geometrical aberrations, and
usually negligible in comparison. The effects of geometrical aberrations are
comparable to the theoretical resolution limit given by the grating. Two
further aspects must be considered when looking at this data. First of all,
the presence of surface imperfections will increase the focus size. Second,
the size of the shaping mask elements, when greater than the focus size
and separation of resolved lines, is the actual limiting factor to the spectral
resolution of a pulse shaper.

3.2.4 Phase masks in the Fourier plane

Several kinds of reflective phase masks can be placed in the Fourier plane.
In our experiments so far we have used a single lamellar-mirror. Further
experiments with a pair of interleaved lamellar-mirrors are planned. Af-
terward an MMA will be commissioned to achieve arbitrary pulse shaping
capabilities. The interleaved lamellar-mirrors we have developed and the
MMA we plan to use are discussed in the following sections.
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Interleaved lamellar-mirrors

(a) (b)

Figure 3.8: Comparison of the temporal shape of a double pulse generated
with a split-mirror (a) and pair of interleaved lamellar-mirrors (b). The
same unshaped pulse (orange) was used in both simulations. Details about
the simulation code used can be found in Chapter 4.

A pair of interleaved lamellar-mirrors can be used in a pulse shaper
to generate a double pulse, by introducing a periodic phase delay π along
the Fourier plane. The resulting temporal separation is determined by the
stripe period. The replicas separation is much increased compared to the
use of a split-mirror design, as shown in Fig. 3.8.
In the current version of our interleaved mirrors, reflective stripes of 5mm-
long, 100 µm-wide polished silicon are separated by 150 µm-wide gaps. In
the interleaved combination of two lamellar-mirrors, as shown in Figure 3.9,
the top mirror is 1mm thick, while the bottom mirror is 2.25mm thick,
with 1.25mm-deep cuts between the stripes. The two mirrors have been
machined using a diamond rotary saw by the group of Prof. Kip from the
Helmut Schmidt University in Hamburg. Mirrors with smaller periodicity
are under development. These would allow increased separation between
the replicas. The shapes of the two mirrors fit together, with all stripes
surfaces parallel on the same plane, maximizing the support for the stripes,
in order to maximize the surface rigidity.
The flatness of the two ’twin’ mirrors is crucial in order to introduce con-
stant phase delays to the pulse spectral components along the footprint in
the Fourier plane. The mechanical polishing procedure needed to produce
surfaces with roughness below the nm level induces a permanent bend in the
1mm-thick substrate of the top mirror. The current version of our mask
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below the UV spectral range due to strong absorption bands [70], making
them a perfect candidate for use in the XXPS. Unpolished crystals were
used because they scatter visible light, making the screens suitable for use
with visible-light alignment lasers too. The Ce:YAG frame has a two-fold
purpose: it helps in aligning the mask in the Fourier plane, while prevent-
ing part of the laser pulse from being reflected, un-shaped, from the outer
frame of the top mirror.
A single lamellar-mirror can be effectively used in conjunction with a spec-
trometer as an alignment tool for the XXPS. It imprints a periodic structure
on the wavelength spectrum by cutting away certain parts, while the effect
can be diagnosed on the spectrometer. Thus, the phase mask position in
the Fourier plane can be optimized resulting in the sharpest possible spec-
tral structures.

Micro-Mirror Array

Figure 3.10: MMA from Fraunhofer Institute ISIT.

The use of an MMA is necessary to achieve arbitrary pulse shaping
in the XXPS with high spectral and temporal resolution, respectively. It
allows going beyond purely periodic spectral phase modulation towards full
flexibility of the generated time-frequency spectrum. In addition, a 2D
MMA allows tailoring of the spectral amplitudes. The mirrors on a row
reflecting the same wavelengths can be delayed with respect to each other,
in order to induce destructive interference between the reflected light. Thus,
the intensity of the spectral components can also be modulated.
The MMA that we plan to use has 45 x 45 µm mirrors and 5 µm separation
between them, with a surface of 192 x 128 pixels. It is a commercial device
from the Fraunhofer Institute ISIT (see Fig. 3.10). The micro-mirrors are
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made of aluminum, which has a reflectivity curve similar to that of silicon.
Coating will be needed in order to cover the full XUV spectral range.

3.3 Optics Alignment

Figure 3.11: View of the inside of the first vacuum chamber of the XXPS.
On the left the mirror SM1 is present, while on the right the first grat-
ing support is shown. A few of the picomotors that allow for in-vacuum
alignment of the two optical components can be seen.

The precise positioning of the seven optical elements in the XXPS is
crucial, in order to avoid introducing aberrations that would compromise
the shaping performance. The parameter that needs to be adjusted over a
long range is the focusing distance of the 4f geometry. It can be scanned
to focus the pulse spectral components in the Fourier plane. To this pur-
pose the distance between the five chambers of the XXPS can be adjusted
coarsely using manual stages.
Detailed simulations making use of OpticStudio have been carried out in
order to pinpoint critical degrees of freedom that needed to be remote-
controlled using high-vacuum linear or goniometer stages equipped with
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picomotors. The same applies to the fine alignment of the focusing dis-
tances. Most degrees of freedom are adjusted using commercially available
stages, but several rotational degrees of the optical elements make use of
custom stages, in order to combine compactness and high resolution. Pico-
motors from Newport with step size below 30 nm have been used. Currently
34 degrees of freedom are motorized, allowing for online in-vacuum adjust-
ment (see Fig. 3.11).
The commissioning of the XXPS involves two pairs of commissioning stages,
for a total of four stages. The first pair require optimizing the position of
a single lamellar mirror using an high resolution spectrometer to investi-
gate the cut bands. The second pair consists in using the two interleaved
lamellar-mirrors to generate double pulses, then investigated with temporal
diagnostics. The first and third stage make use exclusively of 266 nm fs
pulses from the sFLASH seed laser, limiting the need of FEL pulses only
to the second and fourth stages.
The XXPS alignment procedure is covered in detail in Appendix A.

3.4 Diagnostics

Four kinds of diagnostics have been developed to assist the beam alignment.
Ce:YAG screens and CCD cameras are used to image the beam profile at
various positions along the beam path through the shaper. An in-vacuum
white light interferometry (WLI) setup has been developed to measure
the introduced relative phase delay, i.e. beampath difference originating for
the two interleaved lamellar-mirrors. Two spectrometers have been built
to optimize the shaping mask position in the Fourier plane, one for 266 nm
radiation and one for the XUV spectral range. Finally, a cross-correlator
has been realized to characterize the temporal structure of the 266 nm seed
pulses, while the THz streaking setup in the sFLASH experimental hutch
developed by Azima et al. [42] will be used to characterize XUV pulses.

3.4.1 Ce:YAG screens

Eight retractable screens are present in the XXPS: one in front of each opti-
cal element, and one at the pulse shaper exit. The screens are covered with
unpolished 0.2mm-thick Ce:YAG crystals (see Section 3.2.4). In order to
detect fluorescence or scattered light even at low intensity CCD cameras are
used. The ACEa 1920g48 cameras from Basler in conjunction with CFFL
F1.4 f25mm lenses from Edmund optics have been utilized. The relevant
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Ce:YAG Screens CCD Cameras & Lenses
ACEa 1920g48 Pixel Size 5.86 x 5.86 µm

Resolution 1920x1200
Max FPS 42

Quantum Eff. 70%
Dark Noise 6.7 e−

CFFL F1.4 f25mm Focal Length 25mm
Mag. at 100mm 0.025 x
Mag. at 400mm 0.00625 x

Table 3.9: Ce:YAG screens cameras and lenses technical specifications.

specifications of cameras and lenses are listed in Table 3.9. The combina-
tion allows for a spatial resolution of 0.23-0.92mm. Thus, sufficiently high
alignment precision and sensitivity is achieved event at rather low photon
numbers.

3.4.2 White light interferometry in vacuum

When shaping masks with two or more reflective surfaces are placed in the
Fourier plane, like interleaved lamellar-mirrors or an MMA, the position
of the moving elements must be known and set with high precision. The
individual spectral phase delay (beampath length difference) that is intro-
duced must be controlled with a precision of at least λ/8. Therefore, an
in-vacuum WLI setup has been implemented to monitor the positions of the
reflective elements in the Fourier plane. It is a Michleson interferometer,
with a beam splitting cube and a reference mirror situated in vacuum close
to the shaping mask, while the white light LED used as light source and
the camera used to detect the interference pattern are placed outside of the
central vacuum chamber. The reference mirror is mounted on a piezo stage
to be moved as needed. The setup is shown in Figure 3.12.
The piezo motors used to position the shaping mask, e.g. the thin lamellar
mirrors, are sensitive to vibrations from the environment and they them-
selves introduce vibrations due to voltage jitter. It follows that a scanned
operation of the WLI setup returns only an average position of the ele-
ments, while shot-to-shot diagnostics are needed for good accuracy. The
two reflecting surfaces of the interleaved lamellar-mirror assembly can be
monitored in real time by tilting the two mirrors with respect to the refer-
ence surface and monitoring the position of the resulting interference fringes
of the two elements. Such an arrangement has been already used success-
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Figure 3.16: Detail of single spikes in a 38.1 µm SASE pulse at sFLASH.

whole spectrometer setup using OpticStudio, the beam should be focused
down to a diameter of 6 µm in the entrance slit plane, while being imaged
1:1 onto the spectrometer CCD camera in the orthogonal (non-dispersive)
plane. We note in passing that the simulations assume a 2mm perfectly
collinear seeded beam neglecting divergence. The multilayer mirror has a
maximum reflectivity of 39% at 37.5 nm, and above 20% in the total 33.5-
39.5 nm range. The spectrometer entrance slit is surrounded by Ce:YAG
unpolished crystals, with a Basler ACEa 1920g48 looking at it, enabling its
alignment (see Figure 3.15).
The grating is mounted on a compact custom-made 3-angle goniometer
mount. Micrometer screws with vacuum feedthroughs are used to optimize
the grating position during operation and to change the incidence angle on
the grating, in order to pre-align the spectrometer using both, the 0th order
and a visible pilot laser from the beamline. The design is complemented by
a cold cathode ultra-high vacuum sensor and an 80 l turbopump.
The theoretical resolution of the grating in the present setup is λ/∆λ =
43000. The actual resolution of the spectrometer is limited by the 13.5 µm
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CCD camera pixel size, which is only marginally bigger than the 12.5µm
entrance slit width. The dispersion is 0.0071 nm/pixel at 38 nm, correspond-
ing to a resolution of λ/∆λ = 5300. The resolution can be seen in Figure
3.16, where the different lasing modes of a 38.1 nm SASE pulse at sFLASH
are shown (seed laser off).
During the first phases of the XUV commissioning of the XXPS the trans-
mission of the spectrometer was characterized. The measured transmis-
sion through the slit was only 4.6%, with a beam rms width on the slit of
(108± 6) µm. While this value is sufficient for our foreseen applications, at-
tempts at improving the focus size and position will be undertaken, in order
to improve transmission and avoid blurring due to diffraction from the slit
sides (no diffraction pattern was visible on the camera during 0th order tests
of the spectrometer). The transmission of the spectrometer components is
listed in Table 3.12. The mirror reflectivity and slit transmission have been
measured experimentally, while for the grating and camera values provided
by the manufacturers have been used.

Element Transmission
Focusing Mirror 35%

Slit 4.6%
Grating 17%

Camera quantum efficiency 70%
Total 0.19%

Table 3.12: Estimated XUV spectrometer detection efficiency, including the
optional focusing-mirror.

3.4.4 Compact high-resolution UV spectrometer

The spectrometer, based on the Wadsworth layout [72], is designed to oper-
ate between 210 and 350 nm. It has been built for proof-of principle shaping
experiments making use of 266 nm seed pulses. The spectrometer mounting
is shown in Figure 3.17.
The spectrometer is based on a A374048 grating from Richardson Gratings.
It is a concave, constant line-spacing, blazed grating. The relevant technical
specifications are listed in Table 3.13.
The laser pulse is aligned into the spectrometer and to the center of the
grating with the help of two irises. While the iris closer to the gratings needs
to be fully open for operating the spectrometer, the first one can be used to
limit the amount of light entering the device. The light is dispersed by the
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focus size of 13 µm (estimated through an OpticStudio simulation), which
is greater than the 5.86 µm pixel size. The dispersion is 0.0046 nm/pixel at
266 nm. A typical spectrum generated by the home-built frequency tripler
can be seen in Figure 3.18.

Figure 3.18: Spectrum of the 266 nm light generated by the tripler in the
sFLASH experimental hutch.

3.4.5 UV-IR cross-correlator

Second order autocorrelation is a widely used technique for temporal char-
acterization of IR and visible laser pulses. The process most commonly used
is second harmonic generation in a nonlinear crystal. The investigated pulse
is split into two parts, which are then overlapped in a birefringent crystal.
With the correct angle between the replicas and the crystalline reticule,
first and second harmonic speeds in the crystal are matched, resulting in
energy transfer from the first to the second harmonic mediated by the retic-
ule typically referred to as ’phase matching’. By varying the delay between
the two replicas, constructive and destructive interference leads to modu-
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lation of the second harmonic intensity. By scanning the delay between
the two pulses a second order autocorrelation trace is obtained, containing
information about the pulse length and temporal profile. Although such a
trace does not allow a full characterization of the pulse, e.g. the sign of
the chirp cannot be extracted because the trace is symmetrical, the pulse
time duration can be precisely extracted from the trace. An introduction
to nonlinear optics can be found in books like e.g. [73] and it is beyond the
scope of this thesis.
Second harmonic generation cannot be used to characterize the temporal
profile of the 266 nm pulses, because no birefringent crystal transparent at
133 nm exists. Thus, a different second order wave-mixing process must
be used. An effective alternative to second-order autocorrelation is cross-
correlating the ’unknown’ pulse with a reference pulse at longer wavelength.
The nonlinear process called difference frequency generation (DFG) pro-
vides photons with energy equal to the difference. As 800 nm pulses are
readily available, because they are used to generate the 266 nm light, the
obvious solution is to use them for the cross-correlation. The result is the
generation of 400 nm light, i.e. the second harmonic of 800 nm.
The layout of the cross-correlator developed by the author, together with
Bastian Manschwetus and Xeumei Cheng from the DESY laser group (FS-
LA), is shown in Figure 3.19. The main components are numbered. The
collimated 266 nm beam is aligned into the cross-correlator with the help
of two irises (1 and 2). The 800 nm beam can be inserted collinearly to the
UV. In this case the 266 nm pulses are separated from the 800 nm beam by
a dichroic beamsplitter (3). The UV beam is then sent to an adjustable
delay stage (4) and afterwards reflected from two plane alignment mirrors
(5 and 6). The IR, if inserted collinerar to the UV, is bent back 180 ° (7),
otherwise it is coupled in by a flip mirror (8). In the latter case a beam
dump screen is inserted to block light transmitted by the beam splitter.
The IR is sent to another plane alignment mirror (9). Finally, both 266 nm
and 800 nm beams are focused onto the non-linear b-BBO crystal (11) by
a cylindrical mirror (10). The focusing mirror is hit by the two beams at
different position along the central axis of curvature, in order to overlap
them in the non-linear crystal at 5 ° angle. The 400 nm generated in the
DFG process is sent to a CCD camera (12). A second cylindrical mirror
(13) can be used to collimate the beam before sending it to the camera.
Due to the difference in angle between the two beams in the b-BBO crystal,
different parts of the beam interact with each other at different times. As-
suming a uniform wavefront for both beams, the generated second harmonic
maps different pulse delays along the horizontal axis of the CCD, resulting
in an intensity distribution that is similar to a time-scanned second order
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Figure 3.20: Cross-correlation signal from an sFLASH seed pulse probed
with a ∼ 28 fs long 800 nm pulse. The derived duration of the 266 nm pulse
is ∼ 140 fs. Picture courtesy of Xuemei Cheng and Bastian Manschwetus.

3.5 FEL Transport Beamline

A vacuum beam-transport line has been built to transport the sFLASH
FEL pulses from the M2 mirror in the experimental hutch to the XXPS
entrance. The transport line has been designed in order to facilitate the
alignment and operation of the XXPS.
The layout of the transport line is shown in Figure 3.21. When reflect-
ing light toward the XXPS, the angle of incidence of the FEL radiation
on M2 is 2.5° due to the design of the experimental hutch infrastructure.
Currently the length of M2 is only 50mm, resulting in a maximum width
of the reflected beam of 2.18mm. Because of the 25m distance between
the sFLASH radiator exit and the M2 mirror, the diameter fwhm of the
FEL beam when hitting the mirror is much larger than 2.18mm, resulting
in power loss. In order to simplify the alignment of the XXPS, after M2
a pair of 2mm apertures are located. The apertures have two purposes:
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the XXPS entrance respectively, in order to assist during alignment.

3.6 Experimental Characterization of XUV

Transmission

Since the first tests with 38 nm the transmission of the off-the-shelf 38 nm
gratings from Richardson Gratings has proven to be extremely low. In
order to make alignment possible, some upgrades had to be implemented
in the XXPS, including the cameras used to see the beam profile on the
Ce:YAG screens. SASE pulse trains of up to 346 bunches have been used
to increase the amount of light going through the pulse shaper, in order
to make alignment easier. While SASE does not reach saturation in the
short sFLASH radiator, the high number of pulses compensates for the
small yield, generating much higher energy per bunch train. During the
last experiment, trains of 346 bunches with (2.7± 2.2) µJ energy per pulse
were used, corresponding to an average energy per pulse train of 930 µJ,
more than ten times higher than the up to (35± 10) µJ energy measured
for sFLASH seeded pulses [37]. With the current seed laser, trains of seeded
pulses are not possible, as discussed in Chapter 1. While due to the phase
discontinuities in the SASE pulses no actual pulse shaping can be performed
with it, SASE pulse trains can be used to see with the high-resolution XUV
spectrometer the spectral bands transmitted by a single lamellar-mirror.
The data used in the following paragraphs were all obtained exclusively
using SASE pulses.
While the transmission of the mirrors and shaping mask in the XXPS can
be calculated using data from literature, the transmission of the gratings
can be estimated using the 0th order and 1st order data measured with
the spectrometer. For the 0th order, using 10 s exposure time and 1 bunch
per bunch train, after background subtraction (2.36± 0.09) · 108 photons
have been detected on average in 20 exposures. For the 1st order, still us-
ing a 10 second exposure time, but bunch trains with 346 bunches each,
(5.24± 0.29) · 107 photons have been detected on average in 20 exposures.
This corresponds to a decrease in transmission by a factor of 1600. To cal-
culate the transmission of the gratings at the 1st order, it is first necessary
to estimate the transmission of the gratings at the 0th order. The effect
of the grating lines on transmission can be roughly approximated as an
increase in surface roughness, as shown in Figure 3.22. The gratings used
are replicas of ruled gratings. The lines of ruled blazed gratings are shaped
as right angled triangles, with the 90° angle facing away from the grating
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38.1 nm Transmission
Element Transmission Single SASE Pulse Output

Photons Energy
FEL exit 5.2 · 1011 2.7 µJ

Beamline & Apertures 16% 8.4 · 1010 440 nJ
Incoupling Mirror 53% 4.4 · 1010 230 nJ

SM1 86%
SM2 90%

Grating 1 1.1%
Lamellar Mirror 36%

Grating 2 1.1%
SM3 72%
SM4 75%

XXPS Total 0.0018% 8.0 · 106 42 pJ

Table 3.14: Transmission of beamline and XXPS components. The total
transmission of the XXPS is also listed, together with the amount of energy
and photons per pulse that were transmitted by the beamline, incoupling
mirror and pulse shaper during the experiment.

mirror can be estimated as 16%. From what has been seen during align-
ment, most of the power loss is expected to be due to the parts of the FEL
beam profiles cut by the M2 mirror size and the 2mm apertures.
The data in the table shows what the causes of the system low transmission
are. The main contributors are the two off-the-shelf gratings and the 2mm
apertures and M2 mirror cutting the FEL profile. The custom gratings
are expected to highly improve on the transmission of the predecessors,
due to the tailored blaze angle. To make full use of their 5mm acceptance
along the y-axis, 5mm apertures and a new 120mm-long M2 mirror will
be needed. Such improvements are expected to increase transmission by
approximately three orders of magnitude.



Chapter 4

Early Commissioning with
Ti:Sa at 266 nm and FEL at
38 nm

The initial study was performed using using 266 nm femtosecond pulses gen-
erated by nonlinear frequency up-conversion of the 800 nm pulses provided
by the sFLASH seed laser. The light generation setup is described in Sec-
tion 4.1. A proof-of-principle pulse shaping experiment has been performed
placing a single lamellar mirror in the Fourier plane. The spectrum trans-
mitted by the reflecting stripes was characterized using the high-resolution
UV spectrometer. The recorded contrast in the spectral distribution allows
for the correct alignment of the shaping mask modulating the spectral am-
plitudes. The results of the measurements are presented and compared to
simulations in Section 4.2.
First steps towards tailoring 38.1 nm XUV laser light generated by sFLASH
have been carried out. A first FEL pulse shaping experiment within the
XUV spectral range and again with a single lamellar mirror placed in the
Fourier plane was attempted and the status is reported in Section 4.3.

4.1 Generation of 266 nm fs Pulses

The UV generation process in the sFLASH experimental hutch starts with
uncompressed 800 nm pulses, 64 ps-long generated by the Ti:Sa seed laser.
A sketch of the light generation setup is shown in Figure 4.1. A 4-pass
grating compressor reduces the pulse duration down to the fs range. An IR
telescope downstream of the compressor reduces the beam diameter by a
factor of 2.66, from 13mm to about 5mm fwhm. The beam is then sent into
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Figure 4.2: Spectra of 266 nm (purple), 400 nm (blue) and 800 nm (red)
pulses after two 262-267 nm bandpass mirrors during the early stages of the
tripler commissioning.

acterization of the unshaped femtosecond UV pulse.
The two telescopes in the setup are built using a Galilean layout, in order
to avoid focusing the intense pulses in air, thus destroying the beam pro-
file due to self-focusing1. The telescopes consist of a focusing mirror and
a de-focusing lens. Such a layout is used to keep the UV generation setup
as compact as possible. The mirrors are spherical and reflect the beam
at nearly normal incidence. No aberrations introduced by this arrange-
ment have been detected. The mirror used in the IR telescope is coated
with protected silver while the one in the 266 nm telescope is coated with
UV-enhanced aluminum. The telescope lenses are plano-concave spherical
lenses, made of BK-7 (IR) and fused silica (UV) and coated with anti-

1Self-focusing is a non-linear process, where a refractive index gradient is thermally
induced by an high power laser in a medium. This results in focusing of the central part
of the laser wavefront, degrading the laser profile and possibly damaging the medium
due to the increased peak power.
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reflective coatings.
The frequency up-conversion setup for UV generation is based on a kit
of crystals for 800 nm third harmonic generation from Eksma Optics. In
the kit a calcite crystal is used to delay the IR pulse with respect to the
400 nm radiation after the first b-BBO, instead of the a-BBO crystal used
in sFLASH triplers (see Chapter 1). It is designed to generate pulses of
about 130 fs length fwhm, with a first b-BBO crystal of 0.5mm thickness,
and a second of 0.15mm. The diameter of the BBO crystals is 6mm. Dur-
ing tripler commissioning and the UV pulse shaping experiments the IR
beam had an energy of (1.74 ± 0.13)mJ, which is about a factor of two
below the damage threshold of the tripler waveplate. The spectra of the
266 nm, 400 nm and 800 nm pulses after removing the last of the bandpass
mirrors are shown in Figure 4.2. The measurement has been performed
using a SPM-00X spectrometer from Photon Control Inc., with an 2m-long
UV incoupling fiber from Thorlabs with a diameter of 200 µm. The mea-
sured bandwidths are (3.5±0.4)% fwhm for the IR, at (796±2) nm central
wavelength, (1.1± 0.4)% for the 400 nm at (397± 1) nm central wavelength
and (1.0± 1.1)% for the 266 nm pulse at (266± 2) nm central wavelength.
In a second set of measurements bandwidths between (0.64 ± 0.02%) and
(1.30± 0.02%) have been recorded for the UV pulses using the home-built
high-resolution spectrometer.
With this setup the maximum conversion efficiency achieved for the second
harmonic has been 12%, instead of the 25% specified by the company. Con-
sequently, the output power of (14± 3) µJ in the third harmonic gives less
than 1% conversion efficiency, which is significantly below the 10% achieved
in the frequency up-conversion process generating the sFLASH seed pulses.
Currently, the thickness and diameter of the nonlinear crystals, in partic-
ular for the first b-BBO, are not optimized in order to increase the UV
output. The crystal bandwidth is much smaller than that of the IR pulses,
therefore only a part of the 800 nm spectrum contributes to the harmonic
generation. This results in 400 nm and 266 nm pulses with limited energy
and much smaller bandwidths than the IR pulses, as can be seen in Figure
4.2. However, the resulting UV pulse energy in the present setup is suffi-
cient for the first proof-of-principle experiments tailoring femtosecond UV
pulses by means of the developed all-reflective 4f device.
For the sake of completeness we note that the band-pass mirrors present
in the UV generation setup are multilayer mirrors from Thorlabs, designed
for high transmission at nearly normal incidence between 262 and 267 nm.
Their reflectivity in that band is about 99% for incident angles between 0
and 45°. Their fused silica substrate is transparent to 800 nm and 400 nm
light, allowing dumping of the IR and visible pulses on a screen without
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risking damage to the mirror coating.

4.2 Tailoring the Time-Frequency

Spectrum in the UV by Spectral

Amplitude Modulation

A single lamellar mirror has been placed in the Fourier plane of the pulse
shaper acting as an amplitude mask that imprints a modulation of the
spectral amplitudes. This is due to the 100 µm-wide reflective stripes (un-
coated silicon surface) and 150 µm gaps resulting in a 250 µm period, as
described in Chapter 3. For the pilot UV experiment the corresponding
266 nm Richardson gratings have been mounted in the pulse shaper. While
uncoated silicon substrates have been used for the mirrors SM1 and SM2
(see Chapter 3 and Figure 3.3), carbon coated versions were used for the re-
maining two cylindrical mirrors in the XXPS. The UV transmission through
the pulse shaper during the experiment has been estimated to be on the
order of 10−5. Taking into account published UV reflectivity and transmis-
sion values of the optics [74, 75] it turns out that this is mainly limited by
the low reflectivity of the amorphous carbon coated mirrors. One derives an
average 0.7% reflectivity for each of the SM3 and SM4 mirrors by using the
given specifications summarized in Table 4.1 together with measuring the
pulse energy at the entrance of the XXPS and on the spectrometer camera.

266 nm Transmission
Fused Silica Window 88%
Incoupling Mirror 98%

Si SM1 44%
Si SM2 95%

Interleaved Lamellar-Mirrors 76%
UV Gratings 70%

Spectrometer UV Grating 60%
Folding Mirrors 90%

Table 4.1: Transmission of the optical components in the transport line,
XXPS and UV high-resolution spectrometer situated between the UV tele-
scope and home-built spectrometer camera.

The home-built spectrometer characterizing the spectral distribution at the
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pulse shaper exit was not absolutely calibrated before the experiment, there-
fore the central wavelength of the pulses has been cross-calibrated with the
commercial SPM-00X spectrometer. The modulated spectrum is shown in
Figure 4.3. Here, the accumulated spectra of 251 pulses are compared to
simulations that describe mathematically the effects of the amplitude shap-
ing mask acting on a Gaussian beam passing the 4f pulse-shaper setup. The
equations on which the code is based have been developed by Thurston et
al. in [51]. They leverage the fact that the shaped pulse can be written in
Fourier transform as [76]:

Ẽout (ω) = M (ω) Ẽin (ω) (4.1)

where Ẽin (ω) is the Fourier transform of the input pulse electric field and
M (ω) is a complex function describing the effects of the pulse shaper on the
pulse. The inverse Fourier transform of the product is then used to obtain
the temporal profile of the shaped pulse. The form of the function devel-
oped by Thurston et al. accounts for the mask shape, grating dispersion in
the pulse shaper, finite focus size of each monochromatic spectral compo-
nent and diffraction from the edges of the mask elements. They have been
modified by the author of this thesis by replacing the linear approximation
of the grating dispersion with the exact non-linear form:

y = f ·
(

tan
(π

2
− θout (λ)

)

− tan
(π

2
− θout (λ0)

))

(4.2)

where y is the position along the dispersion axis on the Fourier Plane, with
y = 0 being the center of the shaping mask, f is the focus length of the
XXPS, θout is the grating diffraction angle and λ0 is the central wavelength
of the pulse. The diffraction angles are calculated using the grating equa-
tion.
We note that the experimental data from the spectrometer is compared to
the simulated spectrum right behind the striped mirror in the pulse shaper
although the spectral modulation was experimentally characterized at the
shaper exit. The effects of the spectrometer response function and of mis-
alignment in the second half of the XXPS have not been simulated.
A linearly chirped pulse with a Gaussian spectrum with the experimentally
determined UV spectral bandwidth fwhm is taken as input for the simula-
tion. Such a spectrum only approximately fits the measured data, which
shows an asymmetric spectrum. The starting pulse used in the simulation is
positively chirped and has 130 fs pulse duration fwhm. The time duration
used is the expected one according to the specifications of the nonlinear
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crystals used in the frequency up-conversion setup. In Figure 4.3 (a) the
simulated spectral distribution is calculated assuming a finite beam waist
of 5 µm for a monochromatic line in the Fourier plane. This value would
only account for geometrical aberrations affecting an ideal Gaussian beam
as derived in the optical simulation described in Chapter 3. A Gaussian
pedestal is added to the simulation result to fit the incoherent background.
While the spectral position of the transmitted light agrees well with the
measured data, the shape of the individual peaks as well as the overall
spectral envelope are much different. A significantly better simulated spec-
trum resembling the measured data can be obtained assuming a waist size
of 75 µm fwhm for the bundle of rays of a single color, as shown in Figure 4.3
(b). There could be several reasons explaining an increased beam waist: (1)
Slight misalignment of the complex pulse shaper optics cannot be excluded
completely. (2) The profile of the UV beam might be partially spoiled due
to diffraction of the IR pulses at crystal edges in the tripler. With an 800 nm
beam diameter of ∼ 5mm, which is comparable to the crystal diameter of
6mm, diffraction could increase its ’apparent’ beam waist in the Fourier
plane. Furthermore, (3) the UV spectrometer resolution and (4) imperfec-
tions of the striped mirror particularly due to damaged reflecting edges are
not accounted for. Distortions introduced by the spectrometer are expected
to be small, according to previous tests, but the grating resolution must be
taken into account. Considering that the beam size at the XXPS exit is in
the order of 3mm, the spectrometer maximum resolution is on the order of
5 pixels, corresponding to about 0.025 nm. Such an effect is negligible with
respect to the width of the peaks in Figure 4.3.
It has not been taken into account that the reflecting stripes are, by far, not
perfect rectangles. Due to the mechanical processing by means of a rotary
diamond saw, surface damage is present close to the edge of the reflecting
stripes, with sections of the surface up to tens of µm in width missing. This
phenomenon is known as chipping. The extent of the damage on the mir-
ror stripes is shown in Figure 4.3 (c). The surface damage, progressively
increasing in quantity close to the edge of the stripes, smooths the edges of
the transmitted spectral bands and increases stray light adding up incoher-
ently.
The temporal profile of the shaped pulse has been derived using the same
aforementioned simulation code developed by Thurston et al.. In Figure
4.4 the envelope of unshaped pulses Fourier-limited (33 fs fwhm), 60 fs-,
100 fs- and 130 fs-long fwhm at the XXPS entrance are compared to the
respective shaped pulses assuming 5 µm and 75 µm focus size in the Fourier
plane. When the unshaped pulse time duration is small compared to the
peak separation (33 fs and 60 fs with respect to 213 fs peak separation) the



106 4. Early Commissioning with Ti:Sa at 266 nm and FEL at 38 nm

(a)

(b)

(c)

(d)

Figure 4.4: Simulated temporal profile of the shaped pulse with 75 µm (blue)
and 5 µm (light blue) focus size in the Fourier plane, compared to the un-
shaped pulse (orange). Fourier limited (a), 60 fs (b), 100 fs (c) and 130 fs
(d) long chirped pulses are used as shaper input.
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replicas have a Gaussian shape like the input pulses. When the original
time duration is comparable to the peak separation, an interference pattern
is generated.
Independently from the initial pulse duration, when the waist of the sim-
ulated monochromatic bundle of rays is comparable to the 150 µm spacing
between the reflective stripes, the tails of different spectral components cen-
tered on the gaps are reflected. The lack of spectral bands completely cut
from the pulse spectrum, i.e. the reduced modulation depth, reduces the
intensity of pulse replicas in the temporal profile. It results in a triple pulse
with faint further lobes beyond the three main peaks.
There is a slight difference in height and width of the side lobes when the
pulses are not Fourier limited: it is due to the energy chirp in the unshaped
pulse. The well-defined pulse sequence is interesting for dynamic studies
on small quantum systems, because the parametrization and tailoring of
its time-frequency spectrum is rather simple. It opens up a window of op-
portunities for coherent control experiments which will become clear in the
following.
Some characteristics of the time profile of the shaped pulse can be under-
stood through the use of a simplified analytical model. Under the approxi-
mations of linear dispersion in the Fourier plane, perfect spectral resolution
and neglectable focus size in the Fourier plane, perfectly flat reflective ele-
ments in the Fourier mask and no space between them, the electric field of
the shaped pulse can be calculated analytically to be [76]:

Eout (t) = exp
(

−π2δgν
2t2

)

sinc (πδνt)

N/2−1
∑

n=−N/2

AnBnexp [i (ωnt+ φn)] (4.3)

Here δν is the dispersion per mask pixel in the Fourier plane, δgν is the
grating resolution, N is the total number of pixels in the phase mask, An

and φn are respectively the amplitude and phase change introduced by the
n-th pixel and Bn is the spectral amplitude of the unshaped pulse at the
n-th pixel. While such an expression allows for rough estimates on the out-
put pulse temporal properties, the approximations mentioned above limit
its usefulness for actual calculation of the expected characteristics, making
numerical methods, e.g. the aforementioned one by Thurston et al., manda-
tory.
The sum in Equation 4.3 is a Fourier series, therefore having the properties
that it repeats itself with a period given by the reciprocal of the frequency
increment. It follows that it repeats infinitely in time with period 1/δν. In
practice, due to the non-linear dispersion of the grating the actual period
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is given by 1/δν̄, where δν̄ is approximately the average of the grating dis-
persion of the pulse frequencies [76]. In our case the separation between
two successive peaks obtained from the simulation is 213 fs, while using the
value δν obtained from Optic Studio software for the central period of the
phase mask in the XXPS a value of 248 fs is obtained.
The Gaussian cardinal-sine (sinc) window suppresses the pre- and post-
pulses far from the central one. Therefore the further the peaks are from
the central one, the less intense they are.
The replicas in the shaped pulse have a slightly different time duration
compared to the central peak. This effect is due to a different phase modu-
lation induced by the phase mask [76]. The phase change induced by each
pixel of the mask on a replica of order R can be calculated analytically, as
done by Vaughan et al. in [76]. The most apparent result is a chirp being
introduced in the replicas, proportional to the replica order and positive in
the pre-pulses, negative in the post-pulses. Due to the interference fringes,
this effect is difficult to see on the 130 fs- and 100 fs-long pulses, while it is
clear in the 60 fs case. Because a positively chirped pulse has been assumed,
this results in a left lobe R = 1 with 63.8 fs fwhm time duration and a right
lobe R = −1 with 56.2 fs time duration.
In a second stage of the experiment, the lamellar mirror has been moved
into the Fourier plane along the dispersion axis y. The movement translates
to a shift of the position of the reflective elements with respect to the dis-
persed spectrum of the unshaped pulse. Such experiments have been first
performed by Wollenhaupt et al. [77]. The effect can be detected with the
UV spectrometer by looking at the changing position of the transmitted
bands with respect to the spectrum envelope maximum. The spectrum of
twenty pulses taken with π/10 phase-shift steps is shown in Figure 4.5.
A Gaussian fit of the envelope of the pulses, together with lines indicating
the position of the center and 1σ points of the distribution are shown for
comparison. The intensity profile and position of the spectra varies slightly
due to spectral jitter in the tripler output. The spectra have been filtered
through a 5-point moving average filter, in order to reduce the effect of the
camera thermal noise on the contour.
In the time domain this manipulation results in the introduction of a phase
jump between the central lobe and the side lobes, with a phase increase
in the right-lobe equal to the phase decrease in the left-lobe [58], showing
coherent control on the shaped pulse characteristics. On the other hand,
the change of the shaping mask position has no effect on the intensity or
duration of the three main lobes.
The simulated time-profiles of four shaped pulses, with π/2 phase-shift steps
and assuming 60 fs time duration for the unshaped pulse are shown in Figure
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Figure 4.5: Single-shot spectra of the shaped pulses at 20 different lamellar-
mirror positions (different spectral amplitude masks), with 1/20 of the stripe
period separation in the dispersion plane. It can be seen that the spectral
modulation shifts together with the mirror position, while the spectral en-
velope and central wavelength remains constant shot-to-shot but for minor
variations due to jitter in the tripler output.
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4.6. The result is different when interference is present due to the relatively
small time separation of the replicas. The fringes due to the interference
between neighboring lobes move accordingly to the phase change in the side
lobes, as can be seen in Figure 4.7.

Figure 4.7: Shift in the interference pattern position of 130 fs-long shaped
pulses, simulated data. The phase advance is equal to the phase change in
the side peaks. The four pulses shown are the same of Figure 4.6.

4.3 First Steps Towards Shaped XUV

Pulses

38.1 nm SASE pulse trains of 346 bunches and (2.7± 2.2) µJ energy per
photon pulse were used during the initial XUV pulse shaper commission-
ing. This corresponds to an average energy per pulse train of ∼ 930 µJ,
which is more than ten times higher than the energy measured for single
seeded pulses [37]. It is clear that no actual pulse shaping experiments
can be performed with SASE pulse trains due to the lack of longitudinal
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Figure 4.8: Expected accumulated SASE spectrum at the XXPS exit.

coherence and pulse-to-pulse fluctuations of the spectral phases. However,
even SASE pulse trains can be used to observe the modulation of the spec-
tral amplitudes induced by the lamellar grating in the Fourier plane. The
spatial FEL frequency distribution in the Fourier plane due to dispersion
and focusing should not depend on the spectral phases, i.e. the degree of
longitudinal coherence. Thus, averaging the spectra from many pulse trains
should allow observation of the modulation with the high-resolution XUV
spectrometer. Along these lines an analogue experiment to the 266 nm
shaping study has been carried out.
The transmission of the current XUV pulse shaper setup including the cur-
rent status of the beamline has been discussed in Section 3.6. Although
the transmission is in the 10−5 range, due to the limits of the current off-
the-shelves gratings, the first steps with XUV FEL pulses have been taken.
Based on the measured XUV spectral bandwidth of ∼ 2%, simulations have
been carried out to pinpoint the effect of the lamellar grating placed in the
Fourier plane of the pulse shaper. Fig. 4.8 shows the expected modulated
spectral distribution of the SASE pulses. So far, we have not succeeded in
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recording such an amplitude shaped FEL pulse. Diffraction, stray light as
well as the current low transmission limits us.
In future, the preliminary commercial XUV Richardson gratings in the 4f
setup will be replace by custom-made blazed gratings with a blaze angle
tailored to the XXPS operating angle. The increased length of the grat-
ings will also allow for the use of the full 5mm diameter beam in the pulse
shaper. Therefore, the M2 mirror needs to be replaced by a 120mm-long
mirror. These two changes will be important to increase the XXPS out-
put when using sFLASH pulses. It may even allow characterization of the
shaped seeded pulses directly in time domain, e.g. by THz streaking. THz
streaking of unshaped reference pulses has been already achieved with sup-
port by the author of the present thesis [42].



Chapter 5

Conclusions and Outlook

This project had three initial objectives:

1. feasibility study of an XUV and soft x-ray pulse shaper (XXPS) rely-
ing on grazing incidence optics within the limits of current technology,

2. designing of the XXPS apparatus,

3. shaped pulse diagnostic development and commissioning strategy.

All three objectives have been successfully achieved. After the initial fea-
sibility study the XXPS has been designed. While a 2m long compact
version of the device has been built, optimized for XUV use down to 15 nm,
a longer version with shallower grazing angles and different optics coating
will be needed for operation between 15 nm and 4 nm. Both versions are
expected to have transmission on the order of 1% in the respective wave-
length range, suitable for most experiments at brilliant FEL facilities. The
line density and blaze angle of the gratings has been tailored, in order to
allow operation of the XXPS at each harmonic of a 266 nm seed laser with-
out realignment. Furthermore, this smart approach enables simultaneous
shaping of harmonics of the same fundamental wavelength, enabling e.g.
fundamental-third harmonic coherent control experiments like the ones pi-
oneered by Chan, Brumer and Shapiro [78]. The shaper modular design
allows for the arbitrary increase of the focus distance in the 4f-geometry by
simple means of replacing the focusing optics.
A four-step commissioning strategy has been developed for the shaper, with
the first two steps requiring only spectral diagnostics to optimize the align-
ment of all components, and the last two using diagnostics in the time
domain. The author has developed (two high-resolution spectrometers)
or contributed to the development (a UV-IR cross-correlator and a THz

114



115

streaking setup) of all the necessary hardware. He also contributed to com-
missioning the sFLASH HGHG seeding scheme, generating longitudinally
coherent photon pulses suitable for pulse shaping applications. The XUV
version of the XXPS has been built and first 266 nm pulse shaping experi-
ments have been performed using this device. Here, tailored time-frequency
spectra have been characterized making use of a home-built high-resolution
UV spectrometer achieving coherent control of the pulse temporal profile.
The second step of the commissioning phase, focusing on the same kind of
experiments performed with 38.1 nm SASE FEL light and an XUV high-
resolution spectrometer, has not been successful, yet. The reasons behind
the failure will need further investigation, but the culprit seems to be the
insufficient spectral and intensity stability of the SASE pulse trains used
during the experiment to overcome the low transmission of the temporary
off-the-shelves gratings.
Future XUV pulse shaping experiments will make use of the final custom-

Figure 5.1: Simulated time profile of a double pulse generated using the
MEMs mask and a 70 fs-long, 38.1 nm FEL pulse with typical sFLASH char-
acteristics.
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designed blazed gratings, in order to have sufficient transmission through
the XXPS to perform single-shot experiments with the seeded sFLASH
pulses. Finally, a fully-operational XUV optical pulse shaper will be avail-
able, generating tailored pulse sequences like those shown in Figure 5.1 and
enabling new spectral-phase-sensitive ways of investigating and controlling
matter that further extend the photon science capabilities at FELs.
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Appendix A

XXPS Alignment Procedure

Due to the seven optical elements present and the short wavelengths in-
volved, the alignment of the XXPS is not a trivial task. To achieve good
shaping performances, the shaping masks must be positioned precisely in
the Fourier plane, with its optical elements parallel to tightly focused,
aberration-free monochromatic lines. Downstream of the shaping mask,
the shaped spectral components need to be recombined into a beam homo-
geneously shaped and with a flat wavefront.
Several steps are necessary to align the XXPS. Each of these steps has been
studied with the help of an OpticStudio virtual model of the pulse shaper
optical elements and of its diagnostics, in order to identify which degrees of
freedom have visible effects at each step.
The starting point of the XXPS alignment procedure consists in carefully
placing each optical element and degree of freedom at the nominal position.
In this configuration each element should be within a few millimeters and
one or two degrees of rotation from the optimal position.
The next step consists in aligning all the optical elements with a visible
alignment laser and gratings in the 0th order. A single lamellar-mirror
should be placed in the Fourier plane for this and the following steps. Such
alignments can be better performed without vacuum, checking with a piece
of paper where each optic is hit by the beam. The shape of the beam on each
screen in the XXPS can be compared with the virtual model. If deemed
necessary, the flatness of the beam wavefront at the exit of the XXPS can
be inspected with the help of a shear-plate interferometer [79]. While 0th
order alignment with an alignment laser is essential for correcting for aber-
rations, it allows us to find the Fourier plane only approximately, due to the
longer wavelength and small beam footprint on the focusing mirrors (see
Table A.1).
The third alignment step is performed with pulsed light. Ideally the longest
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XXPS Focus size
Wavelength Grat. Order Beam Diam. Focus Rayleigh L.

(mm) (µm) (mm)
638 nm 0 2 34 5.5

(Al. Laser) 0 5 13 0.88
266 nm 0 2 14 2.3

0 5 5.6 0.37
1 2 2.9 0.10
1 5 1.2 0.016

38 nm 0 2 2.0 0.3
0 5 0.80 0.053
1 2 0.39 0.012
7 5 0.17 0.0023

Table A.1: Comparison between Focus size and Rayleigh length of the beam
in the Fourier plane for different wavelengths and input beam diameters.
For 266 nm results are given for the test grating, with the final custom grat-
ings they will be within a few % from the given values. For 38 nm the 2mm
beam result is given for the test beam, the 5mm one for the final grating.

wavelength that can be shaped with the grating-coating configuration in use
should be utilized first. The light is aligned still in the 0th order through
the XXPS to the reference points on the screens individuated with the
alignment laser. The light at the XXPS exit is sent to a high resolution
spectrometer, in order to check for the absence of disturbing effects in the
spectrum reading and to get a reference spectrum.
The fourth step consists in rotating the two grating to the working disper-
sion order, aligning them so that the dispersed beam is still going through
the same path of the alignment laser. According to the virtual pulse shaper
simulations, the right alignment of the dispersion lines in the Fourier plane
can be checked at this point with good precision with the help of the screens.
The resulting alignment is sufficient to make the effects of the remaining
aberrations in the Fourier plane neglectable for pulse shaping performances.
The fifth step consists in using the spectrometer to align the lamellar mir-
ror in the Fourier plane, optimizing the contrast between transmitted bands
and cut bands. Such an alignment allows us to precisely determine the po-
sition of the Fourier plane.
The sixth and final step consists in placing the final shaping mask in place
of the mirror, and use the spectrometer to optimize the alignment as in
the previous step by maximizing the contrast of the spectral components
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partially cut by the small gaps between the reflective elements of the mask.
After this step, the XXPS is fully aligned and the actual pulse shaping can
be performed.
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[4] D. Gauthier, P. c. v. R. Ribič, G. De Ninno, E. Allaria, P. Cinquegrana,
M. B. Danailov, A. Demidovich, E. Ferrari, L. Giannessi, B. Mahieu,
and G. Penco, “Spectrotemporal shaping of seeded free-electron laser
pulses,” Phys. Rev. Lett., vol. 115, p. 114801, 2015.

[5] F. Bencivenga, R. Cucini, F. Capotondi, A. Battistoni, R. Mincigrucci,
E. Giangrisostomi, A. Gessini, M. Manfredda, I. P. Nikolov, E. Peder-
soli, E. Principi, C. Svetina, P. Parisse, F. Casolari, M. B. Danailov,
M. Kiskinova, and C. Masciovecchio, “Four-wave mixing experiments
with extreme ultraviolet transient gratings,” Nature, vol. 520, pp. 205–
208, 2015.
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K. Flöttmann, J. Frisch, L. Fröhlich, T. Garvey, U. Gensch, C. Gerth,
M. Görler, N. Golubeva, H.-J. Grabosch, M. Grecki, O. Grimm,
K. Hacker, U. Hahn, J. H. Han, K. Honkavaara, T. Hott, M. Hüning,
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M. Martins, M. Meyer, P. Michelato, V. Miltchev, W. D. Möller,
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