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Abstract
The short-pulse facility at the 1.5-GeV synchrotron light source DELTA, operated by the TU
Dortmund University, generates coherent VUV radiation by Coherent Harmonic Generation
(CHG) as well as coherent THz pulses. The goal is to provide femtosecond coherent VUVradiation pulses for time-resolved pump-probe experiments. CHG is based on the interaction
of ultrashort laser pulses with electrons in an undulator to generate synchrotron radiation
pulses of similar length, but at coherent harmonics of the laser wavelength. The goals of
this PhD thesis were the characterization of the CHG pulses and the preparation of the first
pump-probe experiments with the new light source. The CHG pulses were characterized
using different methods which are applied either at a diagnostics beamline in air (for long
wavelengths of 200 nm and above) or at an evacuated VUV beamline (for 200 nm and below).
The characterization includes studying the transverse and longitudinal coherence properties
of the CHG pulses, the intensity of the radiation, its angular and spectral distribution,
estimate of the energy modulation, and the dependence of these properties on different
parameters. In order to perform pump-probe experiments, an evacuated laser beamline
of 53 m length was constructed and commissioned to guide some part of the laser pulses
to the experimental station at the VUV beamline. This included optimizing and focusing
the laser beam, realizing the temporal and transverse overlap between pump and probe
pulses, controlling and monitoring the beam position with motorized in-vacuum mirrors
and diagnostics screens, and stabilizing the angle and position of the beam using an optical
feedback system.

Kurzdarstellung
Die Kurzpulsquelle an der 1.5-GeV-Synchrotronstrahlungsquelle DELTA, betrieben von
der Technischen Universität Dortmund, erzeugt kohärente VUV-Strahlung durch Coherent
Harmonic Generation (CHG) sowie kohärente THz-Pulse. Das Ziel ist, ultrakurze (100 fs)
kohärente VUV-Strahlungspulse für zeitaufgelöste Anrege-Abfrage-Experimente zu liefern.
CHG basiert auf der Wechselwirkung von Elektronenpaketen mit Femtosekunden-Laserpulsen
in einem Undulator, um kohärente Synchrotronstrahlungspulse ähnlicher Dauer auf höheren
Harmonischen der Laserwellenlänge zu erzeugen. Das Ziel dieser Doktorarbeit besteht einerseits in der Charakterisierung der CHG-Pulse und andererseits in der Vorbereitung eines
ersten Anrege-Abfrage-Experiments mit der neuen Strahlungsquelle. Die Charakterisierung
der CHG-Pulse erfordert verschiedene Messmethoden, die bei langen Wellenlängen (200 nm
und größer) in einer Diagnose-Strahllinie an Luft, und bei kürzeren Wellenlängen (200 nm
und darunter) an einer evakuierten VUV-Strahllinie zur Anwendung kommen. Charakterisiert
wurden die transversale und longitudinale Kohärenteigenschaften der CHG-Pulse, die Intensität der Strahlung, ihre räumliche Verteilung, ihr Spektrum sowie die Abhängigkeit dieser
Eigenschaften von verschiedenen Parametern. Für die Durchführung von Anrege-AbfrageExperimenten wurde eine evakuierte Strahllinie von 53 m Länge aufgebaut und in Betrieb
genommen, mit der ein Teil der Laserpulse zur Experimentierstation an der VUV-Strahllinie
transportiert wird. Die Inbetriebnahme beinhaltet die Optimierung und Fokussierung des
Strahls, Realisierung der zeitlichen und räumlichen Überlappung zwischen Anrege- und
Abfrage-Puls, die Kontrolle und Beobachtung der Strahlposition mit motorisierten Spiegeln
und Diagnoseschirmen, sowie die Stabilisierung von Position und Winkel des Strahls mit Hilfe
eines optischen Regelsystems.
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1 Introduction
1.1 Pump-probe experiments
Figure 1.1 shows the world’s oldest example of capturing motion into a still picture, five
sequential images of a Persian ibex jumping towards the food on a tree, painted on an earthen
goblet discovered at the site of the 5200-year-old Burnt City in southeastern Iran [1].
In order to capture images in a similar way, to follow the state of a material in ultrafast
dynamic processes such as electron transfer, lattice vibrations, phase transitions, or spin
dynamics in real time, a technique called pump-probe can be used. Here, a light pulse with
femtosecond (fs) duration excites a sample to a higher state, and after a certain time another
pulse probes the state of the sample. Variation of the delay yields the state as function of
time.
The temporal resolution of this technique depends on the duration of the pulses and the
accuracy of delay between them. The delay between pump and probe pulses can be set with
a delay stage with µm or nm resolution. A laser system using the chirped pulse amplification
technique [2] can provide pulses with femtosecond duration, but with typical wavelengths
of about 800 nm. However, for the probe pulse, light with shorter and tunable wavelength
would be desirable, which can be obtained from conventional synchrotron light sources.

Figure 1.1: The world’s oldest example of capturing the phenomenon of motion into a still picture;
five sequential images of a Persian ibex on an earthen goblet discovered at the site of
the 5200-year-old Burnt City in southeastern Iran [1].

1.2 Synchrotron radiation sources
Observed for the first time in 1947 [3], the exceptional properties of synchrotron radiation such
as high brightness, good collimation, short wavelength and tunability were realized in the 1960s
and employed in studying a variety of samples. Evolving from the first to second generation
in the 80s, dedicated storage rings as synchrotron light sources were constructed, producing
high-brilliance radiation with tunable wavelengths from infrared to the VUV and hard X-ray
regime. In the 90s, the third generation of synchrotron light sources was designed for very
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low emittances and with long dedicated straight sections to take full advantage of undulators
yielding nowadays peak brilliances of up to 1024 photons/(s·mrad2 ·mm2 · 0.1%bw) [4]. Free
electron lasers (FEL) as the fourth generation provide peak brilliances many orders of
magnitude higher than this [4–7].
Synchrotron radiation pulses are ideally suited to study the structure of matter on the
atomic scale. However, with a typical duration of 30-100 ps (FWHM), given by the electron
bunch length in a storage ring, they are not capable of resolving ultrafast dynamic phenomena
in the sub-picosecond range. Since there are over 50 of these facilities worldwide [8], it is
worthwhile to extend the capabilities of conventional synchrotron light sources to shorter pulse
duration. The bunch length can be reduced to a few picoseconds by lowering the momentum
compaction factor of the storage ring in the so-called low-α mode (e.g., [9]). However, pulses
in the femtosecond range are only obtained by extracting synchrotron light from a small
fraction of the electron bunch, rather than the whole bunch. This can be achieved with
laser-based methods.

1.3 Coherent harmonic generation at DELTA
One of the methods to combine the advantages of synchrotron light sources and short-pulse
laser systems is based on the coherent harmonic generation (CHG) principle [10]. CHG has
been demonstrated at ACO and Super-ACO [11–13] in Orsay, France, and more recently at
UVSOR-II in Okazaki, Japan [14, 15], and ELETTRA in Trieste, Italy [16–18].
Here, a laser pulse interacts with an electron bunch in a first undulator (called modulator)
causing a periodic energy modulation and subsequent micro-bunching in a dispersive magnetic
chicane, which yields coherent radiation at harmonics of a seed wavelength in the second
undulator called radiator.
Additionally, due to path length differences acquired by the off-energy electrons within the
bending magnets downstream of the undulator, a sub-millimeter gap in the longitudinal
density profile is created, which causes the emission of coherent THz radiation [19].
CHG is capable of producing temporally highly coherent pulses, compared to the spontaneous
emission.
A facility employing the CHG principle is commissioned and operated since 2011 at
DELTA, a 1.5-GeV electron storage ring at the TU Dortmund University, with the purpose
of providing ultrashort coherent VUV radiation for time-resolved user experiments [20–28]. A
Ti:sapphire femtosecond laser system is used for seeding, either with its standard wavelength
of 800 nm or with its second harmonic, generated in a BBO crystal. Some part of the laser
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pulses is guided via an evacuated laser beamline (pump-pulse beamline) to the experimental
station at the VUV beamline to conduct pump-probe experiments.
In this work, various properties of the CHG pulses and their dependencies on machine
parameters are investigated experimentally. After an introduction to the basic concepts of
synchrotron radiation, ultrashort pulses and coherence in Chapter 1, the DELTA storage ring,
the CHG facility and the construction of the pump-pulse beamline is described in Chapter 2.
Commissioning of the pump-pulse beamline, detection of the CHG pulses in the user VUV
beamline, and first proof-of-principle measurements in this beamline in preparation of pumpprobe experiments are explained in Chapter 3. In Chapter 4, a comprehensive characterization
of the CHG pulses is presented, including the angular and spectral distribution of the CHG
pulses, an estimate of their pulse energy and energy modulation, and an experimental
investigation of their transverse and longitudinal coherence properties using a double-slit
setup and a Michelson interferometer, revealing the high coherence of the CHG pulses. The
thesis concludes with a summary and outlook in Chapter 5.

2 Basic Concepts and Theory
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2 Basic Concepts and Theory
In this Chapter, the theoretical framework is provided that underlies the generation of
ultrashort VUV pulses and various experimental methods utilized to characterize these pulses.
The description of synchrotron radiation mainly follows [29–31], the concept of the laser and
ultrashort pulses follows [32, 33], and the coherence part is based on [34, 35].

2.1 Synchrotron radiation
After accelerating a charged particle, the electric field lines close to the particle point radially
toward the particle, while at far distances, the field lines point to the position of the particle
before the acceleration, causing a distortion in electric field lines in between. The distortion
travels away from the particle with the speed of light and is observed as electromagnetic
~ from a relativistic charge q can be calculated by [36]
radiation. The radiation field E

~ r (~r, t) =
E

~ × β~˙
n̂ × (n̂ + β)
q
n̂ + β~
+
) ,
(
~ 3 |~r − r~s |2 c(1 + n̂.β)
~ 3 |~r − r~s | tr
4πε0 γ 2 (1 + n̂ · β)
|
{z
} |
{z
}
near field

(2.1)

far field

where all quantities are evaluated at the retarded time tr = t − R(tr )/c indicated by the
~
index ”r”, γ is the Lorentz factor, β~ = ~v /c is the velocity of the particle, and ~r − ~rs = R
is the vector from the observation point ~r to the charged particle (radiation source) at r~s .
~ R|
~ is the direction of observation, c the light speed and 0 is the
Furthermore, n̂(tr ) = R/|
vacuum permittivity.
The first term of the radiation field in Eq. 2.1 is the Coulomb field of the charged particle at
rest or at uniform motion and is proportional to 1/R2 (dominating in the near field). The
˙
second term is proportional to the acceleration of the particle β~ and to 1/R (dominating in
the far field). The Poynting vector
~=[ 1 E
~ × B]
~ r = ε0 c[E
~ × (E
~ × n̂)]r = −ε0 cE
~ 2 n̂|r ;
S
µ0 c

~ = 1 [E
~ × n̂]r ;
(B
c

~ ⊥ n̂)
E

(2.2)

defines the energy flux density (intensity) of synchrotron radiation per unit cross section
at the observation point ~r and time t, and parallel to the direction of propagation n̂. The
Poynting vector is used to determine the angular and spectral distribution of the radiation.
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The synchrotron radiation power per unit solid angle at distance R from the source in a
co-moving frame with the charge is [29]
dP
~ 2 |r = ε0 cR2 E
~ 2 |r .
= −(n̂ · S)R
dΩ

(2.3)

The energy per unit solid angle is obtained by integrating the radiation power over time
dW (t)
=−
dΩ

Z

∞

−∞

dP
dt = ε0 c
dΩ

Z

∞

2

~ r (t) dt.
Rr2 E

(2.4)

−∞

When the charged particles are deflected transversely by a magnetic field, e.g. by a bending
magnet in a storage ring, they emit synchrotron radiation. In order to determine the spectrum
of the synchrotron radiation, the Fourier transformation is applied on the electric field, yielding
ε0 c 2
dW (ω)
=
R
dΩ
π r

Z

∞

2

~ r (ω) dω
E

(2.5)

0

with ω = 2πν and ν being the radiation frequency. By inserting the far-field term from
Eq. 2.1 into the frequency domain (Eq. 2.5), assuming an electron as the charged particle,
~ the energy per unit solid angle and
and using the relation dt/dtr = r/R(tr ) = (1 − n̂ · β),
frequency is obtained

c
d2 W
~ r (ω)
= ε0 Rr2 E
dΩdω
π

2

=

e2
16π 3 ε0 c

Z

∞

−∞


i
2
˙
~
~
n̂ × n̂ + β × β
~
Rr
eiω(tr + c ) dtr .

2
1 + n̂ · β~
h

(2.6)

r

Equations 2.1 to 2.6 are the basis of synchrotron radiation calculation codes such as Spectra [37].
A more detailed discussion of the radiation properties can be found in [29].

Synchrotron radiation from a bending magnet

Considering the trajectory of an electron in a bending magnet as an arc with a constant
radius ρ, the average synchrotron radiation power reads
2 mc3 β 4 γ 4
Pγ = rc
3
ρ2

(2.7)
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p
with rc = e2 /4π0 mc2 being the classical electron radius and γ = 1/ 1 − β 2 being the Lorentz
factor. The synchrotron radiation from a relativistic particle in the observer’s reference frame
is collimated in the forward direction within an rms half angle of θrms ≈ 1/γ and is emitted
over a wide range of frequencies. The spectral distribution of the synchrotron radiation from
a particle in a bending magnet reads [29]

Pγ
dP
=
S(ω/ωc );
dω
ωc

√
Z
9 3ω ∞
S(ω/ωc ) =
K5/3 (x) dx.
8π ωc ω/ωc

(2.8)

Here, K5/3 is the modified Bessel function of second kind, ωc = 3cγ 3 /ρ is the so-called critical
frequency and S(ω/ωc ) is the universal synchrotron radiation function shown in Fig. 2.1.

Figure 2.1: Universal synchrotron radiation function S(ω/ωc ) for a bending magnet [29].

2.1.1 Insertion devices
Insertion devices such as undulator and wiggler produce radiation with optimized properties
to meet the needs of research with synchrotron radiation. They are inserted along a straight
section in a storage ring. An undulator/wiggler is a sequence of alternating magnetic dipoles
with a period length of λu between like-sign poles. Electrons are periodically deflected
transversely by a sinusoidal magnetic field, and they radiate in forward direction. Radiation
fields from various parts of the trajectory in an undulator overlap and interfere, resulting
in nearly monochromatic light that includes a fundamental wavelength together with its
harmonics.
For the electrons, the undulator period appears shortened by the Lorentz factor γ due
to the length contraction λ∗u = λu /γ. The radiation wavelength observed in the laboratory
system is shortened by another factor of γ due to the Doppler shift.
The scheme of an undulator, particle trajectory and radiation emission is illustrated in
Fig. 2.2. The longitudinal direction is denoted by s, the horizontal direction by x, and the
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vertical direction by y. Assuming an infinite horizontal magnet extent, the x component of
the magnetic field is zero.

λu
particle trajectory
x
y

θu

vx

x

s

By(s)

Figure 2.2: Particle trajectory (blue curve in the x-s plane) and emission of radiation in an
undulator with undulator period λu , the maximum trajectory angle of θu and magnetic
field By (s) in y direction. The bending angle of the particle in this diagram has been
exaggerated.

The on-axis (y = 0), magnetic field of an undulator By (s) and the definition of the
undulator/wiggler deflection parameter K is as follows

By (s) = B̃ cos(ku s) ;

K=

ku =

2π
λu

(2.9)

λu eB̃
,
2πme c

(2.10)

where B̃ is the peak magnetic field along the beam axis s and me is the electron mass. By
solving the equation of motion for an electron with a velocity of β = v/c in the x-s plane
~ the particle trajectory and the maximum trajectory
under the Lorentz force F~ = e~v × B,
angle θu in the laboratory frame is given by [30]

x(t) = −

K
cos(ωu t) ;
ku γ

s(t) = β ∗ ct +

ωu = ku βc =

K2
sin(2ωu t)
8ku γ 2

1
K2
with β = β 1 − 2 (1 +
)
2γ
2
∗



θu =

K
,
γ

2π
c
λu

(2.11)

(2.12)

(2.13)

(2.14)

where β ∗ = ṡ/c is the average relative velocity of the electron in the laboratory reference
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frame.
The position of particles relative to the reference particle (the particle at the nominal
~ = (x(s), x0 (s), y(s), y 0 (s), ∆z, ∆p/p), with ∆z
position) is described by a (6 × 1) vector X
being the longitudinal deviation from the reference, p being the momentum of the nominal
particle and ∆p the deviation from this value. The prime denotes the derivative with respect
to s. For a reference particle, all the elements of this vector are zero. Each element in a
storage ring (e.g. free drift space, bending magnet, quadrupole magnet) can be represented by
~1 = M X
~0,
a (6 × 6) transfer matrix M which acts on the six-dimensional electron vector like X
~ 0 (X
~ 1 ) is the position at the beginning (end) of the element.
where X
Undulator radiation
The resonance condition for constructive interference and hence the fundamental wavelength of the undulator radiation is given by [30]
λu
λres (θ) = 2
2γ



K2
2 2
+γ θ .
1+
2

(2.15)

The resonance frequency depends on the deflection parameter K, the undulator period λu
and the beam energy γ, and also on the observation angle θ. With increasing angle, the
radiation wavelength increases (red shifted).
To move along one undulator period, the electron takes the time τu = λu /cβ ∗ . Within
the same time, the radiation front proceeds a distance of su = τu c, moving ahead of the
particle. For a constructive superposition of the radiation from all undulator periods, the
path difference su − λu cos(θ) should be the radiation wavelength λres which yields Eq. 2.15.
By substituting the electron trajectory into Eq. 2.6, the energy of the on-axis radiation
per unit frequency and solid angle for one electron from a planer undulator with Nu periods
reads
d2 I
e2
=
dΩdω
4πε0 c

with An ≈ J n+1
2

nK 2
4 + 2K 2



KNu λres
γ




− J n−1
2

2 X
∞
n=1

nK 2
4 + 2K 2

A2n
λ2



sin(δn )
δn

2


, and δn = πNu (n −

(2.16)
λres
),
λ

(2.17)

where Jn is a Bessel function of the first kind, and n is the harmonic number. The angular
distribution includes different radiation lobes that depend on the frequency, emission angle,
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and polarization. Two polarization directions have been defined for the radiation field: in
σ-mode, the radiation has an electric field in the plane of the particle path, in π-mode, the
polarization is orthogonal to the sigma-mode. For the fundamental wavelength in the forward
direction (θ = 0), there is a strong radiation lobe in σ-mode, while there is no emission in
π-mode.

When the electric field deviates from a sinusoidal shape, higher harmonics appear in the
radiation spectrum (examples are shown in [29–31]). For the second harmonic, the π-mode
radiation in the forward direction vanishes. There is no forward radiation for even harmonics.

The spectrum of the radiation for the first harmonic (n = 1 in Eq. 2.16) can be written as

Iund (λ) ∝

sin(χ)
χ

2
;

χ = πNu

∆λ
;
λ

∆λ = λ − λres .

(2.18)

For an undulator with small K value, the radiation spectrum has a peak with a width of
about 1/Nu at the fundamental wavelength, and at higher harmonics the radiation intensity
decreases. As the K value increases, the intensity of the higher harmonics increases until the
spectrum is similar to the continuous spectrum of dipole radiation (Fig. 2.1).

Dispersive chicane and optical klystron

Storage ring FELs [38, 39] have a very low gain compared to self-amplified spontaneous
emission (SASE) FELs [5] due to their limited undulator length and low peak current. In order
to increase the gain to at least a few percent, a configuration called optical klystron [38–40] is
used which is a modification of an undulator.

An optical klystron (OK) consists of two undulators and one disperive magnetic chicane
between them . When passing through a magnetic dispersive section, charged particles
undergo different trajectories depending on their energy. Their longitudinal deflection (∆z)
depends on the magnetic configuration of the chicane via the r56 element of its transfer matrix
M as
∆z = r56

∆p
.
p

(2.19)

The r56 value of a chicane of length L can be determined by integrating over the squared
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integral of the magnetic field along the chicane [28]

r56 =

L
+
γ0 2



e
cm0 γ0

2 Z s



Zs


0

2
B(s0 )ds0  ds.

(2.20)

0

The radiation from an optical klystron is the interference of the radiation from two undulators
tuned to the same wavelength with a delay caused by the chicane which depends on the
strength of the chicane r56 . By introducing a new parameter Nd = r56 /(2λ), the number of
undulator-period equivalent of the dispersive section, the spectrum of the radiation can be
derived to be [40]



∆λ
;
IOK (λ) = 2Iund 1 + f cos 2π(Nd + Nu )
λ

∆λ = λ − λres

(2.21)

The width of the spectrum and that of the fringes in the spectrum is

(∆λ/λ)s = 1/Nu ;

(∆λ/λ)f = 1/(Nd + Nu ),

(2.22)

respectively. The spectrum of the radiation from the optical klystron (U250) at the DELTA
storage ring (see Section 3.1) is shown in Fig 2.3. In this example, a value of r56 = 27.5 µm
is obtained by fitting the experimental data to Eq. 2.21.
1

intensity (a.u.)

experiment
fit with theory IOK
Iund
0.5

0

300

350

400
wavelength (nm)

450

500

Figure 2.3: Spectrum of the synchrotron radiation from the optical klystron at DELTA with
Nu = 7, λu = 25 cm and r56 = 27.5 µm.
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2.2 Femtosecond laser pulses
Ultrashort high-power femtosecond laser pulses can be generated with mode-locked lasers using
the chirped pulse amplification technique [2,33], in which the laser pulse is stretched temporally
prior to amplification to lower the peak intensity, and recompressed after amplification. These
pulses exhibit special properties and effects in a medium due to their short duration and high
peak power.
Generally, the temporal dependence of the electric field and the intensity of an electromagnetic wave in a material of refractive index n can be expressed like [33]

E(t) = Ẽ(t)eiω0 t ;

Ẽ(t) = E(t)eiϕ(t) ,

I(t) = 0 cnE 2 ,

(2.23)

where Ẽ(t) is the complex field envelope, E(t) = |Ẽ(t)| is the field envelope, ω0 is the carrier
frequency, and ϕ(t) is the time-dependent phase. The spectrum of the field can be derived by
Fourier transformation (F)
Z

∞

E(Ω) = F{E(t)} =

E(t)e−iΩt dt = |E(Ω)|eiΦ(Ω)

(2.24)

−∞

I(Ω) = 0 cnE 2 (Ω).

(2.25)

Here, |E(Ω)| denotes the spectral amplitude, I(Ω) denotes the spectral intensity and Φ(Ω)
denotes the spectral phase. The spectral width (FWHM of the spectral intensity) ∆νp =
∆ωp /2π and the pulse duration τp (FWHM of the intensity profile) are related to each other,
and there is a minimum value for their product (”time-bandwidth product”)

∆νp τp ≥ cB ,

(2.26)

where cB is a numerical constant of the order of one, depending on the pulse shape e.g.
cB = 0.44 for a Gaussian pulse. A pulse for which the equality holds is called ”Fourier limited”
or ”bandwidth limited”. The carrier frequency in general can be time-dependent

ω(t) = ω0 (t) +

d
ϕ(t).
dt

(2.27)

If dϕ(t)/dt = f (t) is not constant, the pulse is called ”frequency modulated” or ”chirped”. If
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d2 ϕ(t)/dt2 is positive (negative), the carrier frequency increases (decreases) along the pulse,
and the pulse is called up- (down-) chirped. A positive chirp is shown in Fig. 2.4(a) for a
Gaussian pulse. If dϕ(t)/dt is a constant, only a frequency shift is added to ω0 .
The parameters of laser pulses can be altered by passing through a transparent medium.
The group velocity vg , group velocity dispersion GVD, group delay Tg and group delay
dispersion GDD are defined by

vg =

∂k
∂ω

GVD =

−1


−1
dn
c
= c n(ω) − ω
=
;
dω
ng (ω)

∂ 1
∂ 2k
=
;
∂ω vg
∂ω 2

GDD =

∂ϕ
,
∂ω

(2.28)

∂ 2ϕ
dTg
=
,
dω
∂ω 2

(2.29)

Tg =

where k = 2π/λ is the wavenumber, ω = 2πν is the angular frequency, ϕ(ω) is the spectral
phase, n(ω) is the index of refraction, and ng is called the group index. The envelope moves
at the group velocity. Since the group velocity of light in a transparent medium depends
on the frequency (dispersion), a chirped pulse will be temporally stretched or compressed,
depending on the sign of the chirp.
After passing through a transparent medium with known GDD, the duration of a Gaussian
pulse with a Fourier-limited duration of τp0 is
s


τ 2 p0 +

τp =

4 ln 2 GDD
τp0

2
.

(2.30)

As can be seen, the shorter the pulse length the stronger the effect of the GDD.
Gaussian Optics
The temporal dependence of the electric field E(t) and the intensity I(t) (see Eq. 2.23) in
a Gaussian pulse is [33]
t2
E(t) = E0 exp − 2
τ0





 2 
t
= E0 exp −1.385
τp2

2t2
I(t) = I0 exp − 2
τ0






t2
= I0 exp − 2 ,
2σt

(2.31)

(2.32)

√
where τp = 2 2 ln 2 · σt = 2.355 σt is the FWHM of the electric field envelope, τ0 =

2.2

1

normalized E and I

normalized E and I
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Femtosecond laser pulses
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Figure 2.4: a) Temporal profile of a chirped pulse: the electric field E(t) is represented by a
solid blue line. The envelope of the field |Ẽ(t)| = E(t) is the dashed red line, and the
intensity I(t) is the green line. b) Radial profile of the electric field (red curve) and
the intensity (narrow green curve) of a Gaussian beam; the 1/e = 0.368 width of the
electric field and 1/e2 = 0.135 width of the intensity are shown by red and green lines,
respectively.

√
√
τp / 2 ln 2 = τp / 1.385 = 2 σt is the 1/e ' 0.368 half width of the field envelope (equal to
the 1/e2 ' 0.135 half width of the intensity; see Fig. 2.4(a)), and σt is the standard deviation
of the temporal profile of a Gaussian beam.
A linearly chirped pulse (dϕ/dt = −2at/τ0 2 ) is given by [33]
t2
Ẽ(t) = E0 exp −(1 + ia) 2
τ0



.

(2.33)

By applying a Fourier transformation, the spectral intensity can be derived, which has a
Gaussian shape. The FWHM width of the spectral intensity and the time-bandwidth product
can be found to be [33]

∆νp =

1p
8 ln 2 (1 + a2 );
τ0

∆νp τp =

√
2 ln 2 √
1 + a2 ≈ 0.44 1 + a2 .
π

(2.34)

The occurrence of the chirp (a 6= 0) increases the time-bandwidth product exceeding the
Fourier limit. Figure 2.4(a) shows the electric field for an up-chirped pulse with σt = 80 fs
and a wavelength of λ = 400 nm. The transverse profile of a Gaussian electric field (shown in
Fig.2.4(b)) is given by [33]


 2 

r2
r
E(r) = E0 exp − 2 = E0 exp −1.385
r0
rp2

(2.35)
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2r2
I(r) = I0 exp − 2
r0




r2
= I0 exp − 2
2σr



,

(2.36)

√
where r is the radial distance from the axis of the beam, the rp = 2 2 ln 2 · σr = 2.355 σr is
√
√
the FWHM width of the electric field, r0 = rp / 2 ln 2 = rp / 1.385 = 2 σr is the 1/e ' 0.368
radius of the field (equal to the 1/e2 ' 0.135 radius of the intensity; see Fig. 2.4(b)), and σr
is the standard deviation of the transverse profile of a Gaussian beam.
Propagation of a Gaussian beam
The amplitude of the Gaussian beam intensity along the propagation direction z and
radial axis of the beam r can be written as [32]

I(r, z) = I0

w0
w(z)

2


exp

−2r2
w2 (z)


,

(2.37)

where z is the axial distance from the ”waist” w0 (shown in Fig. 2.5). The radius of the laser
w(z) at distance z is given by [32]
s
w(z) = w0

s


2
2
z
λz
2
2
1+ M
= w0 1 + M
,
zR
πw0 2

(2.38)

where M 2 ≥ 1 is the beam quality factor. For a perfect Gaussian pulse, M 2 is equal to 1. The
Rayleigh length zR , the distance along the propagation axis at which the beam size increases
√
by a factor of 2 and the area of the beam is doubled, is given by

zR =

πw0 2
λ

,

w(±zR ) =

√

2w0 .

(2.39)

Twice the Rayleigh length is called the depth of focus of the beam. Far from the waist,
the beam is cone-shaped and its opening angle is called the divergence of the beam

θdiv ≈

w(z)
(z → ∞) ;
z

θdiv ' M 2

Gaussian beam propagation is illustrated in 2.5.

w0
λ
= M2
.
zR
πw0

(2.40)
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Figure 2.5: Propagation of a Gaussian beam [44].

The radius of curvature of the wavefronts is a function of position [32]

R(z) = z 1 +

 z 2 
R

z

.

(2.41)

The propagation of a Gaussian beam can be expressed by using ray transfer matrices. For
this purpose a complex beam parameter q(z) is defined as [32]

q(z) = z + q0 = z + izR ;

q(z = 0) = q0 = izR .

(2.42)

The reciprocal 1/q(z) shows the relationship between q(z), w(z) and R(z)
1
1
z
zR
1
λ
=
= 2
−i 2
=
−i 2 .
2
2
q(z)
z + izR
z + zR
z + zR
R(z)
πw (z)

(2.43)

The effect of any optical element can be calculated using its transfer matrix M. Assuming
that the incident beam has a radius of rin and a divergence of θin , the output beam radius
rout and divergence θout is derived in geometrical optics by

r
θ

!
=M×
out

r
θ

!
.

(2.44)

in

In Gaussian optics, the properties of the output beam qout for incident beam qin are derived
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by
q

!

1

= mM ×
out

q

!

1

,

(2.45)

in

where m = 1/(Cqin + D) is a normalization constant
! chosen to keep the second component of
A B
the ray vector equal to 1. Defining M =
, one can derive [32]
C D

qout =

Aqin + B
.
Cqin + D

(2.46)

2.2.1 Nonlinear effects
Ultrashort laser pulses have high peak power and intensity causing nonlinear effects such as
second/third harmonic generation and the Kerr effect. When intense light propagates in a
transparent medium such as gas or glass, its properties are modified due to the nonlinear
response of the medium to the applied electric field. The polarization of laser light is not
anymore a linear function of the electric field and can be written as a series expansion [33]

P = 0 χ(1) E + 0 χ(2) E 2 + 0 χ(3) E 3 +... ,
| {z } | {z } | {z }
linear

SHG

(2.47)

Kerr effect

where 0 is the vacuum permeability and χ(n) is the n-th order frequency-dependent electric
susceptibility of the medium.
Measuring the pulse duration of ultrashort pulses is not possible with conventional methods
such as power measurement by a photodiode. Even the fastest available detectors with a
response time of 10−13 to 10−12 s can not resolve directly the details of femtosecond pulses,
therefore indirect methods including autocorrelators based on various nonlinear effects are
used to measure the pulse shape.
Second harmonic generation (SHG) or frequency doubling is a nonlinear process in which
two photons are combined and a photon with a doubled frequency is generated. The sum of
the wave vectors of the fundamental photons ~k1,2 is equal to the wave vector of the resulting
photon ~k1 + ~k2 = ~k (phase matching). Practically, this is carried out by placing a nonlinear
medium such as lithium triborate (LBO) or β-barium borate (BBO) in a laser beam. In an
intensity autocorrelator (SHG+autocorrelator), the incident pulse is divided into two parts,
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and one part is delayed by τ with respect to the other. Both signals pass through a nonlinear
crystal with a small angle between then (see Fig. 2.6 left), and the intensity of the generated
second harmonic depends on the delay. After passing through a filter or an aperture, the
fundamental wavelength is eliminated, the beam is focused on a detector, and the SHG
signal is measured. In an interferometric autocorrelation, a nonlinear crystal is placed after a
Michelson interferometer. A filter is used to eliminate the fundamental wavelength. Simplified
setups of an intensity and an interferometric autocorrelator are sketched in Fig. 2.6.
E1 (t − τ )

aperture

filter
E1 (t − τ )

E2 (t)
detector
nonlinear crystal

delay

E2 (t)

nonlinear crystal

detector

Figure 2.6: A simplified sketch of (left) an intensity autocorrelation and (right) an interferometric
autocorrelation setup.

The intensity AI and the interferometric Gint autocorrelation functions are given by [33]
Z

∞

F

I(t)I(t − τ )dt =⇒

AI (τ ) =

AI (Ω) = Ĩ(Ω)Ĩ ∗ (Ω)

(2.48)

−∞

Z

∞

Gint (τ ) =



[E1 (t − τ ) + E2 (t)]2

2

dt,

(2.49)

−∞

where AI (Ω) and Ĩ are the Fourier transform of AI (τ ) and I(t), respectively. The width of
√
AI is related to the width of the intensity distribution, e.g. it is 2 times the width of the
intensity for a Gaussian pulse [33]. The interferometric autocorrelation signal (together with
the spectrum) can be used to determine the pulse shape and chirp [33].
Furthermore, in another technique called frequency-resolved optical gating (FROG), the
detector is replaced by a spectrometer. This corresponds to a spectrally resolved autocorrelator
and yields the intensity, the duration and the phase of a pulse [43]. Another technique
is spectral phase interferometry for direct electric-field reconstruction (SPIDER), which
uses the spectral interferogram of two identical but spectrally shifted pulses and yields
phase information, and combined with independently measured spectra gives also amplitude
information [45].
The optical Kerr effect is the variation of the refractive index due to the nonlinear response
of the medium to ultrashort pulses with high peak intensity I

n = n0 + n2E hE 2 i = n0 + n2I I

(2.50)
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with n2I being the nonlinear index. Transversely, the delay is largest on the beam axis where
the intensity is highest. Due to this effect, the wavefronts are deformed, so that the pulse
is transversely focused (assuming n2I > 0) which is called ”self-focusing”. In addition, the
temporal dependence of the phase shift leads to self-phase modulation (SPM), changing the
spectrum of the pulse. As a measure of nonlinear interaction over length L, the so-called B
integral is defined by [32]
2π
B=
λ

Z

L

n2I I(z) dz.

(2.51)

0

Generally, in order to avoid nonlinear distortion effects due to self-phase modulation or self
focusing, the B integral must be kept below the value 5 [32].
Two-photon absorption (TPA) is a nonlinear optical phenomenon in which two photons
with equal or unequal energies are simultaneously absorbed by an electronic transition in
an atom. The first photon takes the atom from the initial state i to a virtual state v, and
the second takes it from v to the final state f. The absorption coefficient is proportional to
the optical intensity. By using a material in which TPA occurs for a certain wavelength,
the pulse duration can be estimated as the two-photon-absorption signal increases when the
temporal overlap between two beams decreases. A SiC photodiode can be used to detect a
two-photon-induced photocurrent from 800-nm and 400-nm, or from two 400-nm laser beams
(Fig. 2.7). The photoelectrons from the photodiode due to TPA can be measured with a
simple amperemeter.
800 nm
400 nm

electric current
SiC
photodiode

Figure 2.7: Two-photon absorption using a photodiode.
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2.3 Coherence and interference

In this Section, the formation of diffraction and interference patterns of an electromagnetic
wave and their dependence on the transverse and temporal coherence of the wave are studied.
Firstly, the coherence properties for an electromagnetic wave are defined in terms of the
cross-correlation of the field, and then the coherence properties of synchrotron radiation are
discussed.
Coherence of an electromagnetic wave train is a measure of the correlation between the
phases at different points along or transverse to the direction of propagation (~k/k). In Fig. 2.8,
wavefronts of a forward-traveling electromagnetic wave pulse are sketched, showing two points
marked in longitudinal direction (t1 , t2 ) or transverse direction (~r1 , ~r2 ) which could be selected
by splitting and delaying the beam or by dividing the wavefront using a double slit.
r

transverse coherence
EM wave

r

~ 1 (r1 )
E

EM wave
~1 + E
~2
E
observer

~ 2 (r2 )
E

longitudinal coherence
~1 + E
~2
E
observer

k,t

~ 1 (t1 )
E

k,t

~ 2 (t2 )
E

Figure 2.8: The coherence concept for an electromagnetic (EM) wave pulse. Schematic depiction of
wavefronts of an electromagnetic wave is shown with two points marked in transverse
direction (~r1 , ~r2 ) and longitudinal direction (t1 , t2 ), and a red dot denoting the position
of the observer. The distance traveled by E2 (t2 ) from t2 to the observer is shorter
than that of E1 (t1 ) from t1 .

Coherence theory studies the correlation properties of the light whose phase, frequency
and wavelength vary randomly with respect to time. In the slowly-varying-amplitude approximation, it is assumed that the amplitude of a forward-traveling wave pulse varies slowly
in time and space compared to a period or wavelength. In this case, the propagation of an
electromagnetic wave, linearly polarized in x direction is described as

~ r, t) = Re[Ẽ exp (i(ωt − ~k · ~r))]~ux
E(~

(2.52)

with Ẽ the complex amplitude. The total intensity at the position of an observer located at
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the origin of the coordinate system reads

~ 2 = [E(~
~ r1 , t1 ) + E(~
~ r2 , t2 ]
Itot (~r1 , t1 ; ~r2 , t2 ) ∝ E
tot

2

Itot (~r1 , t1 ; ~r2 , t2 ) ∝ |E(~r1 , t1 )|2 t + |E(~r2 , t2 )|2 t +2 Re hE ∗ (~r1 , t1 )E(~r2 , t2 )it .
|
{z
}
|
{z
} |
{z
}
I1

(2.53)
(2.54)

correlation term Γ

I2

The total electric field consists of three terms; the independent intensities of the radiation
from two points I1 and I2 , and the correlation Γ between those points. The first-order
correlation function [35]

Γ(~r1 , t1 ; ~r2 , t2 ) = hE ∗ (~r1 , t1 )E(~r2 , t2 )i

(2.55)

depends on the phase differences and results in an intensity pattern with maxima and minima.
The normalized correlation function is

γ(~r1 , t1 ; ~r2 , t2 ) = 

hE ∗ (~r1 , t1 )E(~r2 , t2 )i
|E(~r1 , t1 )|2

|E(~r2 , t2 )|2

1/2 =

Γ(~r1 , t1 ; ~r2 , t2 )
√
.
I1 I2

(2.56)

The coherence function C is defined as the absolute value of the normalized correlation
function [35]
C(~r1 , t1 ; ~r2 , t2 ) = |γ(~r1 , t1 ; ~r2 , t2 )|.

(2.57)

The light is said to be fully coherent for C = 1, partially coherent for 0 < C < 1 and fully
incoherent for C = 0. The coherence length is the distance at which the coherence function
drops to a given fraction of its maximum value (1/e2 , 1/e or 1/2). By inserting C into
Eq. 2.54, the maximum and minimum intensities in the resulting fringe pattern can be derived
to be

p
I1 I2

(2.58)

p
I1 I2 .

(2.59)

Imax = I1 + I2 + 2C
Imin = I1 + I2 − 2C
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The visibility of the interference fringes is defined as

V =

Imax − Imin
.
Imax + Imin

(2.60)

Inserting Eq. 2.58 and Eq. 2.59 into Eq. 2.60, it can be shows that when the light intensities
from both slits or arms are equal (I1 = I2 ), then the visibility is equal to the coherence
(V = C). When I1 6= I2 , the contrast observed in the experiment is reduced with respect to a
given degree of coherence of the incident radiation
√
I1 I2
V = 2C
.
(I1 + I2 )

(2.61)

The degree of coherence of a wave packet can be defined as the normalized integral over the
coherence function weighted by the intensity I = hE ∗ Eit [48]
R
D=

C(~r)I(~r)d3~r
R
I(~r)d3~r

(2.62)

with ~r = (x, y, z(t)). The properties of the longitudinal and transverse coherence are often
studied separately.

2.3.1 Longitudinal coherence

Longitudinal coherence is a measure of the correlation of the phase of a light wave at different
points along the propagation direction. It shows how monochromatic the source is, i.e. the
temporal coherence can be increased simply by using a band-pass filter, but at the expense of
loosing intensity. The temporal correlation function G is derived by averaging Γ (Eq. 2.55) at
a given position. By assuming one point r1 at two times t1 = t and t2 = t + τ , the temporal
autocorrelation function can be written as a function of the delay τ [34]
1
G(τ ) = hE (t)E(t + τ )i = lim
T →∞ 2T
∗

Z

T

−T

E ∗ (t)E(t + τ ) dt ,

(2.63)
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and the degree of temporal coherence, i.e. the normalized autocorrelation function, reads

g(τ ) =

hE ∗ (t)E(t + τ )i
G(τ )
=
.
G(0)
hE ∗ (t)E(t)i

(2.64)

When the light is perfectly monochromatic and deterministic, the coherence function equals 1
for all time delays, but in reality it decreases as τ increases. The time (the delayed path) at
which the temporal coherence drops to 1/2 of its maximum value is defined as the coherence
time τc (coherence length lc ). In general, the power-equivalent width of the function g(τ ) can
also be defined as τc , and it is commonly derived by integrating the coherence function over
time [34]
Z

∞

|g(τ )|2 dt ,

τc =

lc = cτc .

(2.65)

−∞

In this thesis, the definition in Eq. 2.65 is used to determine the coherence length. According
to the Wiener-Khinchin theorem, the autocorrelation function G(τ ) and the spectral density
S(ν) form a Fourier transform pair, and therefore their widths are inversely proportional to
each other. For a Gaussian pulse [34]
r
τc =

0.664
2 ln 2 1
·
=
π
∆ν
∆ν

lc = cτc = 0.66c/∆ν = 0.66λ2 /∆λ,

(2.66)
(2.67)

while for Lorentzian pulse τc = 1/π∆ν [34].
Measurement of temporal coherence with a Michelson interferometer
A Michelson interferometer can be used to determine the temporal coherence of radiation.
A simplified sketch of the interferometer is shown in Fig. 2.9. The beam is divided by a
beamsplitter into two parts with equal amplitude which are reflected from mirrors M1 and
M2 and finally return to the beamsplitter. The part of the beam coming from M1 (M2 )
passes through (is deflected by) the beamsplitter towards the detector. United again at the
beamsplitter, the beams interfere and constitute concentric, circular fringes on a 2D detector
or on a screen. If one of the mirrors is tilted and the beams are not parallel after being united,
the fringes appear like straight lines instead of circles. The beamsplitter requires a special
coating in order to obtain two beams with equal amplitudes.
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Assuming the coating of the beamsplitter is on the backside (with respect to the incident
beam), the beam ”E(t)” or OM1 passes through the beamsplitter three times, while the other
beam passes only once. This will cause different dispersive effects in the two arms, which
will affect their interference, as the optical path depends on the wavelength. The effect of
dispersion is stronger in the case of ultrashort non-monochromatic pulses. For this reason, a
compensator should be placed in the OM2 beam path. The effect caused by the compensator
plate or its material, thickness, and orientation must be exactly the same as that of the
beamsplitter.

fixed mirror M1
E(t)

movable mirror M2
E(t − τ )

O

photo detector

delay d

Figure 2.9: Scheme of the Michelson interferometer and the resulting circular (straight) fringes for
normal (tilted) mirrors. The interference patterns were obtained by using the CHG
light at DELTA (see Section5.6).

The delay d between the beams can be changed by moving the mirror M2 , which is
mounted on a linear stage. The intensity of the fringes depends on the phase differences of
the two beams, which depend on the difference of their optical paths. If the path difference
is an integer (half integer) multiple of the wavelength, constructive (destructive) interference
will occur

2d cos(θm ) = mλ ; constructive interference

(2.68)



1
λ ; destructive interference,
2d cos(θm ) = m +
2

(2.69)

where m is an integer, λ is the wavelength of the light, and θm is the angular position of the
mth fringe from the origin O at the beamsplitter. The transverse position of the mth fringe
on the screen at the distance L from the beamsplitter is

ym = L · tan(θm ).

(2.70)
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Assuming the first bright fringe m0 at θm0 = 0 and the pth bright fringe at θp , then

2d = m0 λ

(2.71)

2d cos(θp ) = (m0 − p)λ.

(2.72)

By subtracting Eq. 2.71 from Eq. 2.72 and by inserting cos(θp ) ≈ 1 − (θp2 /2), the angular
position of the pth fringe and the transverse distance ∆y between two fringes is

θp ≈

pλ
d

1/2
,

p
√
∆y = yp+1 − yp ≈ L(θp+1 − θp ) = L( p + 1 − p)

 1/2
λ
.
d

(2.73)

The Michelson interferometer is a field autocorrelator i.e. it does not include second-order
nonlinear effects, therefore it does not give any information about the pulse shape or phase,
but it provides information about the spectrum, as the coherence length is proportional to
the inverse frequency bandwidth (Eq. 2.67). The output intensity of the interferometer is
given by the electric field squared using 2.52 and 2.53
1
I(t, τ ) = 0 cn{E12 (t) + E22 (t + τ ) + E1 (t)E2∗ (t + τ )eiωτ + E1 (t)E2∗ (t + τ )e−iωτ }.
2

(2.74)

With slow detectors, the average of the expression above is measured in the ideal case of an
infinitely thin beamsplitter and non-dispersive reflectors. If E1 = E2 , the visibility of the
fringes is highest. If the light is polychromatic, the visibility is high near the center (y0 = 0)
and decreases as y increases.

2.3.2 Transverse coherence

Transverse coherence is a measure of the correlation of the phase of light waves at different
points perpendicular to the direction of propagation.
The correlation function between points ~r1 and ~r2 with a time difference τ = 0 for quasimonochromatic light is defined as [35]

J12 = Γ12 (0) = hE ∗ (~r1 , t)E(~r2 , t)i ,

(2.75)
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also called the ”mutual transverse coherence function” or the ”mutual intensity of the light”.
The complex coherence function of the light is defined as [35]

µ12 = γ12 (0) =

J12
[I(~r1 )I(~r2 )]1/2

,

0 ≤ |µ12 | ≤ 1.

(2.76)

The parameter J12 may be regarded as a phasor amplitude of a spatial sinusoidal fringe
pattern, whereas µ12 is simply a normalized version of J12 [35]. The coherence length is the
distance at which the transverse coherence drops to half of its maximum value.

Diffraction

Radiation from a light source appears diffracted in the observation plane with an intensity
pattern which is characteristic for the source size, angular distribution and the geometry of
the involved apertures. According to Huygens principle, any point on a wavefront is regarded
as a source of a new wavefront called secondary wave, i.e. a spherical wave emerges from each
point. The sum of these secondary waves determines the shape of the wave at a subsequent
time. The complex amplitude of the primary spherical wave at point Q located at a distance
|~r0 | from the source P0 , is given by U (r0 ) = (U0 /r0 )eikr0 . The complex amplitude of the
secondary field at a point at distance |~s| from Q was derived by Fresnel [41]
i
U (P ) = − U (r0 )
λ

Z
S

eiks
K(χ) dS
s

1
with K(χ) = (1 + cos χ),
2

(2.77)

where S describes the surface of the sphere, and K is the inclination factor, which is a
function of χ, the angle between ~r0 and ~s, and it is maximum in forward direction (at χ = 0).
The rapid oscillations of the phase as a function of the position on the screen gives rise to
the diffraction pattern. Two types of diffraction occur depending on the distance from the
source: far-field or Fraunhofer diffraction and near-field or Fresnel diffraction, distinguished
by the far-field condition [42]
L

πw2
λ

(2.78)

with w being the width of the aperture. In the far field, the total intensity diffracted by
an aperture can be derived by the Fraunhofer integral which is the two-dimensional Fourier
transform of the aperture. For a circular aperture, the intensity of the diffracted radiation in
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the image plane is given by
I(y) = I0

4J1 2 (kw sin θ)
.
(kw sin θ)2

(2.79)

The position on the screen is denoted by y, k = 2π/λ is the wave number of the radiation,
θ = tan−1 (y/L) is the angle between the light ray and the optical axis, and J1 is the first-order
Bessel function of the first kind. Here, the incident wave is assumed to be a plane wave,
that is E(y) = E0 = const. Due to diffraction, the radiation intensity in the image plane is
distributed over a central circle, known as ”Airy’s disc”, and concentric rings with the first
minimum at sin θ = 1.22λ/w.
A single slit of width w and infinite length forms a diffraction pattern in a direction y
perpendicular to the slit (Fig. 2.10) with an intensity distribution given by

ID (y) =

sin(πwy/ (λL))
πwy/ (λL)

2
(2.80)

with the first minimum given by sin θ = λ/w.

screen

slit
wave

θ

L
Figure 2.10: Scheme of the Fraunhofer diffraction and the intensity distribution on y axis.

Effect of beam propagation on transverse coherence

The character of the mutual intensity function produced by an incoherent source is fully
described by the Van Cittert–Zernike theorem, which addresses the propagation of the mutual
intensity function of a quasi-monochromatic light. It states that ”the mutual intensity in the
observation plane J(x1 , x2 ; x2 , y2 ) can be found by a two-dimensional Fourier transformation
of the intensity distribution across the source” [35].
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The coherence area Ac on the observation (x,y) plane is defined by [35]
Z+∞
Z
Ac =

|µ(∆x, ∆y)|2 d∆xd∆y,

(2.81)

−∞

where ∆x and ∆y are the coordinates differences in the observation plane or the pinhole
spacing. For a uniformly bright incoherent source with an area of As and with any shape,
the coherence area at distance z from the source reads [35]

Ac =

(λz)2
λ2
≈
,
As
Ωs

(2.82)

where Ωs is the solid angle subtended by the source from the origin of the observation region.
Relation 2.82 implies that the wavefront from an incoherent source will appear coherent at
large distances from the source, hence it must be specified at which position the coherence
length has been determined. The reason of this effect can be explained qualitatively as
follows. Fluctuations of the light at different points in the plane of an incoherent source are
uncorrelated, but when the light propagates in the free space, the radiation from each point
diverges and overlaps with the radiation from the neighboring points, making a common
contribution. The light reaching two points on the observation plane might emanate from
such common contributions, therefore a partial correlation between fluctuations at these
points on the image plane can be created, resulting in transverse coherence. On the other side,
the longitudinal coherence length is not generally influenced by the propagation in vacuum.
Using the Van Cittert–Zernike theorem, the transverse coherence length lc of a circular
incoherent source with radius rs and angular extension θs ≈ rs /z is given by [35]

lc ∝ 1.22

λ
λz
∝ 1.22 .
θs
rs

(2.83)

In principle, the transverse coherence of a of light from an extended source can be increased
by decreasing the source size using a pinhole or by increasing the distance, but only at the
expense of intensity. In the extreme limit that light originates from a point source, the
coherence length is infinite and the field has full transverse coherence.
Transverse coherence and the beam-quality factor
Transverse coherence depends on the number of the TEM modes in the wave. Many lasers
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emit beams that approximate a Gaussian profile with the laser operating on the fundamental
transverse mode TEM00 , but in general beams are not perfectly Gaussian. The general form
of the TEM modes are the Hermite–Gaussian (H-G) modes (TEMnm ), which are the solutions
of the Maxwell’s equations in a laser cavity [46].
The quality of the beam is determined by the M 2 factor, also called beam quality factor,
and defined as the beam parameter product (BPP) divided by λ/π. BPP is the product of
the beam waist and the beam divergence (half opening angle in the far field ). The smallest
possible beam parameter product is λ/π, achieved with a ”diffraction-limited Gaussian beam”
with M 2 = 1, which corresponds to full transverse coherence. The H-G modes have an M 2
factor of (2n + 1) in x direction and (2m + 1) in y direction [46].
The divergence of a multimode laser beam in the far field (z  (πw0 2 )/λ) is θdiv = M 2 λ/πw0 ,
which is M 2 times that of a Gaussian beam of the same spot size. By comparing this
divergence with Eq. 2.83, one can establish a relation between the M 2 factor, the laser waist
and the radius of the coherence area rc . The higher the number of TEM modes, the larger
the M 2 and the lower the transverse coherence length.
Measurement of transverse coherence with a double-slit setup
Double-slit experiments can be used to determine the transverse coherence degree of a
radiation field. The principle of the double-slit experiment is schematically shown in Fig. 2.11.
The wavefront of the radiation is divided into two equal parts by using two slits with equal
width w and separation d. The beams will interfere on the screen resulting in a pattern of
dark or bright fringes depending on the phase difference of the beams, which arises from the
path difference δl = d sin θ with θ being the angular position on the screen. If the optical path
difference is an integer (a half-integer) of the wavelength, the interference will be constructive
(destructive).
Assuming θ is small and sin θm ≈ tan θm , the constructive condition for the mth fringe, its
position ym on the screen and the distance ∆y between two successive bright fringes reads

d sin θm = mλ ,

ym = L tan θm ≈ L

mλ
,
d

λ
∆y ≈ L .
d

(2.84)

In the far field, the two slits form identical diffraction patterns I1 (y) = I2 (y), given by
Eq. 2.80. In the near field, the single-slit diffraction patterns of the two slits are displaced by
the slit separation. The electric field amplitudes of the two beams coming from the slits, E1
and E2 , and the intensities in the near field are

I1 (y) = E1 2 (y) , E1 (y) =

πw(y + d2 )
sin(u)
, u=
,
u
λL
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Figure 2.11: Scheme of the double slit experiment (left), resulting fringe pattern and its projection
on y axis (right). The interference pattern shown here is obtained by using the CHG
light at DELTA (see Section 5.6).

πw(y − d2 )
sin(v)
I2 (y) = E2 (y) , E2 (y) =
, v=
.
v
λL
2

(2.85)

The sum S(y) and the extrema of the intensities are

S(y) = I1 (y) + I2 (y),

(2.86)

Imax (y) = (E1 (y) + E2 (y))2 , Imin (y) = (E1 (y) − E2 (y))2 .

(2.87)

The visibility V (y) = C(y) (for equal intensity on the slits) was defined in Eq. 2.60. The
total intensity on the y axis for the near field and far field can be written as

I(y) = S(y) 1 + V (y) cos



2πd
y
Lλ


,




2πd
I(y) = ID 1 + V (y) cos
y
,
Lλ

in near field,

(2.88)

in far field

(2.89)

with ID given by Eq. 2.80. For the near-field case, a modulation is applied to S(y), and for
the far field this modulation is applied to the Eq. 2.80. By using the relations above for fitting
the interference pattern, the visibility and hence the coherence degree can be determined. If
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the spacing between the two slits is larger than the transverse coherence length, the resulting
pattern on the screen would look like two single slit diffraction patterns.
Interference of an arbitrary aperture can be simulated by using the algorithms based on
wavefront propagation in programs such as GLAD (general laser analysis and design), which
solves the Maxwell’s equations numerically for propagating wavefronts [47, 48].

2.3.3 Coherence of synchrotron radiation

The temporal coherence of synchrotron radiation is determined by the electron bunch length.
If electrons are located within a short bunch of the order of the wavelength, the radiation is
temporally coherent, whereas transverse coherence occurs when the transverse beam size is
small compared to the radiation wavelength [29].
Temporal coherence
In order to discuss the temporal coherence of synchrotron radiation from an electron bunch
in a storage ring, we assume that the radiation field from the j th electron in the bunch is
Ej ∝ ei(ωt+ϕj ) with frequency ω and phase ϕj . The phase of the light from each electron
depends on the electron position inside the bunch (ϕj = 2πzj /λ, with zj being the distance
of the electron from the center of the bunch) [29]. The total radiation field is the sum of the
radiation from all electrons, and the total intensity is proportional to the total electric field
squared (see Eqs. 2.2 and 2.23)

~ tot | =
|E

Ne
X

Ej ∝

j=1

Itot =

Ne
X
j,l=1

Ej El∗

= I0

Ne
X
j,l=1

e

i(ωt+ϕj ) −i(ωt+ϕl )

e

Ne
X

ei(ωt+φj )

(2.90)

j=1

= I0

Ne
X
j,l=1

e

−i(ϕj −ϕl )

= Ne I0 + I0

Ne
X

e−i(ϕj −ϕl )

j,l=1(j6=l)

(2.91)
with I0 being the single-electron intensity. When the radiation from all electrons has a certain
phase relation and is not just statistically distributed (∆ϕ =const), the radiation fields
are superimposed constructively, the total field (Eq. 2.90) is proportional to the number of
electrons Ne , and the total intensity is proportional to Ne2 . The first term on the right-hand
side of the Eq. 2.91 represents the incoherent spontaneous radiation, the second term depends
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on the density distribution ρe (s). Using Eq. 2.91, the total radiation power can be written
as [29]
P (λ) = Pe (λ)Ne [1 + (Ne − 1)g 2 (λ)]

(2.92)

with Pe being the single-electron radiation power and g(λ) the so-called form factor, which is
the Fourier transform of the longitudinal distribution of the normalized electron density
1
g(λ, l) =
Ne

Z

∞

ρe (s) e−i 2πs/λ ds

(2.93)

−∞

and determines the amount of the coherent contribution to the intensity. Assuming an rms
bunch length of σl for a Gaussian bunch, the form factor becomes [29]


l2
g (λ) = exp −π 2
λ
2

with l =

√

2πσl .

(2.94)

The expression shows that the coherent radiation power (the second term on the r.h.s. of
Eq 2.92) falls off rapidly for wavelengths shorter than the effective bunch length l. For longer
wavelengths, there are coherent contributions to the radiation, but for typical bunch lengths
such long wavelengths are damped and can not propagate along the vacuum chamber of a
storage ring, depending on the size of the vacuum pipe compared to the bunch length [29].
When an electron bunch is composed of periodic substructures, the more frequent and
sharper these substructures, the larger the Fourier transform components and therefore the
higher the coherent contribution in power. In single-pass laser-seeded schemes, the substructures are created by laser-induced energy modulation and subsequent density modulation,
which gives rise to higher temporal coherence than that of the spontaneous radiation.
Transverse coherence
Since synchrotron radiation is emitted from a small area equal to the cross section of the
electron beam, it may have high transverse coherence, depending on the wavelength and the
distance between the source point and the observer. By reducing the electron beam emittance,
the emittance of the photon beam can be reduced down to the diffraction limit, which is
p
√
σr σr0 = λ/(4π) with σr = λL/(2π), σr0 = λ/L being the diffraction-limited source size,
and L the length of the photon source along the particle path [29]. To produce spatially
coherent or diffraction-limited radiation, the electron beam emittance must be smaller than
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the diffraction-limited photon emittance [29]

x,y ≤

λ
.
4π

(2.95)

This condition can be achieved easier for long wavelengths; the longer the wavelength the
longer the transverse coherence length (see also Eq.2.83).
As a result of the stochastic nature of spontaneous emission, the spontaneous undulator
radiation is composed of many transverse modes with random magnitude and phase, i.e. with
poor transverse coherence. In an FEL, however, the central mode TEM00 (with Gaussian
shape) will develop more strongly in the undulator and dominate due to the best overlap
with the electron bunch. Therefore, the transverse coherence increases until saturation. After
saturation of the TEM00 mode, other modes gain importance and the coherence degree
decreases [48]. In a single-pass seeded scheme, the TEM00 mode will dominate and develop
even quicker due to its dominant contribution in the seed laser beam.
Applications of coherent radiation
Coherent radiation is important for performing experiments like imaging, diffraction,
interferometry and holography. Coherent ultrafast pulses are used to study bioparticles and
macromolecules which are sensitive to radiation damage, providing insights into disease and
drug design [49].

2.4 Coherent Harmonic Generation (CHG)
In many experiments such as time-resolved photoelectron spectroscopy, both femtosecond
pulse duration and high photon energy (in VUV or X-ray regime) are required. However,
commercial femtosecond lasers can not deliver pulses at high photon energies in the VUV or
X-ray regime, whereas generating ultrashort synchrotron pulses (in the femtosecond range)
by means of storage rings is limited, since the bunches are too long (in picosecond range).
Several laser seeding schemes have been developed to employ the advantages of the laserand synchrotron-light sources to generate ultrashort pulses with high photon energies in
storage rings. These schemes generally comprise at least two undulators separated by a
dispersive section. The basis of any seeding technique is a periodic modulation of the
electron energy induced by the electric field of a seed laser pulse that co-propagates with the
electron bunch through an undulator called ”modulator”. In the following, several schemes
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are described shortly, and the principles of coherent harmonic generation is explained in more
details.
In femtosecond slicing, proposed by A. Zholents and M. Zolotorev [50], the off-energy
electrons caused by the laser-induced energy modulation in a femtosecond slice of the bunch
are transversely displaced. Incoherent spontaneous synchrotron radiation is generated by
these electrons and is extracted geometrically by spatial or angular discrimination. The
intensity of these pulses is only 10−4 of normal undulator light and the repetition rate is
limited to that of the laser, but the radiator can be set to any desired wavelength and
polarization. This scheme was first demonstrated at the ALS (Berkeley, California, USA) [51]
with a dipole magnet as radiator, and later at BESSY (Berlin, Germany) [52] and the SLS
(Villigen, Switzerland) [53] producing femtosecond undulator radiation.
In coherent harmonic generation (CHG), the process is followed by a subsequent density
modulation or ”microbunching”, in a chicane, resulting in density maxima separated by one
laser wavelength. Finally, the electrons radiate in a second undulator called ”radiator”. The
radiation does not need to be geometrically separated from the spontaneous emission, since
the intensity of the coherent radiation is about 1-3 orders of magnitudes higher than the
incoherent radiation. However, since the repetition rate of CHG radiation (limited by the
repetition rate of the laser) is about 3 orders of magnitude lower than the electron bunch
revolution rate, time-resolved gating is needed to select only the coherent pulse from the
sequence of the spontaneous-emission pulses. CHG is limited in wavelength to approximately
the 10th harmonic of the seed wavelength. The principle of CHG was first proposed in 1982
by R. Coı̈sson and F. De Martini with an analytic model describing the CHG process in
an optical klystron [10]. The first demonstration of CHG was performed in 1984 at the
ACO [11, 12] storage ring (Orsay, France), and then at Super-ACO in the VUV range [13].
More recent experiments have been conducted at UVSOR-II in Okazaki, Japan [14, 15],
ELETTRA (Trieste, Italy) [16–18], and DELTA (Dortmund, Germany) [19–28]. The CHG
principle and the corresponding phase space distributions are sketched in Fig. 2.12.
High-gain harmonic generation (HGHG) is similar to CHG, with the difference that it
is applied to linac-based FELs in which long undulators, the low emittance of the electron
beam, and high peak current enables a very high brightness. It was demonstrated at BNL
(Upton, New York, USA) [6], and is now routinely employed at FERMI@Elettra (Trieste,
Italy) [7].
Echo-enabled harmonic generation (EEHG) is a new FEL seeding method to reach much
higher harmonic numbers (around 40). It was proposed in 2009 by G. Stupakov [54]. Three
undulators and two chicanes are employed in this scheme. The energy modulation in the
first undulator is followed by a strong chicane in order to produce a pattern of discrete
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energy bands. After a second energy modulation, this pattern is converted to a density
modulation. The previously created discrete energies give rise to a periodic substructure
of the density maxima which contains Fourier components at much smaller wavelengths.
Proof-of-principle experiments at moderate wavelengths above 100 nm have been carried out
at SLAC (California, USA) [55–58] and SINAP (Shanghai/China) [59].

2.4.1 Principle of CHG
The principle of CHG is depicted in Fig. 2.12. After passing through the magnetic chicane,
the longitudinal distribution of the energy-modulated electrons is modified. The magnitude of
the longitudinal displacement (∆z) of electrons depends on their energy modulation (∆E/E)
and on the strength of the chicane (the r56 value) given by Eq. 2.19.
CHG
λ/n

laser

λ
electrons

modulator

dispersive chicane

radiator

Figure 2.12: Principle of CHG; a femtosecond laser pulse interacts with an electron bunch in an
undulator causing a periodic energy modulation and subsequent microbunching which
gives rise to coherent radiation at harmonics of the seed wavelength.

The electrons form a fine structure (microbunches) with a spacing of one laser wavelength,
which is the reason for the coherent radiation at harmonics of the laser wavelength. Since
the phases of radiation from the electrons in the microbunches are correlated, the radiation
fields add up constructively and therefore the total radiation intensity is proportional to the
squared number of electrons (see Eq. 2.92).

2.4.2 Electron-laser interaction
The interaction between the electrons and the optical radiation field in an undulator can be
studied by solving the coupled pendulum-Maxwell equations [60], which relate the evolution
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of the longitudinal phase of the electron and the radiation amplitude. This model can also be
generalized to account for the evolution of the optical field at harmonics of the fundamental
wavelength [61], and is applicable for the numerical simulation of the CHG [15]. In this
Section, however, only the analytical models for CHG are discussed.

In the analytical model developed in [10], the relativistic motion of the electrons under
the influence of both the magnetic field of the undulator and the electric field of a laser pulse
(here considered as a plane wave) obeys the Lorentz force. The energy transfer between
the electron with a transverse velocity of (vx , vy = 0, vz ) and a laser field with horizontal
~ =E
~ x ) can be written as
polarization (E
dE
~ v = −eEx vx
= F~
dt

~ + ~v × B).
~
with F~ = −e(E

(2.96)

The relative energy modulation is proportional to the peak electric field of the laser pulse EL
and is given by [62]
∆E
eKEL Nu λu
=
[J0 (ξ) − J1 (ξ)] sin ϕ0
E
2E 2 me c2
K2
with ξ =
,
4(1 + K 2 /2)

(2.97)

where K is the undulator parameter, ϕ0 and E are the initial values for the longitudinal phase
and the energy of the electron, respectively, and are assumed to be constant in the modulator.
Along the dispersive section, the induced energy modulation results in a phase shift of the
electrons which depends on the number of the undulator periods Nu and number of the
undulator-period equivalent of the dispersive section Nd , and is equal to δα = 4π(Nu + Nd ).
Electrons are longitudinally displaced and form microbucnches.

The quality of the microbunching is determined by a coefficient called ”bunching factor”
bn , which is the discrete Fourier transform of the longitudinal distribution of the electron
density. The bunching factor is the form factor for certain frequencies at the harmonics of
the laser wavelength (see Section 2.3.3 and Eq. 2.93). It depends on the energy modulation
amplitude ∆E/E, the harmonic number n, and the relative energy spread of electrons σE . It
is given by [15]

bn = fn Jn [4πn(Nu + Nd )(∆E/E)] = fn Jn (n δα)
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with fn = exp −8 [πnσE (Nu + Nd )]2 ;

Nd = r56 /2λ,

(2.98)

where Jn is the first-kind Bessel function of the order n. Examples for an energy modulation
∆E/E of 0.6% and 0.4% with optimum r56 and with a seed wavelength of 400 nm are shown in
Fig. 2.13. These values are calculated using the Fourier transform of the electron distribution
as shown in Fig. 2.12. The exponential decrease with harmonic number n is dominant, and

bunching factor

the second maximum of the Bessel function can also be seen.

0.5
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Figure 2.13: The bunching factor for two relative energy modulation values of ∆E/E = 0.6%
(blue) and 0.4% (red), relative energy spread of the electrons σE = 7 × 10−4 , and
seed wavelength of 400 nm.

Assuming a laser pulse duration τL and electron bunch length τe , the intensity of the CHG
radiation, which is proportional to the squared number of electrons Ne , reads

ICHG = bn

2



τL
τe

2

Ne 2 Ie .

(2.99)

To achieve the optimum CHG intensity, the following approximate relation must hold between
r56 and the energy modulation
∆z = r56

∆E
λL
≈
,
E
4

(2.100)

which implies the creation of the microbunches radiating coherently (see also Section 2.3.3
for temporal coherence of synchrotron radiation); the ∆z is the longitudinal displacement of
electrons.
The total energy deviation, given by the sum of ∆E and several σE (initial energy spread
of the electron bunch), must stay below the energy acceptance of the storage ring in order not
to loose the beam; therefore the energy modulation is limited by the energy acceptance and
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λ/4

Figure 2.14: Longitudinal displacement (by λ/4) of the energy-modulated electrons passing through
the chicane resulting in formation of microbunches.

alternatively by the laser pulse energy. To obtain the necessary longitudinal displacement
(given by Eq. 2.100), r56 must be increased and adjusted to the required optimum value.
Coherent THz radiation
When the energy-modulated electrons pass through the following dipole magnets of
the storage ring, they are longitudinally displaced and leave a sub-millimeter gap in the
longitudinal density profile. Figure 2.15(a) shows a simulation of the energy modulation and
resulting displacement, Fig. 2.15(b) shows its Fourier transformation [80].
At high frequencies (the blue curve), the radiation is incoherent, since the wavelengths
are shorter than the bunch length (about 100 ps FWHM at the DELTA storage ring). For
photon wavelengths longer than the bunch length (orange curve), the radiation is coherent
but is greatly damped and do not propagate along the vacuum pipe. In the THz region,
there is a coherent contribution due to the laser-induced gap in the longitudinal electron
distribution (red curve).

(a)

(b)

Figure 2.15: a) Longitudinal density profile of the energy-modulated electrons after passing through
a dipole magnet, derived by particle tracking simulation (for CHG at DELTA) with
∆E/E = 0.5% [80] (bottom); electrons with negative/positive energy deviation are
marked red/blue (top). b) Spectrum derived by Fourier transformation of the density
distribution of the whole electron bunch [80].
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2.4.3 Experiments with CHG pulses
Since CHG pulses are ultrashort and synchronized with the laser pulses, they can be used in
pump-probe experiments for time-resolved studies in the ps and fs domain such as ultrafast
photochemical reactions, solvent-solute structural dynamics, structural dynamics in biological
systems, order-disorder phenomena in condensed matter, magnetisation dynamics in microand nano-magnetism, dynamics of phonons in semiconductors, excitons in metals, and spin
dynamics in ferromagnets [65]. Furthermore, CHG pulses are well-suited for experiments
requiring a high degree of temporal or transverse coherence. The basics of photoelectron
spectroscopy (PES) and the pump-probe technique are shortly described in the following.
Photoelectron spectroscopy
Photoelectron spectroscopy (PES) is a method to study the composition and electronic
state of the surface region of a sample by analyzing the kinetic energy distribution of the
emitted photoelectrons. It is based on the photoelectric effect (PE) introduced for the first
time by Einstein [66]. The fundamental photoelectric equation

Ekin = hν − Ebin − φ0

(2.101)

is the basis for the interpretation of PE experiments. Here, Ekin is the kinetic energy of
the electron, Ebin the binding energy, and φ0 a characteristic constant of the sample surface
known as the work function, which is the energy needed for taking an electron from the
Fermi level to the vacuum level. The fundamental principle of the photoemission process is
schematically shown in Fig. 2.16 for the valence band and core levels of a metal. Electrons
with binding energy Ebin can be excited above the vacuum level Evac by photons with energy
hν ≥ Ebin + φ0 . The photoelectron distribution I(Ekin ) can be measured by an energy
analyzer and is to first order an image of the density of occupied electronic states N (E) in
the sample.
photoelectron

photon
valence band

kinetic energy

vacuum level
Fermi level

binding energy

core levels

Figure 2.16: Schematic view of the photoemission process.
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Ultraviolet photoelectron spectroscopy (UPS) is mainly used for angle-resolved investigation
of valence band states (ARUPS), X-ray photoelectron spectroscopy (XPS) is used to investigate
core-level states at higher binding energies. The theoretical description of the photoelectron
spectrum is based on Fermi’s golden rule [67]. An example photoelectron spectrum using
synchrotron radiation with a fundamental photon energy of hν = 9 eV and its second harmonic
(18 eV) is schematically depicted in Fig. 2.17, showing the valence band near the Fermi level
(Ebin = 0). The background intensity, increasing with the binding energy, is due to secondary
electrons. These secondary electrons are generated when the energetic photoelectrons are
inelastically scattered and excite or ionize other atoms. This leads to a smooth background
at the low-Ekin (high-Ebin ) side of the principal photoemission peak. The photoelectron
distribution from both photon energies overlap with each other and form a more complex
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Figure 2.17: A schematic view of a photoelectron spectrum using synchrotron radiation with a
fundamental photon energy of hν = 9 eV (red curve) and its second harmonic at
18 eV (blue curve), showing the valence band near the Fermi level and secondary
electrons. The photoelectron distribution from both photon energies overlap with
each other.

Synchrotron radiation is widely used for the excitation of photoelectrons because it
allows measurements that cannot be performed with other VUV or X-ray sources in the
laboratory [67]. The main advantage compared to laboratory sources is that the required
photon energy can be selected from a continuous spectrum over a wide energy range. In
addition, synchrotron light sources feature high intensity and brightness, variable polarization,
and small photon spots.
Pump-probe experiments
The temporal resolution of time-resolved measurements is limited by the speed of the
detectors. Among the fastest detectors are streak cameras with a resolution down to 1 ps. For
achieving better time resolution, one of the best options by now is a method called ”pump-
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probe” used to study and visualize structural dynamic processes in materials. In a typical
pump-probe experiment, a pulse called ”pump” pulse excite an atom to a certain state, and
after a defined delay, a second pulse called ”probe” pulse captures a snapshot of the subsequent
process (e.g by measuring the transmission, reflection or number of photoelectrons).
The time delay between the two pulses is controlled with an optical delay line. By varying
the time delay and monitoring the probe signal, successive snapshots or a ”movie” of the
process can be made. The temporal resolution is not limited by the time constants of the
detector, but by the duration of the pump and probe pulse and the accuracy of the delay.
An alternating switching between pump-probe and probe alone (i.e. without excitation)
makes the measurement technique more robust against systematic uncertainties introduced
e.g. by intensity variations of the probe pulse. For this purpose, an optical chopper can be
used. The general setup of a pump-probe experiment using an ultrashort-pulse source in a
storage ring based on laser seeding is schematically shown in Fig. 2.18.
laser
pump pulses
delay
chopper
probe pulses

sample

undulator
storage ring

detector

Figure 2.18: The scheme of pump-probe experiments using an ultrashort-pulse source in a storage
ring based on laser seeding.

As an example, a laser-pump and X-ray-probe experiment was performed at the femtoslicing
source of the BESSY-II electron storage ring [52]. In this experiment [68], the time evolution
of the magnetization of the Ni layer in an Au/Ni-layered structure was determined. The
30 nm Au capping layer was excited by the incident laser pump pulse, and subsequently
the X-ray magnetic circular dichroism technique was used to probe the femtosecond-scale
demagnetization of the adjacent 15 nm Ni layer.
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3 Ultrashort Radiation Pulses at DELTA
In this Chapter, at first a short description of the layout and parameters of the DELTA storage
ring is presented. As the VUV beamline (BL 5) is used both for diagnostics and pump-probe
experiments, this beamline is explained in detail. Then, the CHG facility including the
involved beamlines, diagnostics tools and methods is described. At the end, the design and
construction of a laser-pulse beamline for future pump-probe experiments is described.

3.1 The synchrotron light source DELTA
DELTA (Dortmund ELecTron Accelerator) is a 1.5-GeV synchrotron radiation source operated
by the Center for Synchrotron Radiation at the TU Dortmund University in Germany since
1996 [69]. The layout of the facility is shown in Fig. 3.1.
Electron pulses are emitted from a triode thermionic gun. Electron pulses with a duration of
1 ns for a single bunch or 100 ns for multiple bunches and an energy of 90 keV.
In a linear accelerator (linac), electrons are accelerated to an energy of about 80 MeV by
3-GHz RF pulses driven by a 50 MW pulsed klystron. Next, the electrons are injected into
a booster synchrotron (BoDo) with a circumference of 50.4 m. BoDo comprises a FODO
lattice, kicker magnets, and a 500-MHz DESY-type resonator which ramps the energy of the

Figure 3.1: Layout of the DELTA storage ring, showing the linear accelerator (linac), the booster
(BODO), the storage ring with insertion devices including an electromagnetic undulator
(U250), a superconducting asymmetric wiggler (SAW), and a permanent-magnet
undulator(U55). Synchrotron radiation beamlines are marked with BL 0 to BL 12.
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electrons up to 1.5 GeV within ∼ 4 seconds. At this energy, the electrons are injected into the
storage ring DELTA by a transfer channel. The multibunch beam is stored for about 10 hours
with a maximum beam current of 130 mA decaying to about 50 mA, and the single-bunch
beam is stored for 1 hour with a maximum beam current of 10-25 mA decaying to about 5
mA. The electron orbit in DELTA is controlled and corrected by 54 beam position monitors
and 56 steering magnets. The energy loss due to the synchrotron radiation is compensated
by means of a 500-MHz DORIS-type cavity. Beam instabilities can be damped by using fast
bunch-by-bunch transverse and longitudinal feedback systems [71]. The main parameters of
the storage ring and the optical parameters at the U250 position are summarized in table 1.
Table 1: Specifications of the storage ring DELTA [70] and optical functions at U250

parameter

symbol

value

unit

electron energy

E

1.49

GeV

circumference

L

115.2

m

revolution time

Tr

384

ns

max. beam current (multi-/single-bunch) I

130 / 20

mA

harmonics number

h

192

-

accelerating RF frequency

fRF

449.819

MHz

Max. RF power

PRF

50

kW

coupling constant

(y /x )

0.1

-

horizontal emittance

x

1.7 × 10−8

m·rad

vertical emittance

y

−9

1.7 × 10

m·rad

relative energy acceptance

(∆E max /E)

0.98×10−2

-

βx / βy

5 / 13

m

general parameters

parameters at U250
betatron function

−4

relative energy spread

(σE /E)

7.5 × 10

horiz./vert. electron beam size

σx / σy

299.3 / 148.7 µm

longitudinal electron beam size (FWHM)

σz

3 (100)

cm (ps)

horiz./vert. dispersion

ηx / ηy

-0.09 / 0

m

-

Synchrotron radiation generated in bending magnets (critical photon energy 2.3 keV), in the
hybrid-magnet undulator U55 (photon energies from 55 eV to 1.5 keV), the electromagnetic
undulator U250 (photon energies from 5 eV to 400 eV) and in the superconducting wiggler
SAW (critical photon energies from 4.2 keV to 7.9 keV) is guided via 8 beamlines to user
experiments. X-ray photo-emission spectroscopy (XPS), lithography, spin- and angle- resolved
PES, X-ray diffraction/scattering are examples of user experiments performed at DELTA
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beamlines [72, 73].

3.1.1 The VUV beamline BL 5

The VUV beamline BL 5 at DELTA is operated by the Forschungszentrum Jülich. It is
equipped with a plane-grating monochromator (PGM), a photoelectron spectrometer (SES
2002 analyzer, VG Scienta [77]), a delay-line detector (DLD, Surface Concept GmbH [76]) and
a spin-polarized low-energy electron diffraction (SPLEED) detector built by Focus GmbH [78]
for spin detection. It is operated in the VUV and soft x-ray regime for angular- and spinresolved photoelectron spectroscopy [74]. The layout of BL 5 in both side- and top-view is
shown in Fig. 3.2.
12.7 m

21.2 m

beam
stop

29.5 m

31 m

5.3 m

from undulator
beam
position
monitor

27 m

21.8 m

horizontal
focusing
mirror M1

beam
shutter

safety
wall

Side view

refocusing
mirror M4

monochromator
grating
6°
focusing
mirror
M3
mirror M2

from undulator

exit slit

sample

experiment

31 m

6°

Top view

Figure 3.2: The layout of the VUV beamline BL 5 at DELTA with a plane-grating monochromator
(PGM), focusing mirrors (M1, M3, M4), an experimental chamber, the distances from
undulator U250 are indicated. In the side-view (top) and top-view (bottom) the angles
are shown.

Within the radiation safety wall, there is a spherical focusing mirror (M1), which focuses
the light on the sample in the horizontal direction. The incident angle of the beam on M1 is
3° and the reflectivity is 65% at a photon energy of 300 eV.
The PGM comprises a plane mirror (M2) and two gratings with 300 (used for low photon
energies) and 1200 (used for high photon energies) lines per millimeter. A photon energy is
chosen by the monochromator and focused by the focusing mirror M3 onto the exit slit. For
selecting a certain photon energy, both mirror and grating in the monochromator are rotated
around the horizontal axis. The rotation is carried out such that the fixed-focus constant cff
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value1 remains constant, i.e. the distance between the virtual source and the monochromator
(and hence the beam focus point) remains constant while varying the photon energy. If the
cff value is varied, the position of the exit slit should also be set to the new focus point by
using the motorized translation stage of the slit. By applying a higher cff value, the virtual
source lies further away and therefore it appears to be smaller. As a result, the resolution of
the monochromator increases while the intensity of the beam decreases. The value of cff can
be varied between 1 and 10.
In this work, values between cff = 1.5 and 2.5 are used. The refocusing mirror M4 focuses the
beam on the sample with a vertical size down to about 70 µm (rms). The energy resolution
of the monochromator has been estimated to be ∆E/E = 10−4 at E = 240 eV and 10 µm
exit slit size [75]. Further details of the beamline can be found in [75].
A scheme of the hemispherical photoelectron analyzer and the DLD is shown in Fig. 3.3.
After hitting the sample, the radiation generates photoelectrons that pass through the
electron lens and analyzer and reach the DLD. The lens (in angular mode) images the angular
distribution of the electrons in the plane of the entrance slit, such that each point of this
plane corresponds to a certain emission angle. Only electrons with a certain emission angle
can pass through the slit and enter the analyzer. The angular range of the electrons is limited
by the slit length; for the standard lens mode it is approximately ±7° with a typical angular
resolution of 0.3°.

(a)

(b)

Figure 3.3: Scheme of the hemispherical photoelectron analyzer (a) [74] and principle of a DLD
(b) [76].

The analyzer, consisting of two conducting hemispheres, selects the electrons energy. A
constant voltage is applied between the outer and inner sphere, which determines the pass
1

cff = sin α/ sin β; α and β are the incident and diffraction angles of the beam with respect to the surface of
the grating.
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energy i.e. the kinetic energy of the electrons that are able to pass through the analyzer.
Electrons with an energy higher or lower than the pass energy will collide with the outer or
inner sphere, respectively. The energy resolution δE of the analyzer is determined by the
analyzer slit width wslit , the sphere radius Rsphere and the pass energy Epass [77]

∆E ' 2

wslit Epass
.
Rsphere

(3.1)

Thereby, for a 0.1 mm slit and using 1 eV pass energy, the energy resolution is 0.25 meV [77].
The overall energy resolution is a convolution of the energy resolution of the beamline
monochromator and analyzer.
The photoelectrons hit a multi-channel plate (MCP) with an active dimension of 27.5
mm (energy direction) Ö 30 mm (angular). After multiplication, the photoelectrons are
detected by the DLD, which generates an electric signal at opposite ends of the delayline in
x and y direction. The arrival times of those signals (tx1 , tx2 , ty1 , ty2 ) are measured by the
data acquisition system using a time-to-digital converter (TDC). The position of each hit is
determined by the time differences (tx1 − tx2 and ty1 − ty2 ), and the time coordinate by the
sum of the arrival times (tx1 + tx2 + ty1 + ty2 ) [76]. The reference time for the measurement is
defined by an external start signal. With this technique, a two-dimensional picture of the
angle versus kinetic energy is mapped directly onto the DLD without moving the sample.
For time-resolved measurements, all counts at a certain time are integrated. The temporal
resolution of the DLD is about 7 ps. However, the overall resolution is limited by the
time-of-flight differences of the electrons inside the hemispherical analyzer and is strongly
dependent on the photoelectron energy.

3.2 The CHG facility
A source for ultrashort VUV pulses based on the CHG principle is in operation at DELTA
since 2011 [19–28]. The general layout of the CHG facility at DELTA is shown in Fig. 3.4(a).
The purpose of the facility is providing radiation for time-resolved pump-probe experiments
to study ultrafast processes, for example the demagnetization of ferromagnetic materials. The
CHG facility comprises several beamlines, namely a seed, diagnostics, THz, and pump-pulse
beamline.
Seed beamline
The laser pulses from a Ti:sapphire femtosecond laser system are sent to the undulator
U250, either with its standard wavelength of 796 nm or with the second harmonic thereof
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generated with a nonlinear crystal. In future, also the 3rd harmonic will be employed for
seeding i.e. modulating the electrons energy with the field of laser pulses. A sketch of the
seed beamline BL 3 [79] is shown in Fig. 3.4(b). The laser is focused by a telescope into
the undulator. Initially, the telescope was built of three lenses, but for seeding with 398 nm
they were replaced by curved mirrors to minimize the effect of group-delay dispersion that
lengthens the pulses at short wavelengths. The motorized mirrors M1 and M2 are used to
steer the laser beam with a resolution of about 1 µrad. Two diagnostics screens are used to
determine the laser path along the beamline.

(a)

(b)

Figure 3.4: a) Layout of the CHG facility at DELTA, including the seed laser beamline (BL 3), the
optical klystron (U250), the diagnostics hutch (BL 4), the THz beamline (BL 5a), the
VUV beamline (BL 5), and the pump-pulse beamline. b) Layout of the seed beamline
including the mirrors M1, M2, screens S1, S2 and the telescope chamber [79].

The size and position of the laser waist can be measured by guiding the laser leakage
from one of the mirrors after the telescope back to a point at the laser laboratory which is
located at the same distance from the laser source as the undulator is. The laser spot at this
point is called the virtual waist. The waist size and position can be adjusted by moving the
telescope and measuring the waist radius using a CCD beam-profiler (WinCamD-UCD12
from DataRay [101]) mounted on an optical rail.
The undulator U250 is an electromagnetic undulator consisting of three segments which
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can be powered to form a so-called optical klystron (OK). These three parts (modulator,
chicane and radiator, see Section 2.1.1 and 2.4.2) are powered by separate power supplies.
The modulator is generally tuned to the wavelength of the seed-laser pulses. The strength of
the chicane r56 must be optimized depending on the actual energy modulation. The CHGradiation wavelength is chosen by tuning the radiator to harmonics of the seed wavelength.
Finally, the CHG radiation is sent either via BL 4 to a diagnostics hutch for optimization
and characterization or to the VUV beamline (BL 5) for detection and application in user
experiments. The main parameters of the CHG facility are shown in Table 2.
Table 2: Specifications of the CHG Facility at DELTA

electron bunch:
bunch length (FWHM)

∼ 100 ps

single-bunch current/charge

up to 20 mA / 7.7 nC

revolution frequency

2.6 MHz

undulator:
undulator period

250 mm

number of periods (modulator/chicane/radiator)

17 (7/3/7)

K value of modulator/radiator

0 - 10.5

r56 of the chicane

0 - 130 µm

max. magnetic field of U250

0.45 T

undulator gap

50 mm

Ti:sapphire laser:
laser pulse energy @ 796 nm

up to 8 mJ

laser pulse energy @ 398 nm

up to 2.6 mJ

pulse duration (FWHM)

∼ 40 - 70 fs

laser repetition rate

1 kHz

typical laser waist size (2σ @ 796 nm)

∼ 700 µm × 500 µm

THz beamline
A few meters downstream of the undulator, path length differences of the off-energy
electrons cause a sub-millimeter gap in the density profile of the electron bunch which leads
to the emission of coherent THz radiation. This radiation is extracted via a dedicated
beamline (BL 5a) and can be used as a diagnostics tool for CHG experiments as a sensitive
measure for the energy modulation in the undulator, as well as for time-resolved far-infrared
spectroscopy [80, 81].
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The THz beamline is equipped with an InSb bolometer with a response time of about 1
µs, a YBa2 Cu3 O7−x (YBCO) detector with a response time of less than 17 ps [84, 85], and

an FT-IR spectrometer. The THz signal detected by the InSb bolometer is maximized by
tuning the vertical and horizontal orientations of mirror M1 and M2 in the seed beamline as
well as the laser arrival time. This determines the optimum overlap condition for maximum
energy modulation.
A dedicated beamline has been constructed to guide a fraction of the laser pulses to the
experimental stations at BL 5 and BL 5a for the purpose of pump-probe experiments; for
details see Section 3.3.

Figure 3.5: The layout of the THz beamline including the mirrors, InSb bolometer and the FT-IR
spectrometer [80].

3.2.1 Diagnostics and detection of CHG radiation
Approximately five meters downstream of the undulator (Fig. 3.4(a)), the radiation is sent
to the diagnostics hutch (BL 4) by using a water-cooled copper mirror. Various tools in the
diagnostics hutch are used to maintain the laser-electron overlap and to detect and optimize
the CHG radiation. The setup of the table in the diagnostics hutch is shown in Fig. 3.6.
Transverse overlap between laser pulses and electron bunches
In order to achieve transverse overlap between the laser beam and the electron bunches,
the radiation is divided with a beamsplitter into two parts and sent to white screens. Screen
1 is located inside the diagnostics hutch and screen 2 outside the hutch at a distance of
approximately 8 meters. The undulator radiation and laser spots on the screens are monitored
with CCD cameras during the transverse alignment procedure using the mirrors M1 and M2
in the seed beamline. Previously, the transverse overlap was achieved by monitoring two

alignment laser

powermeter

screen 1

camera
spectrometer
with
photomultiplier

The CHG facility

~

photodiode

3.2
beam

50

shield

screen 2

~8m

double slit

attenuator

ICCD camera

attenuator

Michelson interf.

streak camera

Figure 3.6: The layout of the optical table in the diagnostics hutch, including diagnostics and
detection tools for the transverse overlap (screen 1, screen 2 and camera), longitudinal
overlap (photodiode and streak camera), CHG detection (photodiode, spectrometer,
photomultiplier), and coherence measurements (double slit, Michelson interferometer,
ICCD camera).

different points inside the undulator by two CCD cameras together with 70 − 300 mm zoom
lenses. One camera was focused at the beam waist at the center of the modulator, and the
other several meters downstream of the modulator. Sample images from one CCD camera
are displayed in Fig. 3.7. The images of the new method are more clear and analyzing them
is more straightforward.

Figure 3.7: Images from CCD cameras recording the diffuse radiation on the screen in the diagnostics hutch (left), and with zoom lenses focused to a distance of 14 m in the undulator
(right), with and without laser (a,b).

In addition, the electron orbit can also be adjusted to match the optimized laser beam
path. A clear distinction between the laser and undulator radiation can be made by blocking
the laser periodically using a 1-Hz chopper. After getting a first THz signal, a finer alignment
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can be done by optimizing the THz and CHG signals through small adjustment of the mirrors.
Longitudinal overlap between laser pulses and electron bunches
The laser pulses must be synchronized to the accelerating RF frequency of the storage ring
(f = 499.8 MHz). The synchronization scheme is shown in Fig. 3.8. The frequency of the
laser oscillator is locked to f /6 ≈ 83.3 MHz, and the phase shift is continuously measured
and controlled with a commercial synchronization system (Synchrolock-AP [83]). In addition,
a signal with the revolution frequency (f /192) is sent to a delay generator, which creates a
1-kHz signal to trigger the pump laser and the Pockels cells of the Ti:sapphire laser amplifier.
referenceiRF
fi=ii499.8iMHz
IQ:vectorimodulator
Sphaseishifterk
f/192

splitter

f/6i

delayi
generator
Ti:sapphire
amplifier

Ti:sapphire
oscillator

Synchro:
lock:AP

Figure 3.8: Scheme of the synchronization of laser pulses with electron bunches.

The delay between the laser pulse and the electron bunch can be adjusted by a digital
phase shifter (”vector modulator”) with a minimum step width of 1 ps. The vector modulator
is controlled through the control system of DELTA.
For detecting the longitudinal overlap, the laser and the synchrotron radiation pulses are
monitored using a fast photodiode detector, and their respective delay is measured using an
oscilloscope with 2 GHz bandwidth. Alternatively, the laser and synchrotron light can be
monitored by a streak camera with a temporal resolution of ∼ 10 ps, limited by space-charge
effects near its photocathode from the fs-laser pulses. Figure 3.9(a) shows an image recorded
by the streak camera with a delay of ∼ 200 ps between the laser signal and the electron
bunch, and also one with nearly perfect overlap. Reducing the laser intensity and thus the
space charge further is not possible, since the laser spot on the CCD would become nearly
invisible due to the low repetition rate of the laser pulses. Figure 3.9(b) shows the signal of
the streak camera projected onto the horizontal axis.
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Figure 3.9: a) An example image from the streak camera showing a laser pulse and an undulator
radiation pulse with a remaining mismatch of about 200 ps (left), and synchronized
(right). b) Signal of the streak camera projected onto the horizontal axis, showing the
electron bunch profile with a FWHM length of 102 ps overlapping with the laser pulse
(blue curve) and delayed by 200 ps (red dashed curve).

Detection of CHG radiation
After achieving both temporal and spatial overlap, coherent THz radiation is detected at
the THz beamline, and CHG radiation can be detected at either BL 4 or BL 5. At BL 4,
an avalanche-photodiode (APD) equipped with a bandpass filter is used to detect the CHG
radiation [82], and its spectrum is measured using a Czerny-Turner type spectrometer with a
photomultiplier (PMT) or an APD at its exit slit. Although a more easy-to-handle CCD
spectrometer is available, the PMT or APD is used in order to resolve the signals from a
single revolution (384 ns) that contains the laser pulse (1 kHz repetition rate), while the
CCD spectrometer integrates over many turns.

3.3 Design and construction of a pump-pulse beamline
Owing to its short pulse duration, the main applications of CHG radiation are time-resolved
experiments. Due to the fact that the CHG radiation is synchronized with a laser, it can be
used to perform time-resolved pump-probe experiments with laser pulses used as pump and
CHG as probe. For this purpose, some part of the laser pulses (up to 10 %) is sent directly to
the sample at BL 5 (Fig. 3.4(a)). Because of the long distance from the laser to the sample,
an evacuated beamline has been designed and constructed in the frame of this thesis. In this
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Section, the construction and the characteristics of this beamline are described, and the first
commissioning results are presented in the next Chapter.
The construction of a beamline involves the design and assembly of both mechanical and
optical elements as well as vacuum and electronic components. The mechanical parts include
pipes, flanges, mirror chambers, vacuum components, diagnostic screens etc., and the optical
part comprises two telescopes, an autocorrelator and a delay stage. In addition, the stability
of the laser beam has to be maintained by means of an optical feedback system.
The total distance from the laser source to the sample is about 53 m given by the path
length of the laser pulses to the modulator, and the CHG pulses from the modulator to the
sample. In order to transfer the laser light over such a long distance, various aspects must
be taken into account. The main criteria for designing and constructing the pump-pulse
beamline and its components are summarized as follows.
 Mechanical vibrations have to be avoided, i.e. the mounting of the vacuum pipes and

especially mirrors should be very stable.
 The beamline should be arranged in such a way that its length is equal to the path

length of the probe pulse starting from the laser system.
 The beamline should not block passage ways.
 In order to avoid laser losses and fluctuations due to air movement, the beamline should

be evacuated down to a few mbar or less.
 The laser should be focused on the sample with a certain size.
 An arrival time variation from picosecond to nanosecond with respect to the probe

pulse is required.
 The total amount of dispersive material in the beamline should be as small as possible

to avoid temporal stretching of the pulse and other nonlinear effects of ultrashort laser
pulses.
 An extra hutch has to be built close to the sample chamber in which the laser beam,

stability and timing are adjusted.
 The angle between the pump and probe beam at the sample should be small to ensure

optimum time resolution.
 BL 5 had to be slightly modified to merge it with the pump-pulse beamline.
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 All mirrors and screens should be controllable by the control system of DELTA based

on EPICS.
According to these requirements, the path and the layout of the beamline has been constructed
as described in the next Sections.

Figure 3.10: A 2-D sketch of the vacuum section of the pump-pulse beamline including mirrors
(M), bellows (B), cameras (C), diagnostics screens (S), windows (W), valves (EV),
vacuum gauges (V), 4-, 5- and 6-way crosses. The length of each pipe piece, the total
length of each section and the height above ground are denoted in mm. All pipes and
flanges are CF63 (63 mm inner diameter) except viewports of the mirror chambers
(they are CF35).
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(a)

(b)

Figure 3.11: A 3-D sketch of the pump-pulse beamline starting from the laser laboratory towards
the optics hutch and the experiment (a). Photographs of the pump-pulse beamline
(b). Positions marked by 1,2,3 respectively indicate the location of the THz beamline,
the entrance to and the exit from the optics hutch.
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3.3.1 General mechanical design, assembly and components
The general layout of the mechanical design and the vacuum components of the pump-pulse
beamline is illustrated in Fig. 3.10. In addition, a 3-D view is shown in Fig. 3.11(a).
In the laser laboratory, the beam is sent upward through a short pipe to the first mirror
M1 in a height of 2.3 m. Then, the beamline passes through the walls of the neighboring
laboratories and reaches the second mirror M2 at a distance of 18.6 m from M1.
Afterwards, the beamline goes towards the THz beamline from which proceeds at a nonnormal angle. A periscope with the mirrors M3 and M4 increases the height of the beamline
by 0.3 m. The beamline reaches the last mirror chamber M5 at a distance of 11.8 m from
M4, and is sent down to the height of 1.08 m above the floor, and finally arrives in the laser
optics hutch. A top-view of the beamline path can be seen in Fig. 3.4(a).
All pipes are made of stainless steel with an inner diameter of 63 mm which is necessary to
avoid diffraction losses of the laser. The pipes are connected with CF-flanges. Mirror M1 is
mounted on a concrete pillar [90] in the laser laboratory. M2 is supported by a concrete wall.
M3 and M4 are supported by the pillar at the THz beamline. Because laser-pump/THz-probe
experiments are planned for the future, an extra 5-way cross is placed here to insert a mirror
that sends the laser pulses to the THz laboratory. The last mirror M5 is connected to another
concrete pillar directly before the optics hutch. The material of the pillars is polymer concrete
for its ability to damp floor vibrations and for its small temperature-dependent expansion.
Photographs of the pump-pulse beamline after completion are shown in Fig. 3.11(b). In the
following Sections, components of the beamline are described individually.
Mirror chambers, vacuum system, windows and viewports
All mirrors in the vacuum chambers are motorized and controlled remotely via the control
system of DELTA based on EPICS. The mirror chambers are based on a design by BESSY [91].
The mirrors are mounted to a spring cage, which defines the center of rotation on the mirrors
surface. A joystick-like rod leads to the back of the flange where it can be moved by two
stepper motors. An image of the mirror mount and the design of the chamber are shown in
Fig. 3.12.
The mirror chamber has a CF35 viewport made of quartz glass which is used to align the
laser beam. The position of the laser spot on the mirror M1 can be determined by using a
CCD camera mounted on the viewport of the M1.
The beamline can be pumped down to to a pressure of ∼ 10−9 mbar using a turbo pump.
After removing the pump, the pressure rises to a few 10−3 mbar in about two days and
remains in this range for a few months.
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(b)

Figure 3.12: A photo of the mirror mount equipped with a CF flange (a) and a sketch of the
mirror chamber into which the mirror mount is inserted.

The entrance and exit windows of the beamline are made of quartz glass with 6.35 mm
thickness, 2 inch diameter, and a surface flatness of λ/10 (Laser Components PW2025UV [98]).
Both sides of windows have a broadband anti-reflection coating (BBAR) for the range of
633 - 1064 nm with a reflectivity of less than 0.4% at 800 nm. The reflection curve of the
windows is shown in Fig. 3.13. They are mounted on special CF63 flanges and attached to
the vacuum pipe.

Figure 3.13: The reflection curve of 0° broadband anti-reflection coated windows used in the
pump-pulse beamline [98].

Diagnostics screens
In order to monitor and align the transverse position of the laser beam along the beamline,
three aluminum screens are installed in the beamline, directly before the mirror chambers
M2, M3 and M5. The screens are located on one side of a cross, while a CCD camera is
mounted on the opposite side focused on the screen. A sketch and photos of a screen are
shown in Fig. 3.14. The surface of the screens has been roughened with abrasive blasting
in order to diffuse the incident light. The center of the screen is marked with a cross-hair.
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Figure 3.14: Design of the diagnostic screen mounted on a linear stage attached to a cross (left).
A photo of the screen mounted inside the beamline (center). Image of the laser spot
on the screen at the center of the vacuum pipe, recorded by a CCD camera (right).

The screens are mounted on a linear drive, driven by a stepper motor and controlled via the
control system of DELTA.
Merging the pump-pulse beamline with the VUV beamline
A fork-shaped pipe with a CF100 flange at one end and two CF35 flanges at the other end
is used for merging the two beamlines with an angle of about 6° between them (Fig. 3.15) [88].

VUV beamline

Pump pulse beamline

Pump laser pulse

VUV probe pulse (CHG)

Figure 3.15: Photos of the flange designed for merging the pump-pulse beamline into the VUV
beamline.

The limiting apertures in the VUV beamline for the pump pulses are the entrance window
of the VUV beamline, the refocusing mirror and its mount and screws, a CF35 flange at the
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exit of the mirror chamber, and the following bellow (Fig. 3.16). The laser path passes below
the refocusing mirror in the VUV beamline (Fig. 3.16).
The horizontal angle of the CHG beam with respect to the ground before entering and
after leaving the mirror chamber is 6 and zero degree, respectively (Fig. 3.2 and 3.16). The
pump-pulse beam has an slight horizontal angle such that it passes below the mirror and hits
the sample at the same point as the CHG beam.

pump laser pulse

mirror

35 mm flange

CHG pulse

mirror

12 mm

35 mm flange

Figure 3.16: Vacuum chamber of the refocusing mirror and limiting apertures inside the chamber;
side view (top) and beam view (bottom). The horizontal angle of the mirror is about
3° and can be adjusted by screws at the top of the chamber.

3.3.2 Beamline optical design and components
All mirrors in the vacuum section are plane dielectric mirrors with high reflection (HR)
coating for 800 nm (Fig. 3.17) on a fused silica substrate with 50 mm diameter. These mirrors
have a reflectivity above 99.9% at 800 nm, adding up in total to ∼ 1% laser power losses
throughout the vacuum section of the beamline. The mirror surface has a flatness of about
λ/10 and a GDD value of <20 fs2 . A telescope system has been designed to focus and control
the size of the laser beam, as described in the following Section.
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Figure 3.17: Reflectance (a) and GDD (b) spectra for the deflecting plane mirrors with a beam
angle-of-incidence (AOI) of 45°. The reflectivity is more than 99.9% in a bandwidth
of about 160 nm [99].

Telescope
Assuming a 2D-Gaussian intensity profile with a beam radius of w = 2σ, the diameter
of a circular aperture A should be larger than 4.6 w in order to avoid intensity losses due
to diffraction from a sharp-edged aperture. To fulfill this condition, two telescopes and one
focusing lens are used to focus and guide the laser beam through the pump-pulse beamline.
The A = πw criterion gives 99% power transmission but causes diffraction ripples with an
intensity variation of ∆I/I ≈ ±17% in the near field and intensity reduction of ≈ 17% in the
far field [32].
 First telescope (refractive telescope)
A refractive telescope focuses and sends the light to the optics hutch. Two lenses are used,
a concave one with a focal length of f1 = −1 m and a convex one with a focal length of f2 = 1
m. The lenses are placed ∼ 1 m after the amplifier about 5 cm apart from each other. The
setup of the optical elements on the laser table in the laser laboratory is shown in Fig. 3.18.
 Second telescope (reflective telescope)
Using a second telescope in the optics hutch enables more stable and accurate tuning
of the laser spot size on the sample. Inside the hutch, the light is focused again using a
two-mirror telescope. A concave mirror with a curvature radius of 2 m focuses the beam,
then the beam is diverged by a convex mirror with a radius of 1 m. The second curved mirror
and an additional plane mirror are mounted on a micrometer stage for fine tuning of the
focus (Fig. 3.20). In order to avoid beam steering while moving the stage, the direction of
motion of the stage is set parallel to both the incoming and the outgoing beam.
 Final focusing lens
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Laser

2

3

4

VUV probe pulse (CHG)

Figure 3.18: Left: Setup in the laser laboratory. Beam splitter (1), first actuator of the optical
feedback system (2), plano-concave (PLCC) lens (3), plano-convex (PLCX) lens (4).
Right: entrance to the vacuum pipe.

The smallest aperture in the beamline is the vacuum window at the entrance of BL 5
(∼ 20 mm). In order to get a small beam spot at this aperture, a focusing lens is located
about 2.8 meters before the sample and ∼ 0.5 m before the vacuum window which is the
closest possible place.
The telescope calculations were performed by using the ray transfer matrices for Gaussian
optics as explained in Sec. 2.2. The required transfer matrices are listed in Table 3, and the
actual parameters of the setup can be found in Table 4.
The curved mirrors are coated for high reflectivity at zero degree, and the lenses have
anti-reflection coatings for zero degree.
The total optical ray-transfer-matrix of the pump-pulse beamline (M ) reads

M = (S6 × L3 ) × S5 × (M2 × S4 × M1 ) × S3 × (L2 × S2 × L1 ) × S1 .

component
matrix

thin lens
L=

curved mirror
1

!
0

−1/f 1

M=

1

(3.2)

drift space
!
0

−2/R 1

S=

!
1 d
0 1

Table 3: The transfer matrices for a lens with focal length f, a curved mirror with the radius of
curvature R, and a drift space with length d.
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Table 4: Parameters of the optical components in the pump-pulse beamline.

element
lenses (L):

mirrors (M):

drift spaces (S):

value [m] remarks
f1

-1

L1 (PLCC)

f2

1

L2 (PLCX)

f3

2

L3 (PLCX)

R1

2

M1 (CC)

R2

-1

M2 (CX)

d1

1.00

source −L1 (in air)

d2

0.05

L1 − L2 (in air)

d3

42.25

L2 − M1 (in vacuum)

d4

0.45

M1 − M2 (in air)

d5

6.35

M2 − L3 (in air)

d6

2.90

L3 − target (in vacuum)

A Matlab script was written to trace the beam size and divergence along the beamline. The
initial parameters of the Ti:sapphire laser used for this calculations are the 1/e2 beam radius
w1 = 5 mm, the divergence θdiv = 0.03 mrad, and M 2 = 1.5 [79]. The laser beam radius
along the beamline calculated using the values given in Table 4 is shown in Fig. 3.19 with a
radius of w = 180 µm at the sample. The beam size on the sample can be changed by varying
the distance between the mirrors in the reflective telescope using a manual micrometer stage.

± beam radius w = 2σ [mm]

The position of the last lens is fixed.
6

sample

4
2
plane mirror MV2

0
−2

lenses 1,2

lens 3

curved mirrors
window 2

−4
−6
0

5

10

15

20
25
30
35
distance from source [m]

40

45

50

Figure 3.19: The laser profile in the pump-pulse beamline calculated by ray transfer matrices in
Gaussian beam optics. The position of the windows, mirrors, curved mirrors, lenses
and sample are marked by colored dashed lines.

The pump-pulse beamline comprises in total 5 periscopes: in the laser laboratory, on the
THz pillar (with a non-normal angle of about 97°), at the exit of the vacuum pipe before the
optics hutch, in the hutch, and at the BL 5 entrance (see also Figs. 3.11 and 3.20). Each of
these periscopes changes the beam polarization, because the horizontal angle between the
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incident and the outgoing beam in them is either 90° or 97°.
Optics hutch
An air conditioned laser hutch has been constructed close to the sample chamber in which
the the laser waist and stability are optimized. It accommodates an optical table, a delay
stage, a feedback system, the reflective telescope and a few other diagnostic tools such as
a FROG device. The setup of the optical elements on the laser table is shown in Fig. 3.20.
The delay stage is used to adjust the delay between the pump and the probe beam in the
sub-ps range. The maximum travel range of this stage is 600 mm with a resolution of 1.25
µm. It is controlled by a LabVIEW program on a local PC [89].

Figure 3.20: Setup of the optical table in the optics hutch. Periscope (1), delay stage (2), SiC
photodiode (3), telescope (4), FROG (5), motorized mirror of the optical feedback
system (6), detectors of the optical feedback system (7), exit towards BL 5 (8).

Optical feedback system and laser beam stability
A commercial feedback system (”4De Aligna” from TEM electronic [92]) is used to stabilize
the laser path in both angle and position with a presumed accuracy of about 1 µrad and 1
µm, respectively. The system consists of two motorized mirrors and two position-sensitive

detectors. The mirrors are equipped with stepper motors and also piezo sensors for fine
adjustment. A simplified scheme of the system is shown in Fig 3.21.
The first motorized mirror (A1) is located in the laser laboratory as shown in Fig. 3.18,
the second one (A2) in the optics hutch as shown in Fig. 3.20. The distance between A1 and
A2 is about 45 m. The large distance between these two mirrors enables a better accuracy in
the correction of beam drifts along the whole beamline before the detectors. The leakage
from the mirror 0.6 m after A2 is split into two parts by a beamsplitter (Fig. 3.21). One part
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experiment

BS

D1

lens

D2

Figure 3.21: Setup of the Aligna feedback system. A1 and A2 are the first and second actuator.
D1 and D2 are detectors. A part of the beam is sent to the detectors, and the position
and angle of the laser beam are corrected by the actuators.

is sent to the first detector (D1), the other one to the second detector (D2) after passing
through a focusing lens with f = 13 mm. D2 is located at the focal point of the lens and thus
only detects angular fluctuations, while D1 is responsible for detecting position fluctuations.
The signals from D1 and D2 are sent to a controller which continuously sends feedback signals
to A1 and A2, stabilizing the position and angle of the laser beam on the detector.
Since the feedback system can only correct fluctuations and drifts occurring before the
detectors, the beam path between the detectors and sample should be as short as possible.
Due to the space limitations, the last detector is located about 6 m away from the sample.
The commissioning of the pump-pulse beamline and the feedback system are discussed in the
next Chapter.

4 Preparations for Pump-probe Experiments
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4 Preparations for Pump-probe Experiments
After construction, the pump-pulse beamline was evacuated and the laser beam was sent
through the beamline and aligned. During commissioning of the beamline, the beam size,
intensity, stability, spectrum, polarization and pulse duration was measured and the temporal
and transverse overlap with the seed laser on the sample was established.
The VUV beamline (BL 5) described in section 3.1.1, was used to detect the CHG radiation
below a wavelength of 200 nm. In addition, the CHG radiation was characterized in this
beamline for various configurations of the undulator, monochromator and DLD. By varying
the cff value (see section 3.1.1), the aperture widths and the angle of the horizontal-focusing
mirror, the beamline was fine-tuned to achieve the best ratio of CHG to spontaneously emitted
(SE) radiation. By these means, the first preparatory steps for a laser-pump CHG-probe
experiment were taken. In this Chapter, the results of the characterizing measurements at
both the pump-pulse and the VUV beamline are presented and discussed.

4.1 Commissioning of the pump-pulse beamline
In order to perform a pump-probe experiment, several conditions should be fulfilled by the
pump-pulse beam. Primarily, the pulse duration should remain in the femtosecond range
and not be significantly lengthened due to nonlinear effects in the dispersive material of the
beamline. Also, the aperture size should always stay well above the diffraction limit of the
beam to avoid power losses. The laser power transmitted through the beamline to the sample
should be high enough to excite the sample. In addition, the laser pointing (x,y positions on
the sample) should be stable.
Beam diameter
To verify the telescope calculations (see Section 3.3.2), the beam size was measured at
several points along the beamline using the knife-edge technique. Here, the laser beam spot
is cut from one direction with a sharp blade, and the power of the clipped beam is measured
as a function of the blade position. The size of the beam can be derived by fitting the data to
√
the integral of the Gaussian beam profile, the function P (x) = (P0 /2)(1 − erf( 2(x − x0 )/w),
where ”erf” is the error function, x is the knife-edge position, P(x) is the measured power, P0
is the power of the whole beam, x0 is the x -position of the beam center, and w corresponds
to the 1/e2 radius of the Gaussian beam [86].
In the measurements presented in this Section, a thin metal sheet (thickness of 100 µm) is
used as a blade with translation steps of 500 µm. In the laser laboratory, a powermeter
(Gentec Solo 2, equipped with a UP-19K detector) is used to measure the laser power. This
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detector has an area big enough to detect the full unfocused laser beam. The power was
attenuated by a factor of 1000 and guided to the optics hutch, where another powermeter
(S130VC from Thorlab, with Silicon head) was used which is sensitive in the µW power range.
Since area of this powermeter is small a fused-silica convex lens was used to focus the beam.
The first measurement point was located in the laser laboratory at about 70 cm after the
laser exit and about 40 cm before the first telescope. The 1/e2 beam radii of wx = 3.8 mm
and wy = 4.8 mm were measured in the horizontal and the vertical directions, respectively
(Fig.4.1(a)). While the distance between the lenses of the telescope in the laser laboratory
was set to about 5 cm, the second knife edge measurement was performed in the optics hutch
50 cm after the periscope (see Fig. 3.20). The beam radii of wx = 5.9 mm and wy = 4.9 mm
were measured (Fig.4.1(b)), close to the values expected from the telescope calculations. At
the same point in the optics hutch, the beam radii were measured when the first telescope
in the laser laboratory was removed. In this case, the beam radii were wx = 8.2 mm and
wy = 7.2 mm. Without using the first telescope, the beam radius is still smaller than the
aperture radius between laser laboratory and the optics hutch, but it is close to the limit,
and the chance of diffraction-induced power losses is very high in the case of small deviations
of the beam path from the center of the apertures.

1
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Figure 4.1: The pump-pulse beam radius measured using the knife-edge technique in the laser
laboratory at about 70 cm after the laser exit (a) and one meter after entrance of the
optics hutch (b) when the lens telescope in the laser laboratory was present.

The CCD camera images of the pump-pulse beam on the screens at several places along
the beamline with and without the lens telescope are shown in Fig 4.2. The dimensions of
these image are not calibrated, except for the one in the optics hutch, but these images show
how the mirrors rotate the beam spot. This effect is particularly visible in the absence of the
telescope. Since the beam spot in the hutch has a horizontal angle of about θ = 35° with
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respect to the beam at the laser laboratory (see Fig 4.2), the measured beam radii are the
size of the projected beam profile in the x and y directions (wx , wy ). In order to calculate
the major and minor radii of the elliptical beam (wa , wb ), which are needed to estimate the
divergence and M 2 value, the following transformation can be used
wx2

!

wy2

=M

wa2

!

wb2

;

M=

cos2 (θ) sin2 (θ)

!

sin2 (θ) cos2 (θ)

,

(4.1)

which is derived by applying the rotation matrices for an ellipse to the initial profile [87].
Solving this equation and substituting the measured radii yields wa = 11.7 mm and wb = 7.4
mm in the absence of the lens telescope. To derive the divergence of the laser beam, wa and
wb must be used instead of wx and wy .
~ 20 mm

i

ii

~ 20 mm
iii

a

b

c

Figure 4.2: CCD camera images of the beam taken from diffuse screens along the pump-pulse
beamline from the laser laboratory to the optics hutch with (a,b,c) and without (i,ii,iii)
the lens telescope in laser laboratory.

Pump-pulse duration
The duration of the pump pulses was measured in the optics hutch by two methods, using
a frequency-resolved optical gating (FROG) device and using an autocorrelator setup. The
FROG device is a commercial system from Swamp Optics [100], which can measure and
calculate the temporal and spectral intensity and phase profiles. The autocorrelator was built
by splitting the laser beam into two parts and sending them through two different paths onto
a SiC photodiode (No. 3 in Fig. 3.20). In Fig. 3.20, the beam shown in red can be delayed
using a micrometer stage while the path of the beam in orange is fixed. An example of a
temporal intensity profile measured using the FROG is shown in Fig. 4.3. The FWHM length
of the pulse was about 70 fs.
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Figure 4.3: Pump-pulse profile in the optics hutch measured using FROG.

Positioning and pointing stability of the laser pulses
The beam-lock system described in Sec. 3.3.2 is used to stabilize the beam position and
angle. Fig. 4.4 shows the position of the laser beam spot on the detectors of the feedback
system recorded over 80 minutes when the feedback loop was closed (Fig. 4.4(a)) and open
(Fig. 4.4(b)). In these figures, the x and y positions of the beam on the first detector are
denoted by Bx and By, and on the second detector by Ax and Ay. The laser power measured
by the detectors is shown in Fig. 4.5.
When the feedback loop is open, there is a long-term drift and a fast fluctuation in the
beam position, angle and power. Generally, they are caused by drifts of the mirrors, air
movement, thermal effects of the optical elements, and movement of the optical tables or
vacuum chambers. These kind of drifts are effectively corrected by closing the feedback loop,
after the beam is aligned perfectly on a sample (Fig. 4.4(a)). Moreover, there is a short-term
drift in every 15 minutes which lasts for 5 minutes. The origin of this drift was not clear.
The mean values and standard deviations shown in Table 5 are derived from the measured
positions and power on the detectors when the feedback is on. The position of the beam
on both detectors and subsequently on a sample directly after the feedback system can be
stabilized with an accuracy better than ± 26 µm.
Ax (µm) Ay (µm ) Bx (µm) By (µm) P (mW)
0±24.7

0±25.5

0±23.9

0±23.2

35.2±0.37

Table 5: The mean value and the standard deviation of the positions and power measured by the
detectors of the feedback over 80 minutes when the feedback loop was closed.

When the the feedback loop is open, the laser power measured on the feedback detectors
decreases over time (Fig. 4.5), since the long-term drifts cause the beam to move away from
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Figure 4.4: Position of the laser beam recorded for 80 minutes by the detectors of the feedback,
when the feedback loop is closed (a) and open (b). When the feedback loop is closed,
the beam is stabilized at the center of the detectors with an accuracy better than 26
µm (rms).
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the center of the detectors.
When the feedback loop is closed, the power remains stable with an rms fluctuation of 1%
(σP /Pmean ), which is significantly less than that of the CHG pulses. The temporal stability of
the CHG power has been investigated in [79]. A relative rms fluctuation of 5.4% was recorded
for the power of the second harmonic CHG pulses with 400 nm seed wavelength.
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Figure 4.5: The laser power measured using the feedback detectors. When the feedback loop is
open, the power decreases gradually as a result of the beam drift from the center of
the detector. When the feedback loop is closed, the power remains stable with 1%
fluctuation as a result of the continuous beam stabilization.

Laser intensity and beamline transmission
In order to verify the beamline transmission, the power of the laser beam in the optics
hutch was measured over 16 minutes using a calibrated powermeter (S130VC from Thorlabs)
with a sampling time of 0.1 second, while the feedback system was off (Fig. 4.6). The power
decreases as a result of the beam drift from the center of the powermeter, confirming the
feedback measurements. The laser power lost on the way from the laser laboratory to the
optics hutch was less than 2%.
The intensity of the laser on the sample can be estimated for a given initial laser pulse
energy. About 10% of the total Ti:sapphire laser power (about 0.8 W) is sent to the pumppulse beamline. With the laser repetition rate of 1 kHz, this power is equivalent to an average
pulse energy of 0.8 mJ. The main power loss (of about 8%) occurs due to the non-coated
vacuum window in the entrance of BL 5. Considering an energy loss of about 10% in the
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Figure 4.6: The laser power measured over 16 minutes in the optics hutch using a powermeter
while the feedback was off.

whole beamline due to the mirrors, windows, air and lenses, the pulse energy delivered to the
sample is about 0.72 mJ.
The energy fluence required for demagnetizing a ferromagnetic material was estimated to
be about 1 to 10 mJ/cm2 [93–96]. By focusing the pump-pulses (with pulse energy of 0.72
mJ) to a 1/e2 diameter of about 5 mm the energy fluence amounts to 3.7 mJ/cm2 .
Estimate of the B integral
As explained in Section 2.2.1, the B integral value along the beamline must be kept below
5 to avoid nonlinear effects. The dispersive elements used in the pump-pulse beamline are
listed in Table 6.
Figure 4.7 shows the evolution of B integral calculated by using Eq. 2.51 and assuming
two beams with average radii of w = 5 and w = 10 mm traveling through SiO2 . After passing
through 38 mm fused silica, the B integral is less than 4. The B integral over 8 m air is 1.3
for w = 5 mm, and 0.3 for w = 10 mm. The total B integral remains below 5, small enough
to avoid significant nonlinear distortions.

number material

lens

3

fused silica (SiO2 ) 5

1.453 2.4 × 10−20 [102]

window

3

quartz glass

6

1.453 2.4 × 10−20

beamsplitter 1

fused silica

∼5

1.453 2.4 × 10−20

air

-

∼ 8 × 103

1.000

-

thickness (mm) n0

n2I (m2 /W )

component

4.0 × 10−23 [103]

Table 6: Dispersive material in the pump-pulse beamline. The notations n0 and n2I indicate,
respectively, the linear and nonlinear components of the refractive index for a wavelength
of 800 nm.
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Figure 4.7: The B integral in SiO2 as a function of the material thickness for two laser beam 1/e2
radii with a pulse energy of 0.8 mJ, a FWHM pulse duration of 40 fs, and a peak
power of ∼ 20 GW.

Estimate of the group-delay dispersion (GDD) and pulse duration
Assuming an initial Gaussian pulse with a duration of 40 fs as measured by a FROG in
the laser laboratory, the duration of pump pulses after passing through the whole pump-pulse
beamline (with 38 mm fused silica and 8 m air) was calculated.
Using the VChirp software [104], a GDD value of 1550 fs2 was calculated for 796 nm pump
pulses. Inserting this value into Eq. 2.30, yields a pulse duration of 115 fs at the sample
position.
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4.1.1 Overlap of pump and probe pulses
Transverse (spatial) overlap
Both the pump pulses and the undulator radiation are focused on the sample and can be
monitored by using a CCD camera and a lens (Fig. 4.8). The CHG radiation on the sample
has a wavelength below 200 nm and is not visible for the camera, but it has the same path
as the spontaneous emission from the radiator which can be tuned to a wavelength which
is visible for camera. Moreover, it is possible to mount a fluorescent screen in place of the
sample to observe the transverse overlap.
The diameter of a typical circular sample used in BL 5 is about 1 cm, and the rms size of the
undulator radiation on the sample is about 1 to 2 mm in horizontal direction and about 100
µm in the vertical direction. Using a 5 mm pump-pulse beam diameter facilitates the overlap

between the pump pulses and the CHG beam.
The pump-pulse size on the sample should be larger than the probe size in order to get
uniform demagnetization, and it should be smaller than the sample size in order to get
remagnetization induced by the remaining magnetic domains and also to get enough fluence.

pump pulse

sample

seed laser

Figure 4.8: Image of the pump- and seed-laser beams on the sample. The seed laser is steered
onto the sample holder for better visibility.

Longitudinal (temporal) overlap
As a first step to achieve temporal overlap of the pump and probe pulses, the seed laser
has been used instead of the CHG pulses. The path length difference between the CHG
and seed laser can be estimated. Photodiodes installed in BL 5 about one meter before the
sample [89] have been used to measure the delay between pump- and seed- pulses. The
arrangement of the photodiodes is shown in Fig. 4.9. Three photodiodes, one gold mesh and a
fluorescent screen are mounted on a steel frame. They can be used for different purposes such
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as detecting the CHG or spontaneous emission, measuring the radiation power, or adjusting
the pump-probe temporal and spatial overlap. By moving the frame using a manual linear
drive outside of the vacuum chamber, each of them can be placed in front of the beam.

Figure 4.9: Photodiodes and gold-mesh unit installed in the VUV beamline. The frame comprises
a SiC visible-blind photodiode (1), a silicon avalanche photodiode (2), a GaAsP
photodiode (Hamamatsu G1127) (3), a gold-mesh (4), and a fluorescent screen (5).

To roughly determine the delay between the pump- and seed- pulses, the avalanche
photodiode (A1900, with a 2 × 2 mm2 silicon sensor and 2 ns rise time) was used. Both
beams were focused on the photodiode and good spatial overlap was achieved by monitoring
the beams first on the fluorescent screen and then on the photodiode surface with a CCD
camera mounted on the viewport of the photodiode unit. The photodiode signal was amplified
with a low-noise broadband amplifier (Kuhne LNA BB 0515 B-N) and a 2 GHz high-speed
amplifier (Femto HSA-X-2-20) and observed using an oscilloscope (Fig. 4.10). An initial time
difference of 6.9 ns corresponding to a path difference of 2.07 m was measured and corrected
by rearranging and adding mirrors, thus increasing the path length of the pump pulses.

Figure 4.10: Oscilloscope traces: photodiode signal from the seed laser while the pump pulses are
blocked (bottom). Signal from both pump and seed laser (top). In this example,
there is a timing mismatch of 6.9 ns between the two pulses.

For further temporal alignment, a Silicon Carbide (SiC) visible-blind photodiode (SG01L18 from sglux [105]) with an active area of 1 mm2 was used. In order to find the ”zero delay”
between pump and seed pulses, the arrival time of the pump pulses was varied by using the
delay stage and the 2-photon-induced photocurrent in the SiC photodiode was measured. As
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long as there is no temporal overlap between the two pulses, the signal is constant due to
multi-photon absorption from either the seed or the pump beam, but when the pulses have
temporal overlap, the signal increases (Fig. 4.11).

SiC signal (a.u.)
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0.9
0.8
0.7
0.6
−20

−10

0
delay (ps)

10

20

Figure 4.11: Two-photon-induced photocurrent in the SiC-photodiode due to cross-correlation
between pump and seed pulses.

The FWHM width of the cross-correlation signal is about 7 ps, indicating a pulse duration
√
of about ∆t = 7 ps/ 2 = 4.9 ps. The main reason for such a long duration is the grating
of the monochromator in BL 5. The seed-laser pulses are temporally lengthened due to the
dispersion in the monochromator by

∆t = nλ/c

(4.2)

with n being the total number of the grating lines hit by the beam. In order to achieve a sub-ps
temporal resolution, a grating with a lower line density would be preferable. However, by
decreasing the line density, the incident angle of the beam on the grating must also be decreased,
which in turn diminishes the effect. The grating presently used in the monochromator of the
BL 5 has 300 lines per millimeter.
Another way to decrease the number of the grating lines hit by the beam n is to decrease the
beam size either by focusing it or by closing the apertures; the latter is at the expense of
beam intensity. In this way, the probe pulse duration can be reduced to a few 100 fs.
Furthermore, the temporal broadening of the CHG pulses at lower wavelengths will be smaller.
With a beam diameter of about 5 mm on the grating and λ = 400 nm, the expected pulse
lengthening is about ∆t = 4.9 ps in agreement with the measurement. The origin of the side
peak is probably a reflection of the beam from the walls of the vacuum pipe.
The effect of non-normal incident angle of the pump-pulse beam is shown in Fig. 4.12.
Assuming a probe beam size of 1 mm, the time difference due to an angle of 1° between the two
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beams results in a time difference of approximately ∆t = (1 mm × sin(1o ))/(3 × 108 m/s) = 58
fs, which is comparable to the pulse length.
The incident angle of the undulator radiation on the sample in BL 5 is about θ = (45°,0°)
in (x,y) direction. The incident angle of the pump beam in horizontal x direction is the same.
In BL 5, the sample is at a height of about 210 cm above the floor, and the last mirror of the
pump-pulse beamline is at a height of 204 cm at the distance of 280 cm from the sample.
This results in a small incident angle of θ in y direction corresponding to a time difference
of ∆t1 = 7.1 fs (for a vertical probe size of ∆y = 100 µm), which is smaller than the pulse
length and will not affect the temporal resolution of the pump-probe experiment significantly.
y

pump
z

x

sample

θ
probe

∆y
θ

c∆t1
Figure 4.12: Sketch of the pump and probe beams on the sample with different incident angles
causing time differences.
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4.2 Detection of CHG-induced photoelectrons
As an important step towards user applications, CHG radiation was detected in BL 5. This
beamline is presently the only way to detect the CHG pulses below 200 nm, since an evacuated
beamline is required.
Only small modifications were necessary to switch from the standard spin- and angularresolved photoelectron spectroscopy (PES) experiments to time-resolved PES. For this
purpose, the timing capability of the delay-line detector (DLD) was enabled (Section 3.1.1).
The software and the hardware of the delay-line detector was modified by the manufacturer
Surface Concept GmbH [107]. A new time-to-digital-converter (TDC) unit with large buffer
was installed to be compatible with the 1 kHz trigger, while the previous TDC unit could
operate only with triggers faster than 10 kHz.
Examples of time histograms of CHG-induced photoelctrons from a gold target detected
by the DLD at λ = 199 nm and λ = 133 nm are shown in Fig. 4.13. For these measurements,
the cff value was set to 2.5, the MCP voltage was 1800 V, and the pass energy of the analyzer
was 20 eV. For higher photon energies, the cff is usually set to 1.5. The exposure time was
one second and the number of the accumulated exposures was 44 and 66, respectively, for the
graphs shown in Figs. 4.13(a) and 4.13(b). At low photon energies (below 10.8 eV), a 9-V
battery was applied to the sample for further acceleration of the photoelectrons.
In these measurements, due to the limitation of the previous TDC unit, the trigger rate of
the detector was 10 kHz synchronized with the laser pulse. Therefore, the spontaneous emission
is accumulated 10 times more often than the CHG radiation. The time resolution is not limited
by the DLD, but by the temporal broadening due to different photoelectron trajectories inside
the spectrometer (the hemispherical analyzer), which results in an accumulated pulse width
of about 40 ns (FWHM) for CHG and about 50 ns for SE. This is sufficient to resolve the
CHG signal in successive single-bunch turns (Fig. 4.15) and also to perform CHG experiments
with a hybrid filling pattern with a single bunch in a 100-ns gap. The wavelengths of the
CHG radiation achieved at DELTA and the corresponding photon energies and K values are
summarized in Table 7.
The K value of the undulator was tuned to the maximum CHG signal (Kexp ) which is
slightly different from the theoretical K value (Kth ) calculated using the undulator equation
(Eq. 2.15) (with an electron energy of 1.485 GeV) due to missing calibration at these
wavelengths and possible hysteresis. The empirical relation between the undulator current
and K value is I ∼ 38.6 A ·K.
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Figure 4.13: Histogram of the photoelectron (PE) signal from a gold target detected using the
DLD at λ =199 nm (a) and λ =133 nm (b). The insets show the PE signal from
CHG pulses (at t = 0) and from the adjacent spontaneous emission (at t = 384 ns).

The energy of the monochromator was tuned to the highest possible CHG signal (Eexp ),
slightly different from the calculated photon energy for the expected wavelength (Eth = hc/λ).
This discrepancy is due to missing calibration of the monochromator at low photon energies
of the monochromator.
Figure 4.14 shows typical 2D images from the DLD, here shown for the 5th harmonic
of 800 nm at a monochromator energy of 7.9 eV and a CHG-to-SE ratio of about 3 (see
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Table 7: Wavelengths of CHG radiation achieved at DELTA, corresponding photon energies at
different harmonic numbers n, undulator K values, and the cff values used in operating
the monochromator. The discrepancies between the theoretical and experimental values
are due to missing calibration at these photon energies.

λseed

796 nm

398 nm

n λ (nm) Eth (eV) Eexp

Kth

Kexp

2

398.0

3.12

3.10

7.20 7.16

-

3

265.3

4.68

-

5.82

-

4

199.0

6.24

6.25

4.99 4.86

2.5

5

159.2

7.80

7.90

4.42 4.48

2.5

6

132.7

9.36

9.35

3.99 3.86

2.5

7

113.7

10.92

11.05

3.66 3.62

1.5

4

99.5

12.49

12.6

3.38 3.36

1.5

5

79.6

15.60

15.8

2.95 2.94

1.5

5.78

cff

Fig 4.17(a)). The y axis represents the momentum of the photoelectrons and the x axis the
energy. The accumulated counts in any temporal interval can be saved in a separate file.
The three pictures in Fig 4.14 show the accumulated counts from 124 SE pulses, one
CHG, and one SE pulse.
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Figure 4.14: 2D images from the DLD showing the photoelectron hits at different points of the
MCP for 5th harmonic of the 800 nm seed laser. The gray-scales show the accumulated
counts of the photoelectrons from 124 SE pulses, one CHG, and one SE pulse.

While seeding with 400 nm laser wavelength, the harmonics from 2 to 5 were detected.
Figure 4.15 shows the photoelectron counts from a gold target for the 2nd to 5th harmonics.
Since the U250 is tuned to relatively high undulator parameters (2.8 < K < 7.2), the incoherent radiation not only includes the fundamental wavelength, but also strong harmonics,
which can pass the plane grating monochromator (PGM) due to high-order diffraction.
To exclude the higher harmonics, a Lithium Fluoride (LiF) filter was used. Depending on
its thickness, the transmission range of LiF is typically from 105 nm (11.8 eV) to 9 µm [106]
depending on its thickness. The ratio between the total counts from a CHG signal to the
spontaneous signal (CHG-to-SE ratio) is 370 for the second harmonic and 90 for the third
harmonic.
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To detect the 4th and 5th harmonic of the 400 nm seed laser, the LiF filter had to be removed.
Therefore, estimating the true CHG-to-SE ratio at these wavelengths is not straightforward
due to the huge background of photoelectrons generated by the high harmonics of the
undulators, especially the modulator. The observed CHG to SE ratios for the 4th and 5th
harmonics including higher-harmonic background, shown in Fig. 4.15(b) are about 0.3 and
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Figure 4.15: a) CHG (at t = 0) and spontaneous emission (at t = ±384 ns) signal from photoelectrons detected by the DLD at λ = 199 nm (left) and λ = 133 nm (right). Note that
the scale of the counts is logarithmic. b) Photoelectron counts form CHG and SE
pulses at λ = 100 nm (left) and λ = 80 nm (right), here the scale is linear.

4.2.1 Spectrum of CHG measured at BL 5
The spectrum of CHG radiation can be measured in BL 5 by tuning the monochromator to
different photon energies. While seeding with 400 nm laser pulses, the CHG spectra were
detected at the second (Fig. 4.16(a) and Fig. 4.16(b)) and third (Fig. 4.16(c)) harmonic. The
results at 200 nm are consistent with those from other measurements using a Czerny-Turner
spectrometer equipped with an avalanche photodiode (APD) and a CCD-array spectrometer,
which both give a Gaussian-shaped spectrum with a FWHM width of about 3.3 nm (∆λ/λ =
1.6%). The spectrum in Fig. 4.16(b) is measured at 200 nm with a slightly smaller PGM exit
slit (600 µm), yielding a smaller width of 0.072 eV or 3.0 nm (∆λ/λ = 1.5%).
Assuming a pulse duration of 50 fs, the time-bandwidth product ∆t · ∆ν = 1.1 is about a
factor of two larger than the Fourier limit. At 133 nm, the FWHM width of the spectrum is
about 0.123 eV (∆λ = 1.63 nm, ∆λ/λ = 1.2%) and ∆t · ∆ν = 1.3, with ∆t = 50 fs. The two
last spectra in Fig. 4.16 are measured at different conditions at which the ratios were reduced
mainly due to a reduction in laser power, degraded efficiency of the SHG unit converting the
800 nm laser pulses to 400 nm, and degraded laser transmission from the laser system to the
undulator.
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Figure 4.16: CHG spectra at the second harmonic with FWHM of 0.104 eV (3.31 nm) (a), and
third harmonic with FWHM of 0.123 eV (1.63 nm)(c), obtained using photoelectrons
under variation of the PGM wavelength. The curve in plot (b) is measured at 200
nm with a smaller PGM exit slit (600 µm), yielding a smaller width of 0.088 eV (3.0
nm). The dashed lines are Gaussian fits.

While seeding with 800 nm, the 5th to 7th CHG harmonics were detected at BL 5. Example
spectra are shown in Fig. 4.17, measured behind the LiF filter. The transmission of LiF at
λ = 112 nm (Eph = 11.05 eV) is about 45% [106], reducing the absolute intensity at the 7th
harmonic. The unexpected decrease in the spectrum around 9.4 eV might be related to a
temporary misalignment of the laser-electron overlap. The error bars of the spectral data in
this Section represent the statistical errors, assuming that the photoelectron counts follow the
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Figure 4.17: CHG spectra at the 5th , 6th , and 7th harmonic of 800 nm (a,b,c) measured at BL5.

4.2.2 CHG signal versus chicane strength
The CHG-to-SE ratio was measured at BL 5 under variation of the chicane strength r56 . The
results are shown in Fig. 4.18. As expected, the CHG-to-SE ratio increases until reaching the
optimum chicane strength and then decreases due to the over-bunching of the electrons.
Fitting the data in Fig. 4.18 by using the Eq. 2.99 yields the energy modulation ∆E/E,
assuming a fixed relative energy spread of σE /E = 9.8 × 10−4 . The measured data are in good
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Figure 4.18: CHG versus chicane current at the 2nd (a) and 3rd (b) harmonic of the 400 nm
seed laser, and the 6th (c) harmonic of 800 nm obtained using photoelectrons. The
longitudinal displacement of the electrons (r56 × (∆E/E) divided by one quarter of
the seed-laser wavelength (λL /4) calculated for these three harmonics is shown in
(d). The red curves show the fits to the respective Bessel functions.

agreement with the theory. While seeding with 800 nm wavelength, the energy modulation is
0.45%, which is about 2.65 times higher than the energy modulation while seeding with 400
nm (0.17%). The reasons are the higher laser pulse energy at 800 nm, the chirp introduced
after the SHG unit, and the not yet optimized telescope for the 400 nm laser beam. The
maximum CHG-to-SE ratio was observed at an r56 value of about 30 µm at the 2nd harmonic,
which is in agreement with the typical values derived by measurements using the APD in
the diagnostic at hutch BL 4 (see Chapter 5). At the 3rd and 6th harmonics (133 nm), the
maximum CHG ratio was observed at r56 values of about 24 µm and 20 µm, respectively.
Figure 4.18(d) shows the plot of the longitudinal displacement of the electrons divided by
one quarter of the seed-laser wavelength r56 ×(∆E/E)/(λL /4), calculated for three harmonics,
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which should be approximately equal to one. The large discrepancies are due to relatively
high energy spread which was verified by simulations.

4.2.3 Photoelectron spectroscopy using CHG
The first proof-of-principle PES experiment using CHG radiation at DELTA was realized
by detecting the surface state (the electronic state at the surface of material) of a Cu(111)
sample shown in Fig. 4.19 [108]. Using 9.35-eV CHG radiation, a parabolic surface state was
recorded with a kinetic energy of the photoelectrons between 4.5 eV and 4.7 eV.

Figure 4.19: Images from the DLD showing the surface state of Cu(111): photoelectrons from 124
spontaneous synchrotron radiation pulses (left), from one CHG pulse (center) and
from one spontaneous synchrotron radiation pulse (right).

After detecting CHG radiation at BL 5, bringing the pump pulses on the sample and
achieving the zero-delay between the pump and seed pulses, the preparations for pump-probe
photoemission experiments are nearly completed. The first experiment will be performed on
the magnetic system Co/Cu [97]. The goal is to use the magnetic linear dichroism (MLD)
effect in order to study the demagnetization dynamics in this thin-film system. A similar
measurement has been reported in [68] using x-ray magnetic circular dichroism (XMCD) with
850-eV pulses from the BESSY femtoslicing source.
One of the challenges to reach this goal is to increase the photon energy and the intensity
of the CHG pulses. A high photon energy will increase in turn the kinetic energies of the
photoelectrons and the temporal resolution of the hemispherical analyzer (see Eq. 3.1). Both,
the higher intensity and photon energy, will also increase the count rate and hence the
resolution of the pump-probe experiment.
Furthermore, since the BL 5 and its experimental end station were not designed to be
operated at the energy range of CHG pulses (6-20 eV), further modifications as well as
calibrations, primarily of the monochromator, are recommended.
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In this Chapter, a comprehensive time-, space- and frequency-domain characterization of
the CHG radiation is presented. The theoretical models presented in Chapter 2 are used
to fit the data, leading to further insight into the CHG process and optimizing it for user
experiments. The characterized parameters encompass the angular-spectral distribution of the
CHG and spontaneous emission, the dependence of the central wavelength of CHG on different
parameters, estimate of the energy modulation, estimate of the CHG pulse energy, and the
coherence properties of CHG and SE (spontaneous emission, i.e. incoherent synchrotron
radiation). Additional characterization and information about the DELTA short-pulse facility,
including the THz radiation and the EEHG scheme, can be found in [19–28, 79].
At the end of the year 2012, the chicane within the undulator U250 was modified by
rewiring its poles (Section 5.3). The measurements presented until Section 5.3 were conducted
before the chicane modification, and the rest with the modified chicane, the higher r56 values
of which have lead to a better microbunching, coherence and intensity.
The types and the key parameters of the detectors used to conduct the measurements
reported in this thesis are listed in the following:
 A CCD spectrometer (Maya2000 Pro from Ocean Optics) was used to measure the

spectrum of the laser and SE. This spectrometer has an integration time of 7.2 ms to 5
s, which is not suitable to resolve the CHG pulses with 1 kHz repetition rate among
the 2.6-MHz SE pulses. Nevertheless, the 400-nm CHG radiation spectrum could also
be measured using this spectrometer, when the peak intensity of a single CHG pulse
was comparable to the peak intensity of 2600 pulses of SE.
 In order to record the spectrum of CHG pulses without SE background from more than

one pulse, a wavelength-scanning Czerny-Turner spectrometer (Acton Research SP-275)
was used with a photomultiplier (PMT) or an avalanche photodiode (APD; S9073 from
Hamamatsu) and a 2-GHz sampling oscilloscope.
 A powermeter equipped with a silicon photodiode (S130VC from Thorlabs) was used

to measure the power of the laser and SE pulses within a power range of 500 pW to
500 mW and a wavelength range of 200 nm to 1100 nm.
 A powermeter (Gentec Solo 2) equipped with a thermal detector (UP-19K) was used to

measure the laser power above ∼ 30 mW.
 A fast-gated intensified CCD camera (ICCD) was used to record the interference

patterns of CHG, described extensively in Section 5.6.
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5.1 Angular distribution
The angular distribution of CHG radiation was measured using the Czerny-Turner spectrometer with a PMT, and the angular distribution of the spontaneous emission was measured
using the CCD spectrometer in both horizontal and vertical directions at a distance of about
10 meters away from the radiator.
The radiation spectra were recorded by sending the unfocosed beam to the spectrometer
while varying the angle of the mirror before the spectrometer. The angle was measured using
a He-Ne laser beam being reflected from the same mirror onto a screen.
The spectra shown in figures 5.1 and 5.3 are interpolated linearly between the 7-20 measured
angles.
The SE was measured while only the radiator section of the U250 was on and tuned to a
wavelength of 200 nm. When observing the spectra from a point away from the radiation
axis, the central wavelength of the SE is shifted towards longer wavelengths (Eq. 2.15), while
the central wavelength of the CHG radiation is not affected. The central CHG wavelength is
determined by laser wavelength (see Section 5.2) and its spectrum is the Fourier transform of
the electron density distribution, yielding a narrow-band spectrum due to sharp peaks at
microbunches. The microbunching acts like a narrow-band amplifier on the spectrum of the
undulator spontaneous emission.
The measured width of the 200-nm CHG radiation profile was about 6.5 mm (FWHM) in
the horizontal direction and 8.5 mm (FWHM) in the vertical direction (Fig. 5.2), consistent
with the measurements using the ICCD camera (Section 5.6).

(a)

(b)

Figure 5.1: CHG spectra under variation of horizontal (a) and vertical (b) position; measured at a
distance of about 10 meters away from the radiator.

The parabola-shaped red-shifts can be seen clearly in the SE spectra distribution. By
shifting the angular position from the beam axis to θ = ±0.6 mrad, the central wavelength is
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Figure 5.2: CHG intensity under variation of horizontal (a) and vertical (b) position; the red curve
shows the intensity averaged over the wavelength range of 195 nm to 205 nm, and the
green curve shows the intensity at the central wavelength.

(a)

(b)

Figure 5.3: SE spectra under variation of horizontal (a) and vertical (b) position; measured at a
distance of about 10 meters away from the radiator.

shifted from 200 nm to about 245 nm. This value fits very well to the theoretical off-axis
resonance wavelength. With λu = 250 mm, Eq. 2.15 yields ∆λ0 (θ) = λu θ2 /2 = 45 nm.
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5.2 Spectral distribution
The central wavelength of CHG radiation was studied while detuning the optical klystron
and the laser wavelength. For this purpose, the spectrum of CHG radiation was measured
under variation of several parameters, namely the K value of the radiator and modulator,
the r56 value of the chicane and the spectrum of the laser pulses. The error in measuring the
CHG wavelength is about ± 0.25 nm.
The K value of the modulator was varied from 6.9 to 7.5, i.e. its resonance wavelength
was varied from 366 nm to 435 nm (Fig. 5.4). The wavelength of the seed laser was 400 nm,
and the radiator was tuned to its second harmonic. While varying the undulator wavelength
by 69 nm, the central CHG wavelength varied by only (1.3 ± 0.25) nm .
This small change is due to large bandwidth of the undulator radiation (about λres /Nu ) and
finite bandwidth of the laser light (about 4.2 nm). The bandwidth of the modulator line is
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Figure 5.4: CHG spectra under variation of the K value of the modulator.
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large enough to cover the laser line over the scanned range, enabling resonant interaction
with the laser. The relative CHG intensity increases when approaching the optimum K value,
as excepted.
Furthermore, the K value of the radiator was varied from 4.7 to 5.3 (resonance wavelengths
of 179 nm to 226 nm) while the modulator was tuned to 400 nm (Fig. 5.5). The change in
the central wavelength of the CHG remains within the measurement error.
The optimum chicane strength depends on the energy modulation and laser wavelength
given by the relation 2.100. The spectrum is given by the Fourier transform of the longitudinal
distribution of the electrons, which is determined by the chicane strength as well as the laser
wavelength and pulse energy. While fixing the wavelength of the radiator and modulator
to 200 nm and 400 nm, respectively, the chicane strength was varied (Fig. 5.6). The CHG
wavelength and bandwidth stays almost unchanged. By increasing the r56 value of the chicane,
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Figure 5.5: CHG spectra under variation of the K value of the radiator.
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the CHG intensity increases due to improved microbunching. At the maximum available
chicane current of 800 A, equivalent to an r56 value of about 11 µm, the CHG intensity is
highest. The peak of the Bessel function (Eq. 2.99) could not be reached, because neither the
laser energy nor the chicane strength was high enough to get the optimum microbunching.
These measurements were done before rewiring the chicane.

Figure 5.6: CHG spectra under variation of the R56 value of the chicane.

CHG spectra were measured while fixing the K value of the radiator and modulator but
changing the wavelength of the laser. The spectrum of the 400-nm seed laser was shifted
slightly (by 2 nm) by turning the BBO crystal in the second harmonic generation (SHG) unit.
Spectra of 400-nm laser pulses and resulting CHG radiation are shown in Fig. 5.7. The
CHG wavelength varies by about (1.59 ± 0.25) nm (Fig. 5.7). It is determined directly by
the wavelength of the laser, since the laser bandwidth is much smaller than the undulator
bandwidth.
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Figure 5.7: The CHG spectra (a) are measured under the variation of the seed-laser spectra (b).
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5.3 Modification and characterization of the magnetic chicane
The CHG facility at DELTA has been significantly improved by modifying the magnetic
chicane. Initially, the magnetic chicane was formed by three undulator periods with an
increased magnetic field. By rewiring the poles of the chicane, thus changing the shape of
the magnetic field along the z -axis, a much larger transverse excursion was created (Fig 5.8)
leading to higher r56 values. Before rewiring, the maximum r56 value was limited to 11 µm. It
was increased up to 130 µm by modifying the chicane, causing a dramatic rise in the intensity
of the CHG radiation. Further details about the modification can be found in [28]. Besides
improvement of the CHG radiation power, a set of new characterization experiments became
possible.

BZ

Z
Figure 5.8: The scheme of the magnetic poles of the chicane before (left) and after (right) rewiring.
After rewiring, the vertical magnetic field Bz (red line) along the z -axis is symmetric
and u-shaped yielding higher r56 values up to 130 µm.

The spectrum of the ”symmetric” optical klystron (OK), i.e. both modulator and radiator
tuned to the same resonance wavelength (here 400 nm), was measured for different chicane
currents. Fig. 5.9(a) shows three example spectra of the OK using the rewired chicane for
small, optimum (for CHG), and high chicane currents.
By fitting the measured spectra to Eq. 2.21, the r56 values as function of the chicane
current could be derived (Fig. 5.9(b)). The approximation of this function by the quadratic
form r56 = aI 2 + bI + c with a = 0.26 × 10−3 µm/A2 , b = 17 × 10−3 µm/A, c = 2.0 µm is
used for further analysis in this Chapter.
CHG spectra at higher chicane values
When deviating from optimized laser and chicane parameters, the spectral shape changes
drastically. For example, increasing the chicane strength leads to an optimum bunching factor
(given by constant r56 ·∆E) for electrons with lower energy modulation ∆E on the slopes of the
slopes of the distribution of the modulation while overbunching the central part. This results
in a coherent double pulse, the spectrum of which contains interference fringes. The time
between the two pulses should increase with r56 while the spectral separation of the fringes
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Figure 5.9: a) Example spectra of a symmetric OK measured while using the rewired chicane at
three different chicane currents I. b) Dependence of r56 on the chicane current before
rewiring (red) and after rewiring (blue).

should decrease. This tendency is clearly observed in the examples in Fig. 5.10, the second
harmonic of 800 nm (corresponding to a frequency around 750 THz) with r56 values of 20, 53,
and 102 µm, but the spectra contain additional unexpected features such as the suppression
of the central peak. Further measurements have shown that a slight misalignment of the
Ti:sapphire laser compressor, leading to chirped pulses, can produce such features. Additional
measurements and simulations are required to arrive at a quantitative understanding of the
rich spectral structure observed in CHG radiation under various conditions.
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Figure 5.10: CHG spectra around 400 nm (750 THz), the second harmonic of the seed wavelength,
under variation of the chicane strength.
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5.4 Relative intensity and pulse energy
The observed CHG-to-SE ratios vary from zero to a few thousand depending on the bunching
factor, which is determined by the harmonic number, energy modulation (given by the laser
power) and chicane strength (Eq. 2.99). Most of the time, the power of the seed laser pulses
was set to about 3.5 W while seeding with the fundamental 800-nm wavelength. While
seeding with 400 nm, the available laser power was between 1.6 W and 2.6 W, depending
on the efficiency of the SHG unit, the length of the 800-nm laser pulses, and the day-to-day
performance of the laser amplifier. In Section 4.2, the CHG-to-SE intensity ratios detected in
BL 5 were presented for wavelengths below 200 nm; in the following, the ratios of 200- and
400-nm CHG radiation and estimates of their pulse energy are discussed.
In BL 5, contrary to BL 4, almost the whole CHG and SE beams are focused on the
sample (by three focusing mirrors in the beamline). This affects the ratio detrimentally, as
spontaneous emission has a larger angular distribution (see Section 5.1). In addition, only
a part of the photoelectrons passes through the energy analyzer and reaches the delay line
detector (DLD) due to the limiting slit size at the entrance of analyzer. In BL 4, only a small
part of the beam is focused on the avalanche photodiode (APD), and the beam is steered in
such a way that the maximum CHG-to-SE ratio is detected. The highest recorded CHG to
SE ratio measured at BL 4 was of the order of 1000, measured for 400-nm CHG radiation as
second harmonic of the 800-nm laser. The power of the seed-laser pulses was about 3.5 mJ.
While seeding with 400-nm seed-laser pulses, the maximum detected ratio in BL 4 was of the
order of a few 100 at 200 nm.
In single-bunch operation, the repetition rate of the SE pulses is 2600 times the repetition
rate of the CHG pulses. Typical powermeters average the signals over hundreds of milliseconds,
therefore the SE radiation power dominates and the CHG power cannot be measured directly.
Nevertheless, the absolute energy of the CHG pulses can be estimated by measuring the
power of the spontaneous synchrotron radiation and using the known relationship between
them (Eq. 5.2).
In the following calculations, the intensity ratios of ICHG /ISE = 400 and 2000 are used to
estimate the 200-nm (second harmonic of 400 nm) and 400-nm (second harmonic of 800 nm)
CHG pulse energies, respectively.
These ratios were measured using a pinhole spectrometer (monochromator+APD), i.e. with
a small spectral and spatial width, while the SE power was measured by focusing the whole
beam with a fused silica lens on the silicon-head powermeter. Furthermore, the radiation
was not monochromatic but was deflected by coated mirrors within a certain bandwidth.
Therefore, the beam spot size and bandwidth should be taken into account.
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While measuring the power, 50-mm and 25-mm diameter mirrors were used at the beam
path in the diagnostics hutch at 400 nm and 200 nm wavelengths, respectively, by which the
diameter of the SE beam was limited.
The diameter of the CHG spot was typically about 4σ = 20 mm (∼ 12 mm FWHM) at 400
nm, and 4σ = 12 mm (∼ 7 mm FWHM) at 200 nm (see Figs. 5.17 and 5.19).
The bandwidth of CHG at both wavelengths is about 1.5%, and the bandwidths of the 400and 200-nm SE are about 10% and 5% (FWHM of 40 nm and 10 nm), respectively, given
by the bandwidths of the deflecting coated mirrors. The total CHG pulse energy WCHG and
photon flux Nph [photons/pulse] can be estimated by

WCHG (λ) = WSE (λ)

ICHG
ISE

Nph [photons/pulse] = WCHG



λ
;
hc

ACHG
ASE



∆λCHG
∆λSE


,

WSE (λ) = PSE /fSE

(5.1)

(5.2)

with ∆λCHG /∆λSE being the bandwidth ratio, WSE the pulse energy of SE, and fSE = 2.6
MHz the repetition rate of the SE pulses. The ratio between the SE and CHG beam area is
denoted by ACHG /ASE . The measured SE power PSE and the estimated CHG pulse energy
and photon flux are summarized in Table 8. The measurements were done with a single
bunch of about 10 mA current.
λ

PSE

WCHG

CHG photon flux

400 nm 250 µW @ 10% BW

5 nJ @ 1.5% BW

1 × 1010 photons/pulse

200 nm 20 µW @ 5% BW

0.2 nJ @ 1.5% BW

2 × 108 photons/pulse

Table 8: Measured SE power PSE and estimate of the pulse energy WCHG and photon flux of the
200-nm (second harmonic of 400 nm) and 400-nm (second harmonic of 800 nm) CHG
pulses for 10 mA single-bunch current.

In addition, the intensity of the spontaneous emission from the undulator (PSE ) was
simulated using the program spectra [37] (Fig. 5.11). In this simulation, an undulator with 7
periods and with undulator and beam parameter at DELTA (see Table 1 in Section 3.1) was
assumed. Due to the bandpass filters used in the beam path, the main part of the SE radiation
is from the radiator (with 7 periods) tuned to the CHG wavelength. The single-bunch current
in this simulation was 20 mA. The calculated PSE is 46 nW and 182 nW for 1% bandwidth of
a 1-mm2 400-nm and 200-nm SE beam, respectively. After multiplying to the aforementioned
spectral bandwidths and beam sizes, the order of the values obtained by this simulation
conforms the values obtained by the measurements (Table. 8 ). Although, contrary to the
simulation, the measured SE power at 400 nm is higher than at 200 nm, because the 400-nm
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SE beam was bigger due to 50 mm mirrors, and also the 200-nm SE is partially absorbed in
air.
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Figure 5.11: Photon flux of SE vs. photon energy, simulated using the program spectra [37] (right),
and calculated radiation power from the photon flux (left) for the radiation from
undulator tuned to 200 nm (6.2 eV; top) and 400 nm (3.1 eV; bottom).

5.5 Estimate of energy modulation
A possible way to estimate the energy modulation is to observe the CHG intensity while
varying the chicane strength. The energy modulation can be determined by fitting Eq. 2.99
to these data. In the previous Chapter, such measurements at BL 5 were presented for
wavelengths below 200 nm. Here, examples are shown for 200 nm, the second harmonic of
400 nm, measured at BL 4 for two different laser energies (Fig. 5.12). The laser energy in
horizontal polarization was varied using a half-wave plate.
The green points in Fig. 5.12 (a) represent the data obtained before rewiring the chicane
showing the limitations of that configuration. As the chicane strength increases, the CHG
intensity also increases and reaches a maximum around r56 = 23 µm and 43 µm, respectively,
for EL = 2.6 mJ and 1.3 mJ. Further increasing the chicane strength causes a second maximum
to appear which corresponds to overbunching and the formation of a double-peak structure
in the longitudinal density distribution (Fig. 5.13). The slight discrepancy between the
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Figure 5.12: CHG intensity vs. chicane strength for a laser pulse energy of EL = 2.6 mJ (a) and
for EL = 1.3 mJ (b).

theoretical fit and the measurement in Fig. 5.12 can be due to neglecting the Gaussian
distribution of the laser pulse and assuming a constant laser pulse energy.

Figure 5.13: Energy modulation and density distribution of the electrons in the modulator (left) and
after passing the chicane (right). Due to the high r56 value, there is an overbunching
in the chicane. The relative energy modulation over the relative energy spread is
denoted by ∆E/σE .

As shown in Fig. 5.14, the measured energy modulation is proportional to the square root
of the laser pulse energy, confirming the theory (Eq. 2.97).
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Figure 5.14: Energy modulation amplitude versus laser pulse energy. The solid line shows a
function proportional to the square root of the laser pulse energy.

5.6 Coherence measurements
The coherence properties of the CHG radiation were investigated by conducting classic
double-slit and Michelson experiments. The coherence functions and coherence lengths of
400-nm and 200-nm CHG and SE pulses were determined. Furthermore, the coherence time
was also measured by combining the double slit with two pairs of transparent wedges and
making a delay between the two partial pulses from slits.
ICCD camera
The interference patterns were recorded by means of a fast-gated intensified CCD camera
(ICCD) with a shortest gating time of 3 ns (dicam pro from PCO) [109]. This camera contains
an image intensifier unit which includes a photocathode, a multi-channel plate (MCP) and
a phosphor screen (Fig.5.15). There is a collimator lens and an output lens between the
image intensifier and the CCD, which scales the image by a ratio of 1/2.17. This ratio was
confirmed by measurements using a test target. The resolution of this optics (given in the
data sheet) is better than 60 LP/mm @ 5% modulation transfer function (MTF) with LP
being the number of the line pairs. The number of pixels of the CCD is 1280(H) × 1024(V),
and the size of each pixel is 6.7 µm × 6.7 µm, yielding a total size of 8.6 mm × 6.9 mm.
The resolution and the scaling rate of the camera was verified by using a resolution test
target (USAF-1951) which is a set of clear lines on an opaque chrome background (a 1.5 mm
thick optical glass substrate). Each group of lines contains 6 elements with increasing number
of line pairs. The line width of and space between each element is equal to 1 mm /(2 LP),
and the line length is equal to (5 mm)/(2 LP). An example image of this target taken by the
ICCD camera is shown in the first plot in Fig. 5.16. The test target was placed directly in
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Figure 5.15: Block diagram of the ICCD camera including an image intensifier unit, tandem optics,
CCD head and a 12-bit digitization unit.

front of the camera. A convex lens with f = 100 mm placed 72 cm before the test target was
used to expand a white light on the target.

150
intensity (a.u)

y pixel no.

200
400
600
800
1000
200

400

600
800
x pixel no.

1

2

3
4
position y (mm)

5

6

150
intensity (a.u)

intensity (a.u)

50

0

1000 1200

150

100

50

0

100

1

2

3
4
5
position y (mm)

6

100

50

0

2

4
6
position x (mm)

8

Figure 5.16: The image of the test target taken by means of the ICCD camera. The test target
was placed right in front of the aperture of the camera (top left). The intensity of
the image along the green, magenta and red lines as marked on the 2D image.

It can be seen from Fig. 5.16 (top right) that at the fourth element in group one (with LP
= 2.83), the contrast of the lines falls to about 25%. The red and the magenta colored plots
are used to calibrate the length, giving a scaling ratio of about 1/2; close to the value given
in the data sheet.
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CHG and SE beam profile
Example profiles of the 200-nm CHG and SE beams (second harmonic of 400-nm seed)
measured using the ICCD camera, are shown in Fig. 5.17. The intensity profile is strongly
modulated, mainly due to the rough and degenerated surface of the in-vacuum deflecting
Cu/Al mirror in BL 4. A photo of this mirror (Fig. 5.18) illustrates that its surface is damaged
by radiation.
A bandpass filter with a FWHM bandwidth of 10 nm used in front of the camera eliminates
the red-shifted parts of the SE and reduces the spot size. The spot size of the SE is also
limited by the 25-mm mirrors, while the CHG spot is smaller and almost centered to the
optics. The profile of the CHG radiation has a Gaussian shape with a FWHM width of about
6.5 mm in both horizontal and vertical directions.
In Fig. 5.19, the image of the 400-nm CHG and SE spots after exchanging the first
in-vacuum deflecting mirror in BL 4 is shown. The quality of the beam profile is evidently
improved. The intensity is more uniform. The measured 400-nm-CHG beam size is about 12
mm; larger than the 200-nm-CHG beam size. A possible reason is a change in laser beam
size due to different telescopes in the seed beamline for 800-nm and 400-nm seed pulses.
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Figure 5.17: The profile of 200-nm CHG radiation (top) and SE (bottom) measured using the
ICCD camera. The curves show the intensity along a line crossing the center of the
beam in horizontal (y) and vertical (x ) directions. The x - and y-axes are the pixel
numbers multiplied with the pixel size. The blue curve is the measurement, and the
red curve is a Gaussian fit, the FWHM width of which is denoted by ∆y and ∆x.

5.6

Coherence measurements

101

Figure 5.18: Image of the Cu/Al mirror deflecting the radiation into BL 4, showing surface damage
due to the synchrotron radiation and laser beam.

Data analysis of interference experiments
in order to analyze interference fringe patterns (from a double-slit setup and Michelson
interferometer) and to derive the coherence from them, three methods are applied in this
thesis yielding consistent results.
 In the first method, the visibility of the fringes is estimated by finding the maxima and

minima.
 In the second method, a theoretical expression of the interference pattern in near field

(Eq. 2.88) is used to fit the experimental data leading to the coherence.
 In the third method, the fringe patterns are 2D-Fourier transformed, resulting in a

pattern which can be used to calculate the coherence, as described in the following [111].
The intensity distribution of the interference pattern of two beams with intensities I1 (~u) =
I2 (~u) = I0 (~u) can be expressed as [35]

I(~u) = 2I0 (~u)({1 + γ12 (τ ) cos[φ(~u) + α12 (τ )]} ,

(5.3)

where ~u(x, y) is the position vector on the observation plane, τ is the time delay caused by
the difference between the propagation path lengths of the two beams, and γ12 (τ ) is the
coherence. The slowly varying phase of γ12 is denoted by α12 (τ ), and φ(~u) is the rapidly
changing phase which gives rise to interference fringes. In case of double-slit experiment,
~
φ(~u) equals to 2π~u · d/(Lλ)
with L being the distance between the slits and detector, and
d~ = (dx , dy ) being the slit separation in the horizontal and vertical direction. The Fourier
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Figure 5.19: The profile of 400-nm CHG (top) and SE radiation (bottom) measured using the
ICCD camera, after exchanging the first deflecting mirror in BL 4. The curves show
the beam profile along a line crossing the center of the beam in horizontal (y) and
vertical (x ) directions. The blue curve is the measurement, and the red curve is a
Gaussian fit, the FWHM of which is denoted by ∆y and ∆x.
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transform of Eq. 5.3 in the frequency domain yields [111]


1
−iα12 (τ )
iα12 (τ ) 
˜
˜

,
I(f ) = 2I0 (f ) ⊗ δ(f ) + γ12 δ(f + fs ) e
+ δ(f − fs ) e
| {z }
| {z }

|{z} 2





AC

XC

(5.4)

XC

where δ is the Dirac delta function, ⊗ is the convolution operator, f is the frequency
coordinate, and fs is the fringe frequency. In Fourier space, the central term is the sum of the
autocorrelation (AC) functions of the two beams, and the sideband terms contain information
on the degree of cross correlation (XC) between the interfering fields. The coherence can be
determined as [111]
γ12 =

I˜XC (fs )
.
I˜AC (0)

(5.5)

In all of these methods, a background image was subtracted from the interference pattern
image before analyzing it. The background image of the CHG radiation is taken by the
camera after shifting the trigger of the laser away from the electron bunch, using a vector
modulator. This causes temporary mismatching of the longitudinal overlap, so that only the
SE radiation and possibly stray light of the laser pulses is present in the background image.
When I1 =
6 I2 , the contrast observed in the experiments is reduced compared to the
coherence of the incident radiation as given in Eq. 2.61.
A 25-mm-diameter bandpass filter was always mounted directly in front of the camera
with a FWHM bandwidth of 10 nm for 200-nm radiation and 40 nm at 400 nm, unless stated
otherwise. These filters are important for blocking the laser beam and its stray light. The
bandwidth of the CHG radiation is not affected by these filters, while the bandwidth of SE is
determined by them.
For double-slit experiments, no lens was used in the beam path. In case of the Michelson
experiment, a lens with a focal length of 100 mm was used to focus the light on a point
approximately 10 mm before the beam splitter. The divergent light after the beamsplitter
makes it possible to resolve the circular fringes with the camera. Without a lens the fringes
would be too close to each other to be resolved. No additional apertures were used in either
experiment.
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5.6.1 Transverse coherence
In order to study the transverse coherence properties of CHG radiation and SE, double-slit
experiments were performed using several slits with different dimensions. The visibility of the
resulting interference fringes depends on the slit width, the slit separation and the distance
from the source. The distance of the measurement point from the radiation source, i.e. the
radiator, was about 10 to 12 meters, and the distance of the slits from the camera L was
about 1 to 2.5 meters in different experiments. In such a distance and with a slit separation
of d ≈ 1 mm, the near field condition for double slit Lλ ≤ πd2 holds, approximately.
Several double-slits with different dimensions were employed for the measurements. The
arrangement of the double-slit set and its photo is shown in Fig. 5.20. These slits were
processed with laser cutting by the company MEKO [110] with a tolerance of ±5 µm in slit
width and separation. The material is standard stainless steel (1.4301) with a thickness of 50
µm.

Figure 5.20: Dimensions and arrangement of double slits. Distances are given in mm.

One example of the interference pattern and the intensity profile of 400-nm CHG radiation
is shown in Fig. 5.21, in which the slit width was 0.1 mm, the slit separation was 0.5 mm
and the distance from the slits to the camera was about 1.18 m. Using the central maximum
and minima yields a central fringe visibility of 0.76. This value might be slightly different
from the coherence value due to non-uniform intensity distribution of the CHG spot and
non-equal slit widths. Both lead to non-equal light intensities from the slits, hence reducing
the fringe contrast.
The calibration of the x -axis of all fringe patterns in this Chapter is done by multiplying
the pixel sizes with the number of pixels and the scaling factor 2.17 of the internal optics
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(see Section 5.6). The angle θ is derived by dividing this value by the distance between the
camera and the slits. The fringe separation is theoretically given by Eq. 2.84. By substituting
the values of λ = 400 nm, L = 1.18, and d = 1 mm, a fringe distance of ∆x ≈ Lλ/d = 472
µm is expected. The measured distance between the fringes is about 470 µm.

Once the x -axis is calibrated, the visibility of the fringes along the horizontal axis can
be used to get a rough estimate of the longitudinal coherence length, as described in the
following. The time delay associated with the path length difference between the waves from
two slits to the camera (δτm with m being the fringe number) compared to the longitudinal
coherence length (Eq. 2.67) determines the visibility at x 6= 0. If δτm < τc , the visibility
remains as high as the central visibility, else it will decrease. In Fig. 5.21, the blue curve is a
fit assuming a constant visibility along the x axis.
A slight discrepancy in visibility can be seen between the measured data and the fit, but this
discrepancy is so small that it might be only due to non-perfect background subtraction or a
non-symmetric beam profile. Even on the second order fringes, the fit is still good. It can be
concluded that the interference pattern in the range of x ' ±8 mm is not influenced by the
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Figure 5.21: Measured interference pattern of CHG radiation at 400 nm obtained with a double-slit
with a width of 100 µm and a slit separation of 1 mm (blue line). The red curve is a
fit assuming a constant visibility of 0.76 along the x axis.
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limited temporal coherence length, and the visibility stays almost constant.
At x = 8 mm with L = 1.18 m, and d = 1 mm, the path length difference between the
waves from two slits is δl = d sin(θ) = d tan(θ) = d · x/L = 6.78 × 10−6 m, corresponding to
22.6 fs. It can be concluded that the temporal coherence length of 400-nm CHG pulses is
longer than 22.6 fs.
The bandwidth of the CHG spectrum at this measurement was 7.2 nm (FWHM). The
longitudinal coherence length for a Gaussian spectrum with this bandwidth would be lc =
cτc = 0.66λ2 /(∆λ)FWHM = 14.7 µm, corresponding to 49 fs.
The dependence of the visibility of fringes from 200-nm CHG pulses on the slit width
was studied. The visibility was measured by varying the slit width at a fixed slit separation
of d = 0.5 mm and d = 1.0 mm (Fig. 5.22(a)). As expected, the visibility decreases with
increasing slit width.
The lower row of the slit set in Fig. 5.20, which has smaller slit separations and widths,
yields a higher visibility (0.7, 0.9, 0.8, respectively from left to right). The highest visibility
of 200-nm CHG radiation (second harmonic) was measured with a slit width of 50 µm and
slit separation of 200 µm as shown in Fig. 5.22(b).
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Figure 5.22: Dependence of the visibility of fringes from 200-nm CHG radiation on the slit width,
measured with fixed slit separation of d = 0.5 mm and d = 1.0 mm (a). Interference
pattern and intensity profile of 200-nm CHG pulses, measured with a slit width of 50
µm and slit separation of 200 µm (b).
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The errors in the visibility are mainly systematic, for example due to non-uniform beam
profiles as mentioned before, leading to non-symmetric fringes. The regions of interest were
always selected in the most uniform part of the image. By choosing a region of interest in
another part of the image or by changing the size of the actual region of interest, errors were
of the order of 1 to 5 percent.
Transverse coherence length of 400-nm CHG radiation
The double-slit experiment was conducted for different slit separations d, and the transverse
coherence length was derived as the characteristic width of the normalized mutual coherence
function µ(d)
Z
lc =

∞

|µ(d)|2 dd ;

µ(d) = V (d)/V (0).

(5.6)

0

A set of slits with a constant slit width but increasing slit separation was designed. For three
slit widths (50 µm, 100 µm, 200 µm), the slit separation varies from 1 mm to 3.5 mm in 0.5
mm steps. The arrangement of the double-slit set and its photo is shown in Fig. 5.23.

Figure 5.23: Dimensions and arrangements of the double slits used to measure the transverse
coherence length.

Examples of the 400-nm CHG radiation fringes (averaged over 64 images) and their
intensity profiles in a selected region (ROI) are shown in Fig. 5.24. The slit separations in
these two examples are 1 mm and 2.5 mm, the slit width was fixed to 100 µm, and L = 1.25
m. The exposure time was about 100 ns, capturing only one SE and one CHG pulse in each
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shot. The same measurements were also done with SE and a longer exposure time of about 1
µs, accumulating 64 single shots. The measurement was performed with slits orientations in

both horizontal and vertical directions.
The measured visibility of the fringes is shown in Fig. 5.25. According to Eq. 5.6, the
normalized visibility should be integrated over d from zero to infinity. A Gaussian function is
fitted to the measured data to cover this range, and the coherence length is calculated using
this fit function.
The coherence length of 400-nm CHG radiation in both horizontal and vertical direction has
almost an equal magnitude of about lc = 1.9 mm. The visibility of the SE fringes is slightly
smaller than that of CHG, but the transverse coherence length is almost the same.
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Figure 5.24: Example fringes of the 400-nm CHG radiation interference pattern with a slit separation of d = 1 mm (a) and d = 2.5 mm (b). The slit width was 100 µm. The upper
plots show the whole pattern, the central plots the region of interest (ROI) which is
used to calculate the visibility, and the lower plots show the intensity profile of the
fringes in the ROI.
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Figure 5.25: Transverse coherence function of 400-nm CHG (left) and SE (right) radiation in the
vertical (a,b) and horizontal directions (c.d), measured using a slit with a width
of 100 µm. The blue dots are the measured data and the red curve is a Gaussian
function.

Transverse coherence length of 200-nm CHG radiation
The transverse coherence length of the 200-nm CHG radiation (second harmonic of 400 nm)
was measured in horizontal direction. The results are shown in Fig. 5.26. This measurement
was done with all three slit widths. As can be seen, the slit width has no significant influence
on the coherence length. The coherence length averaged over the three measurements is
about lc = 1 mm.
The transverse coherence length was also measured for the fourth harmonic of the 800-nm
seed laser. An example of a 200-nm CHG radiation interference pattern and the visibility
versus slit separation is shown in Fig. 5.27.
The intensity variation along the slit in interference pattern is due to the finite size of the slit.
A coherence length of about lc = 1.1 mm was derived.
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Figure 5.26: The transverse coherence function of 200-nm CHG radiation (second harmonic),
measured in the horizontal direction with three slit widths (a) and a Gaussian
function fitted to the measured data (b).

Transverse coherence of the spontaneous emission (SE)
The transverse coherence of the 200-nm SE was investigated in dedicated measurements
while no bandpass filters or coated mirrors were used. A longer exposure time of the order of
1 µs was needed to collect enough intensity, and 100 images were averaged. A background
in the corner of each image was chosen and its averaged intensity was subtracted form the
whole image. The visibility is found by using the maxima and minima at the center.
By turning the different parts (modulator, radiator, chicane) of the U250 on or off and
tuning them, the transverse coherence was investigated under variation of path lengths in the
undulator as well as K values (Figures 5.28 and 5.29). The spectral width of the undulator
radiation is given by ∆λ = λ0 /Nu , where Nu is the number of the undulator periods. A
larger Nu yields a more narrow spectrum, hence a larger temporal coherence length. Here,
the modulator and the radiator each with 7 periods count as longer sections compared to the
chicane which has only 3 periods.
The fit (red dashed curve) in all plots in Fig. 5.29 is the sum of a number of interference patterns calculated using wavelengths with rectangular distribution in the range of
(200±(λ0 /Nu )) nm. For fitting the undulator configuration, Nu = 6 was used, and for fitting
the OK configuration Nu = 12 with L = 2.5 m, w = 0.06 mm and d = 0.4 mm.
Figures 5.28(a) and 5.29(a) show the fringe patterns and the intensity profile while the
undulator was tuned to the optimum parameters of the optical klystron (OK) used for the
coherent harmonic generation. The modulator was tuned to 400 nm, the chicane current was
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Figure 5.27: Interference pattern of 200-nm CHG radiation (the fourth harmonic of the 800-nm
seed laser) using a slit width of 100 µm and a separation of d = 0.5 mm (a,b);
the inset in figure (b) shows the ROI used for analyzing. The transverse coherence
function measured in the horizontal direction is shown in (c). The blue dots are the
measured data and the red curve is a Gaussian function.

about 280 A (r56 ≈ 25 µm) and the radiator was at 200 nm. In this configuration, the SE
has not only a high transverse coherence of 0.8, but also a higher temporal coherence length
compared to the other configurations.
This large coherence time might be attributed to an interference between the three parts of
the undulator U250 yielding a narrowband spectrum.
At a horizontal distance of about x = 2.1 mm from the central axis on the screen, the visibility
of the fringes decreases to 0.4 (half of the central visibility). With L = 2.5 m and d = 0.4
mm, this distance corresponds to a wave arrival time difference of τ = x · d/(L · c) = 1.1 fs at
this point.
The fringes in Figs. 5.28(b) and 5.29(b) were measured while the whole U250 was tuned
to the same resonance wavelength of 200 nm. The central visibility of 0.77 is relatively high,
but decreases quickly off-axis, which is an indication of a low temporal coherence length.
The visibility of the fringes degrades to 0.3 at a horizontal distance of about x = 1.6 mm
corresponding to a wave arrival time difference of τ = 0.85 fs.
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Figure 5.28: Fringe patterns of spontaneous emission in different configurations; a) CHG configuration (modulator at 400 nm, radiator at 200 nm, r56 ≈ 25 µm), b) whole undulator
at 200 nm, c) radiator and modulator at 200 nm, d) modulator and chicane at 200
nm, e) chicane at 15 µm. The ICCD camera was used with a pixel binning of 2×2.
Further description in the text.

The fringe pattern and also the visibility does not change by turning the chicane in the
above configuration off (Figures 5.28(c) and 5.29(c)). The presence of the chicane has an
effect on the temporal coherence only when it is tuned to its optimum value, satisfying the
effective bunching condition.
By turning both of the long sections (radiator and modulator) off, the visibility reduces to
0.3 (figures 5.29(e) and 5.28(e)), and it does not get much higher by turning one of the long
sections (modulator) on (Figures 5.29(d) and 5.29(d)).
According to this measurement, it can be concluded that a high coherence can be obtained
by increasing the length of the undualtor (by turning both long sections i.e., modulator
and radiator on). While using the CHG configuration, both the temporal and transverse
coherence are highest, using the radiator (or even the radiator with chicane), visibility is the
lowest.

5.6

Coherence measurements

1

visibility=0.8
intensity (a.u)

intensity (a.u)

1

113

0.5

0
−8

−4
0
4
horizontal position (mm)

0.5

0

8

visibility=0.77

−4

−2
0
2
4
horizontal position (mm)

(a)

1

visibility=0.77
intensity (a.u)

intensity (a.u)

1

(b)

0.5

0

−4

0.5

0

−2
0
2
4
horizontal position (mm)

visibility=0.32

−4

−2
0
2
4
horizontal position (mm)

(c)

(d)

intensity (a.u)

1

visibility=0.3

0.5

0

−4

−2
0
2
4
horizontal position (mm)

(e)

Figure 5.29: Intensity profile of the ROI in the interference pattern of the spontaneous emission in
different configurations; a) CHG configuration (modulator at 400 nm, radiator at 200
nm, r56 ≈ 25 µm), b) whole undulator at 200 nm, c) radiator and modulator at 200
nm, d) modulator and chicane at 200 nm, e) chicane at 15 µm; all measured without
bandpass filter. The inset shows the ROI in the fringe patterns used for analyzing.
The blue curves are the measured data and the red dashed curves are fits.

The transverse coherence was measured for the entire U250 tuned to several K values.
The visibility was V = 0.77 for K = 4.86, and V = 0.33 for K values of 2.7, 3.7 and 5.7. For
K = 7.1 the visibility was 0.35. Varying the K value did not affect the transverse coherence
significantly.
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Furthermore, the transverse coherence of 200-nm SE was measured by using a bandpass
(BP) filter (FWHM of 10 nm), while the undulator was in optical-klystron configuration
(Fig. 5.30(a)), and while the whole undulator was tuned to a K value of 4.86 (resonance
wavelength of 200 nm) (Fig. 5.30(b)) with L = 0.97 m, w = 0.06 mm and d = 0.4 mm.
Because of the absorption in the BP filter, an exposure time of 10-102 µs was needed, which
is much larger than before.
It can be seen that with using a filter and reducing the spectral bandwidth, the visibility decay
along the horizontal axis is not so fast as before due to the increased temporal coherence.
The fits in both of these figures were performed assuming a constant visibility. The effect of
the spectral width can be easily seen by comparing figures 5.30(b) and 5.30(a) with 5.29(b)
and 5.29(a).
By increasing the exposure time, the second and even the third maxima of the sinc-function
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Figure 5.30: Intensity profile of the spontaneous emission using a bandpass filter (FWHM of 10
nm), while the undulator was in optical-klystron configuration (a), and while the
whole undulator was tuned to a K value of 4.86, corresponding to a wavelength of
200 nm (b).
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can be resolved (Fig. 5.30). At the center of the second maximum (at about x = 5 mm),
typical values of V = 0.4 were measured for the CHG configuration and V = 0.26 when the
whole undulator was at 200 nm.
At x = 5 mm, where the visibility is approximately half of the central visibility, the delay
between the waves from two slits is δl = d · x/L = 2.1 × 10−6 m, corresponding to 7 fs. This
value is close to the coherence time of a Gaussian-shaped radiation with 10 nm (FWHM)
bandwidth, which is equal to 8.8 fs.
In addition, the transverse coherence of the Ti:sapphire laser was measured (Fig. 5.31).
With w = 0.05 mm, d = 0.5 mm and L = 1.26 m, and a distance of about 30 meters away from
the laser system, the fringe visibility was about 0.91. The fringe patterns of the Ti:sapphire
laser is shown in Fig. 5.31.
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Figure 5.31: Fringe pattern of the Ti:sapphire laser pulses measured at a distance of about 30
meters away from the laser system.
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5.6.2 Longitudinal coherence
The temporal coherence length (coherence time) of 200-nm CHG pulses was studied both with
a Michelson interferometer and by introducing two movable non-coated fused silica wedges in
front of each slit of the double-slit setup (Fig. 5.32). A bandpass filter (10 nm FWHM ) was
placed right before the camera to eliminate the seed laser light, reducing the bandwidth of
the SE but not affecting the CHG bandwidth, which is about 1.5%. The coherence time is
determined by the shape and the bandwidth of the spectrum, while the transverse coherence
length is determined mainly by the source size and divergence. However, these two also
depend on each other [112, 113].
Measurements using double-slits followed by wedges
A photo and sketch of two non-coated fused silica wedges in front of each slit of the
double-slit is shown in Fig. 5.32. The vertical position of one of the wedges was varied (∆y)
using a micrometer stage. Thus, the optical path length of one beam with respect to the
other was varied by ∆z = (nf − 1)∆y tan θ (wedge angle θ = 4°, refractive index nf = 1.55 at
200 nm), giving a time delay of τ = ∆z/c between the two beams.

wedges

beam
wedges

double slit

beam

beam

Figure 5.32: Photo and sketch of the double-slit setup followed by fused-silica wedges.

In Fig. 5.33, example interference patterns are shown for zero, medium and maximum
time delay using slits of width w = 100 µm, separation d = 0.5 mm, length of l = 2 mm,
and a distance of about L = 1.3 m between slits and camera. On the right side of the figure,
the 2D fast Fourier transformation (FFT) of the interference patterns is shown. In Fourier
space, the amplitude of the side peak corresponds to the cross-correlation of the two beams
(XC) [111], and the amplitude at the center corresponds to the autocorrelation of the beams
(AC). The coherence function γ(τ ) and coherence time τc can be derived by [111]
I˜XC
γ(τ ) =
,
I˜AC

γ(τ )
,
g(τ ) =
γ(0)

Z

∞

τc =
−∞

|g(τ )|2 dτ,

(5.7)
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where I˜XC and I˜AC are the mean values of the intensity in small ROIs around the side and
central peaks in the frequency domain. At a large delay, at which the interference pattern
smears totally out, I˜XC has still a small non-zero value. Therefore, the linear interpolation of
the two outermost τ values of I˜XC was subtracted from I˜XC at each delay, and an averaged
background from the corners of each image was subtracted from each I˜AC value. Examples of
measured temporal coherence functions of 200-nm CHG and SE pulses are shown in Fig. 5.34,
giving a coherence time of about 34 fs for CHG and 9.5 fs for SE.
The CHG spectrum at this measurement is shown in Fig. 5.41(b) with λ0 = 198.9 nm and
a FWHM width of ∆λ = 1.6 nm. If the spectrum was perfectly Gaussian, the theoretical
coherence time would be τc = 0.66λ20 /(c∆λ) = 54 fs, which is longer than the measured value.
The reason of this discrepancy is the slight deviation of the CHG spectrum from a perfect
Gaussian shape (as can be seen in in Fig. 5.41(b)), which can change the theoretical value of
the coherence time significantly. A Lorentzian function fits better to the slope of the spectrum
at higher wavelengths rather than a Gaussian one. Assuming a perfectly Lorentzian shaped
spectrum, the coherence time would amount to about τc = λ20 /(πc∆λ) = 26 fs. In fact, the
CHG spectrum is between the Gaussian and Lorentzian, and the measured coherence time of
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Figure 5.33: Interference patterns obtained using a double-slit followed by wedges at different
delays. a) Interference pattern of the CHG radiation (left) and its FFT (right). b)
Interference pattern of the SE (left) and its FFT (right).
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Figure 5.34: Coherence time of the CHG (a) and SE pulses (b) measured with double-slits followed
by wedges. The blue dots are the measured data, the red curves are Gaussian fits.

34 fs is also between the theoretical coherence time of a Gaussian and Lorentzian shaped
spectrum.
The coherence time measurement was repeated for different slit dimensions to investigate
the effect of the transverse beam extension on the temporal coherence length. The results
are summarized in Table 9. No clear correlation was found between the slit dimension and
the measured coherence time.
The measured coherence time of SE was about (9±1) fs, using different slit configurations.
With a Gaussian shape at a central wavelength of λ0 = 200 nm and a FWHM width of ∆λ =
10 nm (given by bandpass filter), the theoretical coherence time of SE is τc = 0.66λ20 /∆λ =
8.8 fs, matching the measured value.
Table 9: Measured and calculated coherence time of CHG using different slit dimension.

w (µm) d (mm) l (mm) τc,meas. (fs) ∆λ/λ0

τc,cal. (fs)

200

1.0

2

34±2

1.61/198.90 54

200

1.0

1

32±1

1.61/198.90 54

200

1.5

1

31±2

1.61/198.90 54

In a separate measurement, the coherence time was studied by varying the r56 value of the
chicane, while its optimum was 39 µm. A slit width of w = 100 µm and separation of d =
0.5 mm was used. The results are summarized in Table 10. In this measurement range, there
is no significant correlation between the chicane r56 value and the measured coherence time.
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Table 10: Measured and calculated coherence time of CHG under variation of the r56 value of the
chicane.

r56 (µm) τc,meas. (fs) ∆λ/λ0

τc,cal. (fs)

22

26±1

-

-

39

23±4

2.63/202.93 34

66

24±1

-

-

Measurements using the Michelson interferometer
The setup of the Michelson interferometer is shown in Fig. 5.35. A 2-mm thick fused-silica
beamsplitter with a special coating for 200 nm was used to divide the radiation intensity into
two equal parts. A nanometer positioning stage was used to delay the beams with respect to
each other (PX 400 SG with controller NV 40/1 CLE [114]). The total travel range of the
stage is 400 µm in open-loop and 320 µm in closed-loop operation with a resolution of 8 nm
in both operating modes. Additionally, the stage was mounted on a manual micrometer stage
for longer distances. Operation in closed loop was not used, because the fringes smeared and
disappeared due to oscillations of the stage feedback system. Therefore, the measurements
were performed in open-loop mode, in which the position of the stage is proportional to a
monitored voltage ranging from -3 V to 10 V. The linearity and the travel range of the stage
was verified roughly by using a dial gauge.
μm stage
nm stage

M1
BS

M2

lens

ICCD
gated

BP Filter

Figure 5.35: Setup of the Michelson interferometer to measure the temporal coherence length,
including a lens, a beamsplitter, two adjusting mirrors, a nm stage, a µm stage and
an ICCD camera.

An example interference pattern of 200-nm CHG pulses, the fourth harmonic of the 800-nm

120

5.6

Coherence measurements

seed laser, is shown in Fig. 5.36. The exposure time of the camera was set to 200 ns, ensuring
that only one CHG pulse and one SE background pulse were recorded, albeit with on-chip
integration of 20 or 100 images to get enough counts. The results were the same for both
cases, except that with a lower number of accumulated images the error bars were larger. All
measurements were done in single-bunch mode. The maximum CHG-to-SE ratio was about
50.
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Figure 5.36: Interference fringe patterns of the Michelson interfermometer. The total radiation
including both CHG and SE radiation (left), SE radiation (center) and the net CHG
radiation by subtracting the previous plots from each other (right). Both axes of
these plots are pixel numbers of the camera. Two regions in the pattern, marked as
regions 1 and 2, were chosen for the analysis of the visibility of the fringes.

Due to the damaged in-vacuum mirror in BL 4 (see Section 5.6), the spatial profile of
the CHG radiation and hence the interference pattern was not uniform. Two regions in the
pattern were used to analyze the visibility of the fringes, marked as regions 1 and 2. The
fringe patterns for the two regions and their Fourier transform are shown in Fig. 5.37 for zero,
medium and maximum delay. In zero delay, the visibility is largest, whereas in maximum
delay no more fringes are visible.
The cross-correlation and autocorrelation terms in Fourier space are marked as XC and AC,
respectively. The coherence function is derived by dividing the mean value of the intensity in
the XC region by the mean value in the AC region. For each delay, 50 images were recorded,
and the value of the coherence function was averaged and normalized by its maximum. The
measured normalized coherence functions for both regions 1 and 2 are shown in Fig. 5.38.
Error bars denote the standard deviation of the visibility from 50 images at each delay point.
Region 1 yields a coherence time of about 155 fs, region 2 about 118 fs, much larger than
expected.
The spectrum of the CHG radiation in this measurement was measured using the Czery-
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Figure 5.37: Fringe patterns of 200-nm CHG pulses (the 4th harmonic of the 800-nm seed laser)
at two different regions in the beam spot and their Fourier transforms for zero, mean
and maximum delay (top to bottom). Maximum visibility occurs at zero delay, and
zero visibility at maximum delay. The cross-correlation and autocorrelation terms are
marked as XC and AC, respectively in the FFT pattern. The coherence function is
derived as the ratio of the mean intensity values of the XC region and the AC region.

Turner monochromator and APD, and analyzed with two different functions (Fig. 5.39). The
shape of the spectrum is neither perfectly Gaussian nor Lorentzian. Assuming a Gaussian
shape, a FWHM temporal coherence length of τc = 0.66λ2 /(c∆λ) ∼ 46 fs is derived and
assuming a Lorentzian shape, τc = λ2 /(πc∆λ) is 24 fs.
The reason for the discrepancy between the calculated values and the measurement could
be tracked down to the chirp which occurs in the beamsplitter of the Michelson interferometer
while no compensation plate was used. As one beam passes through the beamsplitter once,
the other passes three times, yielding a 4-mm path length difference through the material,
and therefore a non-equal chirp in the two arms of the Michelson interferometer.
The coherence length of the 200-nm CHG pulses was also measured while seeding with
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Figure 5.38: Normalized coherence function of 200-nm CHG radiation (4th harmonic of 800-nm
seed laser), measured using a Michelson interferometer for region 1 (a) and region 2
(b) with a temporal coherence length of about 150 fs and 120 fs, respectively.
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Figure 5.39: Spectrum of 200-nm CHG pulses, the 4th harmonic of the 800-nm seed laser. The
blue curve is the measured data, the red curve is a Gaussian fit, and the black curve
is a Lorentzian fit.

400 nm. The fringe patterns are shown for two different measurements in Fig. 5.40, in
which the distance between the fringes were noticeably varied by moving the lens and the
mirrors and moving from the center of the circular fringes towards the edges. The measured
coherence function and spectrum is shown in Fig. 5.41. This measurement was done without
compensation plate, and yielded unrealistically high values (τc = 135 fs).
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Figure 5.40: Michelson interference fringe patterns of 200-nm CHG radiation (second harmonic of
400-nm seed laser). Both axes of these plots are pixel numbers of the camera with a
pixel size of 6.7 × 6.7 µm2 .
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Figure 5.41: Normalized coherence function g(τ ) of 200-nm CHG radiation (second harmonic of
400-nm seed laser) measured by Michelson interferometer with Gaussian fit (a) and
spectrum of CHG radiation with Gaussian fit (b). Both are measured at r56 = 37 µm.
The error bars are the standard deviation of the fringe visibility for 50 measurements
at each delay point.

The coherence time of 200-nm CHG pulses (2nd harmonic) was measured again after placing
a 2-mm thick fused-silica window next to the coated side of the beamsplitter which is as thick
as the beamsplitter and parallel to it, in order to compensate the material difference between
the two arms. Furthermore, the damaged in-vacuum 45° mirror in BL 4 was exchanged by a
new mirror. As shown in Fig. 5.42, the quality of the fringes was improved, and a shorter
coherence time of about 33 fs was obtained, close to the expected value. This measurement
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was performed while the chicane was tuned to a larger r56 value compared to the optimum
value for CHG. The CHG spectrum is not Gaussian, therefore the coherence time cannot be
calculated using the simple analytic formula for a Gaussian beam.
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Figure 5.42: Interference pattern at zero delay (a) and its Fourier transform (b). Temporal
coherence function (c) and spectrum of 200-nm CHG radiation (d). The measurements
were done while using a compensation plate in the Michelson interferometer.

5.6.3 CHG coherence versus chicane strength
The temporal coherence of CHG radiation is associated with the microbunching in the chicane.
The microbunching of electrons in the chicane increases the temporal coherence.
Transverse coherence
The transverse coherence of 200-nm CHG radiation was measured while varying the
chicane strength. This measurement was performed using a double-slit with a slit separation
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of 500 µm and a slit width of 100 µm. The fringe patterns were analyzed using the Fourier
transformation as well as finding the central visibilities. An example of an interference pattern

1.1

norm. visibility of CHG

normalized coherence

and the transverse coherence versus r56 is shown in Fig. 5.43.
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Figure 5.43: Normalized coherence of the CHG radiation versus r56 value of the chicane analyzed by
using Fourier transformation (a), and by finding the central visibilities (b). Example
interference fringe pattern at r56 = 29 µm (c, left), its Fourier transform (c, right),
and its intensity profile across the region shown in the inset (d).

The central visibility does not change by varying the chicane strength (Fig. 5.43(b)).
However, when using the FFT method, the coherence shows a trend similar to CHG intensity;
the optimum chicane value here was about 29 µm, at which the CHG-to-SE intensity ratio
was highest.
By decreasing the r56 value to about 30 % of its optimum, coherence decreases to 70 % of
its maximum value. Increasing the r56 value by about 70 % of its optimum degrades the
coherence by about 10 % (Fig. 5.43(a)).
This effect can be explained by the fact that the Fourier transformation is applied to the
whole image including the off-axis fringes, hence including the effect of the temporal coherence
(see beginning of Section 5.6.1).
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Temporal coherence
The dependence of the temporal coherence of the 200-nm CHG radiation on the chicane
strength was studied by using the Michelson interferometer at zero delay. An example
interference pattern and the scan of the temporal coherence versus r56 are shown in Fig. 5.44.
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Figure 5.44: An example interference pattern of the 200-nm CHG pulses (a), and the temporal
coherence at zero delay γ0 versus r56 , normalize to the maximum value γ0,max (b).

It can be seen that at an optimum chicane value, at which the bunching factor is highest,
the maximum visibility is detected.
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6 Summary and Outlook
Pump-probe experiments to study ultrafast dynamic phenomena require two short pulses
and a good control of the time delay between them. A short-pulse facility based on coherent
harmonic generation (CHG) has been commissioned at the DELTA storage ring since 2011. In
2013, the CHG performance was dramatically improved by modifying the central poles of the
undulator U250 which act as a chicane (between modulator and radiator) for microbunching.
At DELTA, CHG is mostly conducted with a single bunch in the storage ring, but was also
demonstrated in user operation with a hybrid fill pattern, comprising a 3/4-circumference
multi-bunch fill and a single bunch of higher charge.
In the frame of this dissertation, the CHG pulses were characterized and the preparations for
pump-probe experiments were accomplished, including the construction and commissioning
of a pump-pulse beamline to guide the laser pulses.

6.1 Preparation of pump-probe experiments
An evacuated beamline has been designed, constructed and commissioned successfully to
guide about 10% of the laser power (0.8 W) over a distance of about 53 m to the experimental
station of a VUV beamline (BL 5). Pump pulses have been focused on the sample and
temporally overlapped with the seed-laser pulses.
The size of the beam on the sample can be finely tuned moving a curved mirror on a
micrometer stage in the new optics hutch near the experimental station.
The position of the beam has been stabilized using a commercial optical feedback system.
While the position of the beam on both detectors of the feedback system shows a remaining
rms fluctuation of 26 µm, the stability on the sample will be slightly worse due to four further
mirrors and one lens in the remaining six meters of the beamline between detectors and
sample.
The GDD in the whole beamline has been estimated to be about 1550 fs2 , which for a Gaussian
pulse with an initial duration of 40 fs yields a pulse duration of about 115 fs at the sample.
This pulse duration is small enough to study the demagnetization of ferromagnetic materials
as planned, as the process of demagnetization and remagnetization takes place in the few-ps
range depending on the pump fluences [96]. However, the temporal resolution is limited by
the duration of the probe pulses, which is currently lengthened by the monochromator in the
VUV beamline to about 5 ps but can be reduced to a few hundred fs.
The energy fluence required to demagnetize a ferromagnetic material was estimated to be
about 1 to 10 mJ/cm2 [93–96]. This energy can be achieved by focusing the pump pulses to
a 1/e2 diameter of about 5 mm.
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Furthermore, the CHG pulses were detected using a delay-line detector in the VUV
beamline measuring the photoelectron count from Au and Cu samples. A LiF filter was used
that blocks the large background of the high-harmonic spontaneous emission (SE) radiation
(below 105 nm) from the undulator. Down to 133 nm, the CHG-to-SE ratio was high
enough (of the order of 10 to 100) to be used for pump-probe experiments with reasonable
measurement durations. While creating photoelectrons with pulses of shorter wavelengths,
this filter has to be removed yielding a CHG-to-SE ratio of a few percent at 100 nm and 80
nm.
The preparations for pump-probe photoemission experiments are nearly completed. The
first experiment will be presumably performed on a magnetic system Co/Cu. The goal is
to use the magnetic linear dichroism (MLD) effect in order to study the demagnetization
dynamics in this thin-film system [97].

6.2 Characterization of CHG pulses
The angular distribution of the SE and CHG pulse was investigated. The measured width of
the 200-nm CHG radiation profile was about 0.65 mrad (FWHM) in the horizontal direction
and 0.85 mrad (FWHM) in the vertical direction measured at a distance of about 10 meters
away from the radiator, consistent with the measurements using a fast-gated intensified CCD
(ICCD) camera. The width of the 400-nm CHG radiation profile was about 1 mrad (FWHM)
measured using an ICCD camera at a distance of about 12 meters from the radiator.
The CHG spectrum was measured using different instruments and methods, a CCD
spectrometer, a Czerny-Turner spectrometer followed by a PMT or APD, and measuring the
photoelectron yield under variation of the PGM wavelength in the VUV beamline. The results
are consistent and exhibit a nearly Fourier-transform limited bandwidth. The bandwidth of
the CHG radiation was about 1.5% at 200 nm and 1.2% at 133 nm.
When the r56 value of the magnetic chicane was tuned to a value higher than its optimum
value, an interference pattern was observed in the CHG spectrum. The reason is interference
between the radiation from the multi-peaks created in the electron density distribution due
to overbunching.
The dependence of the CHG wavelength and bandwidth on undulator K value and laser
wavelength was investigated. The central wavelength of the CHG radiation is determined
by the laser wavelength rather than the undulator wavelength due to its small bandwidth
compared to the ∼ 14% bandwidth of the undulator. The microbunches act like a narrow-band
amplifier on the broad undulator spectrum.
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The observed CHG-to-SE ratios vary from 0 to a few 100, yielding maximum ratios of the
peak power close to 106 . The CHG pulse energy was estimated using the measured SE power
and its relation to CHG power, to about 5 nJ and 0.2 nJ at 1.5% bandwidth for the 400 and
200 nm CHG radiation, respectively.
The energy modulation was estimated by measuring the CHG intensity while increasing
the r56 value of the chicane from 0 to 100 µm and fitting the measured data with the
theoretical formula. This measurement was repeated while seeding with various laser pulse
energies yielding an energy modulation which is proportional to the square root of the laser
pulse energy, consistent with the theory. The maximum measured value was ∆E/E = 0.4%
obtained when seeding with a laser pulse energy of 2.6 mJ (measured before the evacuated
part of the seed beamline) at 400 nm.

6.3 Coherence measurements
A good transverse and longitudinal coherence is an essential property needed for a wide range
of experiments in holography, microscopy with phase contrast and diffraction imaging.
The coherence of CHG pulses at the short-pulse facility at DELTA has been investigated with
a double-slit setup and a Michelson interferometer. The interference patterns were observed
using the ICCD camera.
Three methods were used to extract the transverse and longitudinal coherence of CHG pulses
from interference patterns: the central visibility of the pattern was determined, a Fourier
transformation was applied to the fringe pattern, and a function for the near-field diffraction
was fitted to the measured intensity distribution. The results were in good agreement with
each other.
Diffraction patterns were recorded with different slit widths and separations. A transverse
coherence of up to 0.9 was obtained using the double-slit setup at a distance of about 10 m
from the radiator.
By conducting the double-slit experiment for different slit separations, the transverse coherence
length has been measured. The characteristic width of the coherence function was about lc =
1.9 mm for 400-nm CHG radiation and lc = 1 mm for 200-nm CHG radiation at a distance
of about 10 m from the radiator.
The transverse coherence of the SE is slightly smaller than that of the CHG radiation, but
the transverse coherence length is almost the same.
The temporal coherence length of 200-nm-CHG pulses was measured using two methods,
a Michelson interferometer and a double slit followed by movable fused silica wedges which
cause variable delay between the waves from the two slits. The results from these two methods
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are in good agreement yielding a temporal coherence length of 34 fs for the 200-nm CHG
pulses.
Measuring the visibility of the interference pattern while varying the r56 value of the chicane
showed that the temporal coherence of CHG radiation is associated with the microbunching
in the chicane. By using the optimum r56 value, the visibility of the fringes from Michelson
interferometer is at its maximum.
Furthermore, the transverse coherence of 200-nm CHG radiation was measured while varying
the chicane strength. The central visibility of the fringes did not change by varying the
chicane strength. However, when using the FFT method, the coherence shows a trend similar
to CHG intensity, which implies the effect of the temporal coherence on the the off-axis
double-slit fringes.
In addition, a rough estimate of the coherence time of the 400-nm CHG radiation was
made by recording the interference pattern from a double slit with a high resolution and
evaluating the lateral decay of the fringe visibility. The results show a coherence length larger
than about 23 fs.
Furthermore, the fast decay of the visibility of SE double-slit fringes measured without using
bandpass filters yields a small temporal coherence length of about 1 fs for 200-nm SE.
The coherence was also studied by recording the speckles pattern caused by a bio-polymer
sample [115] on a shot to shot basis, confirming a high degree of transverse and temporal
coherence of CHG pulses compared to the SE pulse.

6.4 Outlook
While the intermediate goals are CHG user experiments with 23 eV, it is reasonable to
perform the first experiments at BL 5 with a photon energy of 9.3 eV to take advantage of the
higher flux at the third harmonic of 400-nm seed pulses. For a good temporal resolution, the
probe-pulse duration should be reduced from a few ps down to a few 100 fs by lowering the
line density of the grating or decreasing the size of the probe beam on the monochromator.
The seed beamline should be equipped with an optical feedback system similar to that in the
pump-pulse beamline to achieve a better transverse laser-spot position and overlap stability.
The pulse duration of 200-nm CHG radiation could be measured by autocorrelation using
two-photon absorption (TPA) [116, 117]. As shown in [116], a pulse energy above 60 nJ is
needed for TPA. The 200-nm CHG pulse energy is currently significantly lower than this
value, but the seed-laser pulses could be used in a cross-correlator to pump a nonlinear crystal
such as CaF2 or BBO, using the CHG pulses as probe. The duration of the 400-nm laser
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pulses can be measured utilizing TPA in a visible-blind SiC photodiode. In addition to a
better understanding of the laser-electron interaction and the resulting energy modulation, a
good estimate of the pulse duration would be of benefit for user experiments, too.
Simulations focusing on the transverse and temporal coherence of CHG should be done in
order to interpret and verify the experimental results and also to understand the coherence
properties of CHG adequately.
In the near future, the evacuated section of BL 4 will be extended into the diagnostics
hutch, enabling measurements of coherence and spectra at higher photon energies, especially
at 9.3 eV (133 nm). Also planned is the construction of a fast VUV spectrometer in the
diagnostics hutch, using a recently acquired fast-gated intensified CCD camera. Its ability to
capture the radiation of single electron bunches can be used to verify the wavelength stability
of the CHG.
Seeding with 265 nm is the next step to generate CHG pulses of lower wavelengths for
pump-probe experiments at BL 5. For even higher photon energies, the EEHG [54] scheme is
planned to be implemented at DELTA.
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