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Development of spectroscopic instrumentation for Ultrafast pulses in the XUV
domain

by Paolo MIOTTI

In questa dissertazione viene presentato il lavoro realizzato nell’ambito dello
sviluppo di strumentazione spettroscopica per impulsi ultrabrevi nell’XUV. Le attiv-
ità relative all’installazione, allo sviluppo e alla caratterizzazione di strumentazione
ultraveloce per la manipolazione, il condizionamento e la rivelazione di impulsi ul-
trabrevi sono descritte in dettaglio. Inoltre, i progressi tecnici e scientifici raggiunti
e i risultati sperimentali ottenuti sono riportati e discussi.

In this dissertation the work performed in the framework of the development of
spectroscopic instrumentation for Ultrafast pulses in the XUV domain is presented.
The activities on the installation, development and characterization of ultrafast in-
strumentation for handling, conditioning and detection of ultrashort pulses are de-
scribed in detail. Moreover, the technical and scientific advances achieved, as well
as the experimental results obtained, are reported and discussed.
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Chapter 1

Introduction

1.1 Organization of the thesis

The work described in this thesis has been performed in the framework of the de-
velopment of spectroscopic instrumentation for ultrafast pulses in the XUV domain
and articulates in the following main activities:

• The installation and the characterization of two monochromatic High Har-
monic beamlines for time-resolved experiments.

• The development and the characterization of a grating compressor for the con-
ditioning of chirped ultrafast pulses.

• The use of a spectrometer employed in a Second Harmonic Generation in
graphite experiment.

After a short introduction about the importance of ultrafast XUV pulses and the
motivations that push the scientific community to develop ultrafast XUV technolo-
gies, this thesis is structured as follows:

In order to give an understanding of the experimental setups and results pre-
sented in this dissertation, Chapter 2 reports all the background theory related to
each of the activities listed above. This chapter is structured in three parts: the first
one contains the theoretical description of the High Harmonic Generation (HHG)
process, the second deals with Chirped Pulse Amplification (CPA) in seeded Free
Electron Lasers (FELs), while the third describes photon-in photon out experiments,
with a special consideration for Second Harmonic Generation (SHG).

In chapter 3, a short introduction about High Harmonic beamlines for Time-
Resolved Angular-Resolved PhotoEmission Spectroscopy using grating monochro-
mators, is given. The main elements and issues that characterize a grating monochro-
mator and the different geometries employed for the design of this kind of instru-
ments are described. Successively, a detailed description of the design and the activ-
ities related to the installation and the characterization of two monochromatic High
Harmonic beamlines for ultrafast time-resolved photoemission experiments, located
respectively at Nanjing University and Elettra Sincrotrone Trieste, is provided.
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In chapter 4, the development and the characterization of a XUV grating com-
pressor installed at the FERMI seeded Free Electron Laser light-source at Elettra Sin-
crotrone Trieste and an overview of the experiments regarding the CPA technique
performed at FERMI during the PhD period are presented.

In chapter 5, the description of a portable and compact spectrometer conceived
for photon-in photon-out experiments and all the activities related to the optimiza-
tion of the optical performance and the use of the instrument employed in a Second
Harmonic Generation in graphite experiment performed at FERMI is reported. The
analysis of the acquired data and the results of the experiment are presented.

Conclusions and an overview of future perspectives are reported in chapter 6.
Finally, in chapter 7 the list of the publications drawn up during the PhD period

is reported.

1.2 Author’s contribution

In the following, a brief description of the contribution I gave in each one of the three
main activities discussed in this manuscript is given.

• Installation and characterization of two monochromatic High Harmonic Gen-
eration (HHG) beamlines for time-resolved experiments:

I have been involved in the installation, alignment and characterization of two
different beamlines for the monochromatization of HHG radiation. The beamlines
are located in Nanjing University, China (where I spent two months of my experi-
ence abroad) and in Elettra Sincrotrone Trieste, Italy. The activities cited above are
described in detail in subsections 3.2.2 and 3.3.2. These sources are conceived for TR-
ARPES (Time Resolved-Angle Resolved PhotoEmission Spectroscopy) experiments;
In the case of the beamline located in Trieste, I also took part in the first experiments
realized after the commissioning of the beamline and some of which are described
in subsection 3.3.3.

• Development and characterization of a grating compressors for the condition-
ing of the spectral phase of chirped ultrafast pulses:

I have been involved in a project for the development and the characterization of
an XUV grating compressor to be installed at the FERMI seeded Free Electron Laser
light-source at Elettra Sincrotrone Trieste for Chirped Pulse Amplification (CPA) ex-
periments. These activities are described in detail in sections 4.1 and 4.2. In addition
to the contribution in the installation and in the alignment of the instrument, I took
also part in all the experimental runs regarding the CPA technique performed in this
period and described in detail in section 4.3.

• Use of a portable and compact photon spectrometer employed for a Second
Harmonic Generation experiment:
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The work has been related to the installation, the optimization of the optical per-
formances and the operation of a compact spectrometer in view of measuring Sec-
ond Harmonic Generation in graphite at Carbon K-edge. I took also part in the
experimental runs at FERMI dedicated to the experiment and described in subsec-
tion 5.2.1. I worked on the analysis of the acquired data reported in subsection 5.2.2.
In particular, I provided the intensity calibration of the instrument in order to calcu-
late the intensity of the photon flux emitted by the sample in second harmonic. The
calibration methods employed here are described in subsection 5.2.3.

1.3 Introduction to XUV ultrafast pulses

The comprehension of fundamental atomic and molecular processes has revolution-
ized many areas of science, leading to a better understanding of the most interest-
ing mechanisms of physics. Many processes in atoms and molecules happen in the
femtosecond (1 fs =10−15 s) and attosecond time scales (1 as = 10−18 s). Hence, the
exploration of this kind of phenomena requires the use of ultra-short light pulses in
the sub-femtosecond domain [1,2]. Ultra-short pulses enable us to record "movies"
of these phenomena with extremely high temporal resolution. These movies are
usually made through pump and probe techniques, where an ultrashort pulse (the
pump) interacts with the sample and brings it out of the equilibrium. A second
laser pulse (the probe) measures the real evolution in time of the process. Scanning
the delay between the two pulses, the complete temporal evolution of the system
can be measured. Of course, the obtainable resolution depends on the duration of
the two pulses, therefore producing shorter laser pulses enables us to resolve faster
processes. Research and experimental developments of ultra-fast technologies are
therefore essential for providing novel tools for high-resolution time-domain spec-
troscopy. It should be taken into consideration that the temporal duration of a light
pulse is limited by its optical cycle: therefore, Infra-Red (IR) and Visible light gives
too long pulses to study processes in the femtosecond or attosecond time-scale.
Thanks to the advances occurred over the last years, it is nowadays possible to
produce eXtreme UtraViolet (XUV) and Soft X-ray pulses in the sub-femtosecond
range, using different approaches [3]. The availability of these sources makes pos-
sible to apply time-resolved spectroscopic techniques in the XUV/ Soft X-rays do-
mains. XUV and X-ray Free-Electron Lasers (FELs) are based on Self-Amplification
of Spontaneous Emission (SASE) of relativistic electrons moving through the peri-
odic magnetic field of an undulator. As the electrons go through the magnet struc-
ture, they undergo oscillations and begin to radiate coherently. This technique al-
lows to generate femtosecond pulses with extremely high peak brilliance. The FEL
emission, which is quite narrow, can be tuned in a broad range of energies by adjust-
ing the electron-beam energy, the undulator period and the strength of the magnetic
field [4,5]. Since the longitudinal coherence of a SASE FEL is not excellent (due to
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the nature of the spontaneous emission process) in seeded FEL the temporal coher-
ence of the machine is improved by using a seed pulse tuned to the FEL resonance.
This temporally coherent signal can be produced by conventional high peak power
laser. High Harmonic Generation (HHG) is an important tool for the generation of
XUV radiation having extremely high coherence, ultra-short duration (down to the
attosecond time scale) and high brilliance. Essentially, it is a process in which an ul-
trashort driving laser pulse at a given frequency is converted into integer multiples
of this fundamental frequency due to the highly nonlinear interaction with a con-
version medium. The high harmonic spectrum is composed of a sequence of peaks
corresponding to the odd harmonics of the fundamental laser wavelength. The har-
monic intensity decreases rapidly for low harmonic orders, while for higher orders
a plateau of equally intense harmonics is found, which extends up the so called the
cut-off wavelength [6]. Therefore, HHs bandwidth is very broad, since multiple or-
ders of harmonics are generated coaxially. XUV and Soft X-ray harmonics cannot
reach the intensities generated by FELs, but the shorter pulses make this technique
a useful tool for the studies of novel ultra-fast phenomena [7]. Several systems have
been conceived for the handling and the conditioning of the pulses generated by
FELs and HH beamlines, in order to obtain a radiation with the desired character-
istics. Ultrashort pulses can be monochromatized, reshaped or further compressed
using specifically designed ultrafast instruments. For example, the spectral selection
of a single harmonic of a HH spectrum in a narrow XUV band or the increase of the
spectral purity of the FEL radiation can be accomplished using a grating monochro-
mator, while the shortening of the duration and the increment of power of a FEL
pulse can be performed using a grating compressor [8]. Moreover, the availability
of efficient detectors for ultrashort pulses in the XUV/Soft X-ray domains, such as
spectrometers, would help the deeper understanding of ultrafast phenomena. In
this thesis the development, the characterization and the operation of ultrafast in-
strumentations applied for the handling, the conditioning and the detection of ul-
trashort pulses in the XUV and soft X-rays is discussed.
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Chapter 2

Theory and background

2.1 High Harmonic Generation

High Harmonic Generation (HHG) is an important tool for the generation of ultra-
short XUV (eXtreme Ultra Violet) pulses down to the atto-second time scale. HHG
is a process in which an ultrashort intense driving laser pulse at a given frequency
is converted into integer multiples of this fundamental frequency due to the highly
nonlinear interaction with a conversion medium. When an ultrashort pulse is fo-
cused into an atomic or molecular targets, if the intensity is high enough it can
distorts the atomic or molecular potential enabling a frequency up-conversion pro-
cess to occur. The high harmonic spectrum is composed of a sequence of peaks
corresponding to the odd harmonics of the fundamental laser wavelength. The har-
monic intensity decreases rapidly for low harmonic orders, while for higher orders a
plateau of equally intense harmonics is found, which extends up to the cut-off wave-
length. The HHG process can be described by a three-step semi-classical model.
According to the works of Corkum [9] and Kulander [10], the electron cannot be
treated as a bound particle during the interaction with a high electric field. The elec-
tron is initially ionized (released from the binding force of the nucleus) by tunnel
effect when the absolute electric field of the laser is close to its peak during an opti-
cal cycle and is carried away from the parent ion. The laser electric field changes the
sign about a quarter of a period later, and the electron will slow down and start to
accelerate back towards the ion. At this point, the electron can possess an amount of
kinetic energy that is larger than the driving laser photon energy. This energy, added
to the ionization potential, will be transferred into photon energy when the electron
recombines with its parent atom. The cumulative emission of the individual atoms
of the medium, gives the typical spectrum of the HHG mechanism. The described
process is thus a three steps model: tunnel ionization of the atom, propagation of
the electron in the laser field and recombination with the parent ion. In this section,
the mechanism of High-Harmonic generation will be analyzed in more detail. The
single particle response is examined in sub-section 2.1.1, while propagation effects,
including phase-matching and absorption are described in section 2.1.2.
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2.1.1 Single Particle Response

The High-Harmonic Generation process is described by a semi-classical approach
composed by three steps: the ionization of the atom due the electric field of the driv-
ing laser, the propagation of the electron in the continuum and the recombination
of the electron with the parent ion. In the following, each one of these fundamental
mechanisms will be treated.

• Ionization:

If the intensity of the light interacting with the matter is increased constantly, the
electric field of the electromagnetic wave associated to the laser radiation, E(t) =

E0cos(ωt), at some point becomes comparable to the interatomic field strength. The
electron can thus escape the binding potential of the atom by tunneling. The elec-
tric field of the laser will produce a potential, e−→E (t)−→r , in addition to the Coulomb
potential of the ion:

V(−→r , t) = − e2

4πe0r
+ e−→E (t)−→r (2.1)

If the laser field strengths are big enough, the Coulomb potential can be signifi-
cantly distorted. The barrier representing the bound electronic state can be overcame
by tunneling, upon which the electron can be considered affected only by the electric
field of the laser, as shown in Fig. 2.2 a). Since the atom can be actually ionized in
other two different ways (multi-photon ionization and above-barrier ionization) the
Keldysh parameter γ is introduced. It is defined as the ratio of the laser frequency
to the tunneling frequency and determines for which range of laser field strengths
E0, angular frequency ω, together defining the ponderomotive potential Up, in com-
bination with a particular ionization potential of the medium Ip, the tunneling de-
scription is valid.

γ =
ωlaser

ωtunnel
=

s
Ip

2Up
, where Up =

e2E2
0

4meω2 (2.2)

where e is the electron charge and me is the electron mass.
In terms of the laser intensity and wavelength, the ponderomotive energy is

given by

Up[eV] = 0.97 · 10−13 I[Wcm−2]λ2[µm2] (2.3)

Using this parameter it is possible to determine if the atom is ionized in the tun-
nel (γ << 1) or the multi-photon regime (γ << 1). The laser-distorted Coulomb
potential is oscillating with the laser frequency. For higher and higher frequency
(and thus larger and larger γ) the electron does not have enough time to follow to
the fast changes in the potential. The electron motion will be then governed by an
average over many cycles of the laser field rather than by the tunneling process in
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a single cycle, since the tunneling time, depending on E0 and Ip, is larger than the
optical period. The nonlinear interaction with the laser field (absorption of many
photons) will lead to an electronic state with an energy larger than zero, thus a free
electron, as shown in Figure 2.1 b).

In the other case, the field of the laser can get high enough to suppress the barrier,
as shown in Fig. 2.1 c). The electron is then classically ‘ripped off’ the atom. This ion-
ization process is called the ‘barrier-suppression ionization’. The tunnel-ionization
is the best suited regime to high-harmonic generation.

FIGURE 2.1: Different processes of ionization: a) the tunneling, b) the
multi-photon ionization and c) the barrier-suppressed ionization.

• Propagation:

After the ionization, the electron passes from a condition in which it could oc-
cupy only a certain quantized energy states to one in which it can assume a con-
tinuum set of energies. In the continuum the classical mechanics can be used to
describe the electron motion and to find its trajectories. Its motion can be thought
as that of a charge in an oscillating electric field. If we suppose the electron is sub-
jected only to the force produced by the incident laser electric field the velocity of
the electron is:

v(t) =
Z t

0
− e

m
E(t0) dt0 + v0 = − E0e

mω
sin(ωt) + v0 (2.4)

where the vector arrows are omitted in the case of one-dimensional motion of
the electron. If we consider only electrons possessing a zero drift velocity, v0 = 0,
their average kinetic energy defines the ponderomotive potential mentioned above.
If the electron, initially bound to an atom at x = 0, is ionized at the time zero with
initial velocity v0 = 0 and at an arbitrary phase ϕ of the electric field, the velocity
v(t) and position x(t) can be calculated:

v(t) = − E0e
mω

(sin(ωt + ϕ)− sin(ϕ)) (2.5)

x(t) =
Z t

0
v(t0) dt0 = − E0e

mω2 (cos(ωt + ϕ)− cos(ϕ)) + sin(ϕ)t (2.6)
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The time-independent term in the velocity can be interpreted as drift velocity. If
it is zero, the electron is oscillating around a fixed reference position. If it is nonzero,
the reference position is moving in time. The maximum kinetic energy of an elec-
tron can also be derived, and it is 8Up. The amplitude of the oscillatory position
is referred to as the ponderomotive radius a0. At laser intensities in the order of
1014[Wcm−2] typical values of a0 are on the order of some nanometers (much larger
than the atomic radius). These values denote the validity to consider the electron as
a free particle in the laser field. It is worth to be noted that a0 is limited to a quarter
of the wavelength for electrons moving close to c. These relativistically moving elec-
trons do not play a role in the high harmonic generation process. The laser intensities
(at ≈ 800 nm) typically used for high-harmonic generation are below 1015[Wcm−2],
while the laser intensities needed to accelerate electrons to relativistic intensities are
beyond 1017[Wcm−2]. The electron trajectories versus time in a linearly polarized
laser electric field are shown in Fig. 2.2. It is possible to observe the different paths
for electrons that become ionized at different phases of the laser field. Only few
electron trajectories return to the origin, where the electron can recombine with the
parent ion. The absolute value of the slope of the trajectories at the zero crossings is
the velocity of the electron and thus a measure for their kinetic energy. Its highest
value is obtained at an ionizing phase close to 20 degrees. In addition, only the first
two zero crossings lead to significant photon emission. This can be explained with
the quantum-mechanical nature of the electron, which suffers from spreading of the
wave-function as soon as it is not bound to a potential.

FIGURE 2.2: Electron trajectories in a linearly polarized laser electric
field (a0 versus time for a unidirectional motion).

• Recombination:

The electron oscillating with the electric field has a finite probability to collide
with the parent ion in a specific time. As also mentioned, the more it rests in the
continuum, the more its wave function broads and the more the superposition with
the wave function of the bound state decreases and thus lower is the probability to
collide with the ion. When an electron recombines with the parent ion, typically a
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photon is emitted carrying away the excess energy of the electron. In particular, the
accelerated electrons emit a high harmonic photon with energy h̄ω = Ekin + Ip. As
seen above, the slope of the trajectories at the zero crossing assumes different val-
ues, corresponding to different velocities and thus different kinetic energies. The
maximum kinetic energy that the electron can have when it recombine with its par-
ent ion corresponds to the maximum photon energy which can be generated in the
process. The maximum kinetic energy is ≈ 3.17Up, occurring at a phase of ≈ 18
degrees. All the electrons ionized at this time produce harmonic photons with the
highest energy. The high-harmonic soft x-ray spectrum vanishes at photon energies
higher than h̄ωc = 3.17Up + Ip. This relation is the cut-off law for the high harmonic
generation process. This law is the confirmation that the tunneling regime supports
the generation of high harmonic radiation. The highest photon energies are pro-
duced when the electric field is close to its peak in the optical wave. In the tunneling
regime, the ionization rate increases with the electric field. Therefore, many ionized
electrons will contribute to high-harmonic generation. Considering the cut-off law, it
is evident that in order to generate higher harmonic orders a larger pondero-motive
potential is needed. This is fulfilled in the tunneling regime, where the Keldysh pa-
rameter γ has to be much smaller than unity. The dependence of the high-harmonic
process on the phase of the driving field also evidence that the harmonic radiation is
intrinsically coherent to the fundamental field. The harmonic peaks of a high order
harmonic spectrum exist at odd integer multiples of the fundamental frequency f
of the driving laser. This happens because the three-step process repeats every half-
cycle of the laser field. The Fourier transform will be thus discrete, with a separation
corresponding to 2 f , which is what it is observable in the spectrum. If the conver-
sion medium has broken inversion symmetry, harmonic emission will not occur at
every half-cycle but at every cycle of the laser field. This happens also if the plasma
is driven at very high intensities, where the magnetic field of the laser becomes high
enough to break the inversion symmetry. In this case the laser intensities are on the
order of 1018[Wcm−2] and the electron motion is not harmonic anymore as described
by the classical propagation equations. In Fig. 2.3 the three-step model is finally
summarized.

Finally, a typical high-harmonic spectrum generated in neon is shown in Fig.
2.4. As mentioned, for low orders the harmonic intensity is rapidly decreasing. A
plateau is visible for higher orders, which is terminated at the cut-off, the highest
harmonics that can be generated. The spectral position of the plateau depends on
both the gas used and the intensity of the driving light.

2.1.2 Propagation effects

The phase matching issues of the high harmonic generation process is here dis-
cussed. The equation for the wave-vector mismatch for the generation of the mth
harmonic can be written as:
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FIGURE 2.3: The three steps model. a) The ionization of the atom, b)
the acceleration of the electron in the laser field , c) the recombination

of the electron with the parent ion.

FIGURE 2.4: A typical high-harmonic spectrum generated in Neon.

∆k = mk(ω f )− k(mω f ) (2.7)

where ω f is the fundamental laser angular frequency. Since the collinear har-
monic generation geometry is considered, the formula can be written in the scalar
form. The medium used for the generation process is generally a gas which exhibits
dispersion and its refractive index depends on ω. The dispersion modifies the wave-
vector by the amount ∆kdisp. Moreover, the high intensities employed to drive the
high order harmonic generation leads to the generation of free electrons, the ma-
jority of them do not recombine with their parent ion. The generated plasma gives
origin to a resonance that modifies the refractive index and creates the contribution
∆kplasma. In addition, the focusing and propagation of the driving laser brings to a
geometrical modification ∆kgeom of the wave-vector. Then, the wave-vector can be
written as:

k(ω) = kvac(ω) + kdisp(ω) + kplasma(ω) + kgeom(ω) (2.8)
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where kvac(ω) = 2πω
c is the wave-vector in free space. The wave-vector mismatch

can be thus written as:

∆k = ∆kdisp + ∆kplasma + ∆kgeom (2.9)

The phase matching is always achieved in vacuum, since the contribution ∆kvac

vanishes because:

∆kvac = m
ω f

c
−

mω f

c
(2.10)

The conversion media used for high generation exhibits all dispersion, which is
the dependence of the refractive index n(ω) to the frequency of the radiation. The
wave-vector mismatch due to dispersion can be written as:

∆kdisp(ω) = mkdisp(ω f )− kdisp(mω f ) = (n(ω f )− n(mω f ))
mω f

c
(2.11)

In general, the refractive index is larger than 1 in the near-infrared (wavelengths
range of the fundamental laser light) and smaller than 1 in the XUV, where the har-
monics are located. Therefore ∆kdisp > 0. In the High order Harmonic generation
process only few electrons recombine with the parent ion to emit a harmonic photon.
The remaining electrons become free for a long time compared with the duration of
the laser pulse (several ns). The plasma contribution to the wave-vector mismatch
is:

∆kplasma = mkplasma(ω f )− kplasma(mω f ) =
ω2

p(1 − m2)

2mcω f
(2.12)

where ωp is the plasma resonance frequency. Therefore ∆kplasma < 0. Since we
need to generate high intensities, also the geometry contribution has to be taken into
account. Basically two geometries can be employed for high harmonic generation:
focusing onto a gas jet or cell in a free space geometry or propagating the gas in a
hollow capillary as a waveguide. The focusing on a free space geometry contribu-
tion will be analyzed, since this kind of approach is the most widely used in high
harmonic generation beamlines. In Fig. 2.5 the free space focusing geometry sketch
is reported. The focusing on a free space geometry contribution to the wave-vector
mismatch is

∆k f oc = mk f oc(ω f )− k f oc(mω f ) = 2
m − 1

b
(2.13)

where b = 2zr is the confocal parameter, with zr the Rayleigh length of the beam.
Therefore ∆k f oc > 0.

In order to generate high-harmonic radiation at the maximum efficiency, we have
to ensure phase-matching conditions, taking into account all the contributions to the
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FIGURE 2.5: The sketch of the free space focusing geometry.

phase mismatch. At this point, the total phase mismatch for the focusing geometry
can be rewritten as:

∆k = ∆kdisp + ∆kplasma + ∆k f oc (2.14)

Since it necessary to achieve ∆k = 0 for a most efficient conversion of the driving
laser radiation into mth harmonic radiation, the contribution of neutral dispersion
and the focusing geometry have to be counter-balanced by the plasma dispersion.
The ∆k f oc term in general depends on z, the distance from the focus on the optical
axis. Moreover, the intensity also changes along the propagation direction as the
beam is focused. The atomic dipole phase depends on intensity for one particular
trajectory of the electron affect the wave-vector of the harmonic radiation [11,12].
This brings to different spatial distributions of the harmonic intensity in the gener-
ated beam depending on whether the gas jet is placed before or behind the focus[12,
13]. Beam shaping techniques can be used in order to optimize the harmonic pro-
duction process in the free focusing geometry [14]. The density of the gas can also
be varied in order to improve the phase matching. This can be done increasing the
pressure in the gas cell. Moreover, the plasma density depends on the ionization
potential of a given gas and it can be controlled by means of the intensity or the du-
ration of the laser pulse. Note that the change in intensity will cause a change in the
maximum harmonic order (cut-off law) that can be generated. As can be seen from
equation (2.12), ∆kplasma becomes higher increasing the harmonic order m. There-
fore, keeping the plasma density at low values is fundamental. On the other hand, it
is necessary to apply high intensities to generate very high harmonic orders. The so-
lution to overcome this contradiction is using very short driving laser pulses [15,16].
Using shorter pulses higher peak intensities of the harmonics can be obtained (com-
pared with a longer pulse) for the same amount of plasma being created. When
a long pulse ionize completely the medium by the time it reaches its peak inten-
sity, the available high intensities cannot be used for harmonic generation since the
HHG process is based on the availability of non-ionized electrons. A shorter pulse
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reaches the same peak intensities in a shorter time, in which the medium does not
have enough time to become completely ionized (assuming the ionization rate de-
pending mainly on the instantaneous electric field or intensity). A limitation for
the phase-matching is the re-absorption of the generated harmonic radiation within
the conversion medium; the high-harmonic spectrum is generated in the XUV/Soft
x-ray spectral region, where light is strongly absorbed by matter. The absorption
length of a conversion medium (which is the distance after which the intensity of
the propagating radiation drops to 1/e) is La = σρ, where σ is the particle den-
sity. The driving laser propagates through the conversion medium and generates
new harmonic light that is added to the co-propagating harmonic radiation gener-
ated earlier, which is affected by absorption. Summing over all contributions to the
mth harmonic radiation at the point where the harmonic pulse leaves the conversion
medium the following relation is obtained:

Im ∝
Z L

0
ρAm(z)e−

L−z
2La eiϕm(z) dz

2 (2.15)

where Am(z) is the harmonic amplitude of the single-particle response and phase
ϕm(z), at the exit of the conversion medium of length L. If Am(z) is not depending
on the position z along the optical axis as it is approximately the case of a loose focus-
ing geometry, where the laser intensity stays roughly constant along the interaction
region, the equation above becomes:

Im ∝ ρ2A2
m

4L2
a

1 + 4π2(L2
a/L2

c)
(1 + e−

L
La − 2cos(

πL
Lc

)e−
L

2La ) (2.16)

where Lc =
π
∆k is the coherence length that can be calculated from the total wave-

vector mismatch. It is worth to be noted that the equation converges to a finite value
for the case of L −→ ∞. In order to generate close to the maximum amount of
harmonic radiation that is possible, given the absorption of the gas, the conditions
L > 3La and Lc > 5La must be fulfilled [17,18].

2.2 Chirped Pulse Amplification (CPA) in seeded Free Elec-
tron Lasers

Chirped pulse amplification (CPA) in optical lasers is a well known technique which
allows the generation of femtosecond pulses in the infrared and visible spectral
ranges with extremely high power [19]. Thanks to the advances occurred in the
recent years, it is nowadays possible to produce eXtreme UtraViolet (XUV) and Soft
X-ray pulses in the sub-femtosecond range to be used for experiments in a large
variety of disciplines. Free Electron Lasers allows generating femtosecond pulses
radiation with extremely high peak brilliance in the XUV/Soft X-ray domain. Un-
fortunately, for any given FEL setup, a temporal limit exists in the generation of
ultra-short pulses carrying substantial energy. Several methods have been proposed
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to shorten the ultra-short duration of FEL pulses such as time slicing and reduction
of the electron bunch charge [20-23]. In these methods, the output pulse energy is
strongly limited by the lower number of electrons participating in the amplification
process. Recently, other innovative theoretical schemes have been proposed, in or-
der to increase the peak power of the FEL radiation up to the terawatt [24]. However,
in these cases, the pulse shortening is limited by the FEL gain bandwidth. Moreover,
none of these methods allows the control of the spectral and temporal properties of
the generated light, which is a fundamental requisite for the generation of extremely
high-coherence optical pulses [25]. A different approach is the optical compression
of the pulse generated by the whole electron beam, applying the CPA technique
to seeded FEL pulses [26, 27]. CPA, in fact, can be also applied to seeded FELs if
the seeding pulse is stretched in time before the interaction with the electron beam.
In this way the whole electron beam charge is employed, obtaining a significantly
higher number of photons with ultra-short duration. In this section, the mechanism
of the CPA on seeded FELs will be analyzed in detail. The basic description of the
FEL process, with a comparison between SASE FELs and Seeded FELs is examined
in sub-section 2.2.1. The theoretical description of the CPA technique on seeded FELs
is described in section 2.2.2.

2.2.1 Free Electron Lasers

Free Electron Lasers (FELs) are coherent light sources which produce ultra-short,
tunable and extremely high brilliant radiation from the infra-red (IR) to the X-ray
domain. In a FEL the electrons are accelerated at relativistic kinetic energies and
travel through the periodic magnetic field of an undulator in which the radiation
is emitted. The interaction with the electromagnetic radiation field leads to an ex-
ponential growth of the radiation emitted by the electrons. Self Amplified Spon-
taneous Emission (SASE) FELs are based on the amplification of the spontaneous
emission emitted in the undulator, whereas Seeded FELs use an external radiation
(i.e. a seed laser) to initiate the radiative process. Since the electrons in the FEL are
not bound to atoms and thus not limited to specific transitions, the FEL is tunable
over a wide range of wavelengths, depending on the accelerator energy and undu-
lator parameters. For IR and visible FELs, the amplification can be obtained using
an optical cavity with mirrors on both sides and the electrons passing the undulator
as the gain medium in between. In this way the light from many successive electron
bunches can be stored and amplified. For XUV and X-ray FELs, mirrors cannot be
applied due to their low reflectivities in normal incidence in this domain and poten-
tial mirror damage due to the high absorbed power. Since a SASE FEL operates in
the high-gain regime, it does not require any optical cavity. FELs in the visible and
UV range can be realized in synchrotron radiation storage rings, while, due to the
higher demands on the electron beam properties, a linear accelerator is needed to
generate FEL radiation in the XUV and X-ray range. The most promising approach
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is the setup of a single pass SASE FEL at a state of the art linear accelerator in com-
bination with a high-performance radio frequency photo-cathode electron gun and
longitudinal bunch compression. While travelling with relativistic velocity through
the undulator, the FEL electrons are accelerated in the direction transverse to their
propagation due to the Lorentz force introduced by the magnetic field. They prop-
agate along a sinusoidal path and emit radiation in a narrow cone in the forward
direction. The opening angle of the wavelength integrated radiation is:

1
γ
=

mec2

Ee
(2.17)

where me is the electron mass 511KeV/c2 and Ee the electron energy. The ra-
diation generated by the electrons while travelling along the individual magnetic
periods overlaps and the formula for the wavelength λph of the first harmonic of the
spontaneous, on-axis undulator emission becomes:

λph =
λu

2γ2 (1 + K2
rms), Krms =

eBuλu

2πmec
(2.18)

where λu is the length of the magnetic period of the undulator and Krms is the av-
eraged undulator parameter that provides the ratio between the average deflection
angle and the typical opening cone of the synchrotron radiation. Bu is the rms mag-
netic field of the undulator and e is the electron charge. To obtain an exponential
amplification of the spontaneous emission in the undulator, a good electron beam
quality and a sufficient overlap between radiation pulse and electron bunch along
the structure must be achieved. This means that low emittance, low energy spread
of the electron beam with an extremely high charge density together with a precise
magnetic field and accurate beam steering through the undulator must be provided.
During the oscillation through the undulator, the electron bunch interacts with its
own radiation created via spontaneous emission. Depending on the phase between
the electromagnetic field and electron oscillation, electrons can be decelerated or ac-
celerated: when they are in phase with the electromagnetic field they are retarded,
whereas when they own opposite phase they gain energy. In this way a longitudi-
nal structure (called micro-bunching) which amplifies the electromagnetic field, is
established. In Fig. 2.6 the scheme of the SASE process in a FEL undulator is shown.
The longitudinal density modulation of the electrons with the resulting exponential
growth of the radiation power are shown in the lower part of the picture.

The electrons in the longitudinal direction within the bunch are "sliced" with a
separation corresponding to the wavelength where λph, which is the wavelength of
the emitted radiation which causes the modulation. The electrons begin to radiate
in phase increasingly with a subsequent growing coherent superposition of the radi-
ation emitted from the micro-bunched electrons. The more intense the power of the
radiation become, the more intense the longitudinal density modulation of the elec-
tron bunch is and vice versa. Initially, all the electrons in the bunch Ne ≥ 109 can be
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FIGURE 2.6: Scheme of the self-amplification of spontaneous emis-
sion (SASE) in an undulator.

treated as charges that radiates singularly with the power of the spontaneous emis-
sion, which is linearly proportional to the number of electrons in the bunch P ∝ Ne.
When the bunching is achieved, all the electrons radiate almost in phase. This leads
to a radiation power quadratically proportional to the number of electrons in the
bunch P ∝ N2

e . The progressing micro-bunching leads to an exponential growth of
the radiation power P(z) with the distance z along the undulator [28- 30]:

P(z) = APine
2z
Lg (2.19)

where Lg is the field gain length, Pin is the input power and A the input coupling
factor, which is equal to 1/9 in one-dimensional FEL theory with an ideal electron
beam. For the estimation of the input power one can use the spontaneous radi-
ation power on the first gain length inside a coherence angle and within the FEL
bandwidth. It is worth to be noted that the exponential growth takes place until the
electron beam is completely bunched, after which saturation effects take place. The
main properties of the FEL radiation can be derived from the FEL parameter ρ [31]:
the field gain length is Lg = λu

4πρ , the FEL amplifier bandwidth ∆ω
ω and saturation

efficiency (ratio of the output radiation power to the electron beam power) are about
ρ. This factor depends on the parameters of the electron beam and of the undulator
of the FEL and is always much smaller than unity. The radiation from an XUV-Soft
X-ray FEL has a narrow bandwidth, is fully polarized and transversely coherent.
The transverse coherence is also reflected in the development of the transverse in-
tensity distribution along the undulator, as shown in Fig. 2.7. On the other hand,
the longitudinal coherence of a SASE FEL is not excellent, due to the nature of the
spontaneous emission process. Examples of the spectral and temporal structure of
the radiation pulse from a SASE Soft X-ray FEL are presented in Fig. 2.8.
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FIGURE 2.7: Distribution of the radiation intensity across one slice of
the pulse along the undulator. The figure shows the intensity vs. the

transverse coordinates.

FIGURE 2.8: Spectral and temporal structure of the radiation pulse
from a SASE Soft-X-ray FEL.

The spectral and temporal profiles of the output radiation are a consequence of
the SASE process: considering that the electron bunch consists of discrete charges
randomly emitted from a cathode, the charge density presents random fluctuations
in time and space. The SASE radiation has random amplitudes and phases in time
and space. It is also worth mentioning that using a planar undulator, a SASE FEL
also generates higher harmonics, since the micro-bunching of the electrons at the
fundamental wavelength of the undulator can also push a bunching at the higher
harmonics of this fundamental wavelength. To improve the temporal coherence of
the machine, a seed pulse tuned to the resonance of the FEL can be employed in
order to initiate the amplification process. This temporally coherent signal can be
produced by high-harmonic generation (HHG) or by conventional high peak power
laser. The purposes of seeded FELs are, besides to overcome the limitation of lon-
gitudinal coherence of the SASE FELs (thus improving the brilliance of the output
signal), synchronizing the FEL with an external signal and improving the stability of
the FEL power from shot-to-shot [32]. In Fig. 2.9 examples of the spectral and tem-
poral structure of the radiation pulse from a Seeded XUV-Soft X-ray FEL are shown.
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FIGURE 2.9: Spectral and temporal structure of the radiation pulse
from a Seeded Soft-X-ray FEL.

As already mentioned, the characteristics of the FEL radiation are high power,
short pulse length, narrow bandwidth, spatial coherence and wavelength tunabil-
ity. The FERMI FEL light-source at Elettra Sincrotrone Trieste is one of the major
FEL projects in Europe. It is a unique international user facility for scientific inves-
tigations employing ultra high brilliance X-ray pulses based on an external seeding
scheme. In Figure 2.10 some typical photon beam parameters of the FERMI @ ELET-
TRA seeded Free Electron Laser are reported.

FIGURE 2.10: Photon beam parameters of the FERMI @ ELETTRA
Free Electron Laser.

2.2.2 The CPA technique

In a solid-state laser, the frequency chirping is employed to stretch a short duration
pulse before the amplification process, in order to reduce the phase distortion in
the medium. After the pulse amplification, the chirp is compensated in order to
recover the short duration and the high power of the pulse. Similarly, CPA in FELs
consists on stretching the seed pulse in time before the interaction with the electron
beam. In this way the bunching is induced on a larger number of electrons, and the
output energy of the generated FEL pulse is linearly increased. In ideal conditions,
the frequency chirp carried by the phase of the seed is transmitted to the phase of
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the FEL pulse. The compensation of the chirp of the FEL pulse enable the recovery
of the duration of the short pulse (ideally limited by the Fourier limit) and a larger
peak power with respect to what obtained, for the same operating conditions, in
the no chirped seed operation mode. Another advantage of the CPA technique is
the possibility of significantly shortening the duration of the FEL pulse, with respect
to what obtained in "standard" operation mode. Moreover, as demonstrated below,
the bandwidth of a seeded FEL operated in CPA mode increases with the harmonic
number n. This effect can be obtained by properly chirping in energy the electron
beam in order to match the FEL resonant condition. This allows to bypass the limit
due to the finite FEL gain bandwidth, removing the limit on the shortest FEL pulse
duration reachable with an optical compressor [27, 33]. Consider a Gaussian chirped
laser pulse having an electric field in the frequency domain:

E(ω) ∼ e
− ω2

2σ2
ω e−

iβω2
4 (2.20)

where σω is the rms laser bandwidth and β is the Group Delay Dispersion (GDD),
used to quantify the frequency dispersion. The Fourier transform of Eω is:

E(t) ∼ e
− t2

2σ2
t eiΓt2

(2.21)

where the coefficient of the quadratic temporal phase, Γ, and the (rms) laser pulse
duration σt, are related to β and σω through the following relations:

Γ =
β

4/σ4
ω + β2 (2.22)

σ2
t = 1/σ2

ω + 1/4β2σ2
ω (2.23)

Based on the previous equations, two regimes can be distinguished: For β <<

2/σ2
ω and thus for σt ’ 1/σω; for β >> 2/σ2

ω and thus σt ’ 1/2βσω. The second one
is the suitable regime for the CPA technique. If the FEL is seeded by a gaussian seed
laser pulse, the FEL is expected to have an almost gaussian pulse profile. According
to the literature [34], the duration of the FEL pulse in the standard operating mode
is:

(σt)
NoCPA
FEL = n−α(σt)tseed (2.24)

where n is the harmonic order of the FEL radiation, (σt)tseed is the duration of
the seed pulse and α (positive and smaller than 1/2) is a factor that depends on
the regime in which the FEL is operated. As a consequence of this frequency up-
conversion, the phase of the FEL pulse is n times that of the seed. On this basis, it
can be easily shown that if the seed is characterized by a strong chirp (and the lon-
gitudinal electron-beam energy profile can be assumed to be almost flat), the same
is for the FEL pulse [35]. In this case, the amount of GDD to be compensated by the
optical compressor is related to βseed by the following relation:
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βFEL ’ βseed/n (2.25)

Combining the previous equations the FWHM FEL pulse bandwidth (∆ω)FEL

scales according to the relation:

(∆ω)FEL = n1−α(∆ω)seed (2.26)

In the following, it is assumed to work with a FEL in moderately saturated
regime, corresponding to α ’ 1/3 [34]. It is worth to be noted that in seeded FELs the
broadening of the FEL pulse bandwidth respect to that of the seed pulse originates
from two competing phenomena: the frequency up-conversion process increases
the FEL pulse bandwidth by a factor n relative to the bandwidth of the seed, while
the dynamic reduction of the FEL pulse duration due to the nonlinear laser-electron
interaction within the modulator, represented by the factor α, counterbalance the ef-
fect. The shortest FEL pulse duration, (∆t)

min
FEL obtainable after compressing the FEL

pulse can be thus derived from the equation above and it is:

(∆t)
min
FEL =

(∆t)
TL
seed

n1−α
(2.27)

where (∆t)
TL
seed is the seed pulse duration at the transform limit (i.e. in the absence

of chirp).

2.3 Photon-in photon out experiments and SHG

Photon-in photon-out XUV/Soft-X-ray spectroscopy techniques are long-standing
approaches applied for material analysis at 3rd generation synchrotron radiation
sources [36- 39]. Moreover, the development of 4th generation XUV/Soft-X-ray free-
electron-laser (FEL) sources have opened new perspectives in the study of the struc-
ture and dynamics of materials at atomic level and ultra-fast timescale using this
kind of techniques [40- 44]. As also outlined in the previous sections FELs are ca-
pable of delivering XUV/ Soft X-ray pulses with high brightness, ultrashort pulse
duration, and extremely high coherence. The availability of an extremely high num-
ber of photons in a single pulse in the fs time scale allows to study ultrafast single
and multi-photon excitation and, by using a pump and probe scheme, excitation dy-
namics involving core levels. It is worth to be noted that the high photon per pulse
obtainable with FEL sources, brought also to a considerable improvement in the re-
alization of instrumentation for the detection of high-quality spectra with a single
shot or with a limited number of pulses. This opened the way to unprecedented
applications of photon-in photon-out techniques under extreme conditions or to iso-
lated molecules and clusters in the soft and X-ray regimes. In this section, Photon-in
photon out experiments, with a special consideration for the Second Harmonic Gen-
eration (SHG) process, are described. In subsection 2.3.1 a brief overview of the main
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elements of photon-in photon-out spectroscopy is first of all given, together with an
outline regarding the instrumentation for analyzing Soft X-ray emission spectra. In
subsection 2.3.2 a detailed description of the SHG process is given.

2.3.1 Introduction and instrumentation

X-ray emission spectroscopy (XES) is a standard technique for probing the occupied
density of electronic states of a material. In this process a core electron is excited by
an incident X-ray photon and this excited state decays by emitting an X-ray photon
to fill the core. The energy of the emitted photon is equal to the energy difference
between the involved electronic levels. The analysis of the energy dependence of
these emitted photons provides information about the electronic structure of a given
material. XES is element-specific and site-specific, and can occur in two ways: non-
resonant x-ray emission spectroscopy (NXES) and resonant inelastic x-ray emission
spectroscopy (RIXS). NXES probes the occupied density of electronic states of a ma-
terial. In this case, when an electron is excited to an unoccupied state, a core hole
is created. This core hole can be filled by the previously excited electron or by an
electron from higher occupied states. RIXS technique is based in the inelastic scat-
tering of photons that are of a specific energy that corresponds to a resonance peak
in the absorption spectrum of the material. In this process the energy and momen-
tum change of the scattered photon are measured by analyzing the excitations in the
material caused by the transfer of energy. Whereas, X-ray absorption spectroscopy
(XAS) is complementary to XES and is a fundamental tool for probing the unoccu-
pied density of electronic states of a material. The measurement analyze the fraction
of photons that are absorbed by the sample. Photons are absorbed by atomic core
energy level electrons, which are then promoted to higher previously unoccupied
energy levels. Again, the decay of electrons from these unstable states originates the
emission of photons having an energy equivalent to the energy difference between
the core level and excited state. XAS is also a powerful technique for measuring
density of states because it is, as it is XES, element and site specific. In Fig. 2.12 the
schematic energy level diagram of the XES and XAS processes is reported.

The development of 4th generation XUV/Soft X-ray FEL sources have opened
the way to unprecedented applications of photon-in photon out spectroscopies. A
wide range of experiments on organic molecules [45] metal-organic complexes [46]
and clusters [47] have taken advantages from the improvements in the FEL radia-
tion sources, given the extremely low number of target particles available in these
experiments. An additional degree of freedom can also be obtained with pump-
probe schemes using FELs. The probing of core electrons will allow a direct inves-
tigation of photo-physical and photo-chemical processes with the elemental sensi-
tivity of core electron spectroscopies. However, various combinations of photon-in
photon-out techniques have been used for chemical and structural investigations of
condensed matter [48]. The availability of efficient detectors for this kind of experi-
ments would help a deeper understanding of ultrafast transitions occurring in solid
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FIGURE 2.11: Schematic energy level diagram of the XES and XAS
processes.

targets (surfaces and thin films) in the femtosecond time scale. The extremely high
photon per pulse obtainable with FEL sources brought to a considerable improve-
ment in the realization of instrumentation for the detection of high-quality spectra
with a single shot or with a limited number of pulses. Several instruments for an-
alyzing emission spectra in the XUV and soft X-ray region are available currently.
The main specifications of these devices are the detection efficiency (throughput)
and the resolving power. Grating spectrometers are one of the most used tools for
the analysis of X-ray emission spectra. In this kind of instruments the X-rays radi-
ation from a sample usually enters a source-defining slit and is then dispersed (e.g.
each wavelength is sent into a different direction) by a diffraction grating. A detector,
placed at the focal point of the instrument, finally acquire the diffracted radiation.
If the repetition rate is not too high, single shot spectra within a certain wavelength
range can be recorded simultaneously by using a two-dimensional detector such as
a micro-channel plate or an X-ray sensitive CCD chip. Grating spectrometers can
be divided into two main categories: plane gratings spectrometer and Variable Line
Spacing (VLS) grating spectrometers. A plane grating spectrometer usually needs
optical element that makes the divergent rays emitted by the source into a parallel
beam. This is typically achieved by using a toroidal mirror. The parallel rays com-
ing from this mirror are sent to a plane grating (having a constant groove density)
and are diffracted depending to their wavelength. A second toroidal mirror, placed
after the grating, collects the diffracted rays at a certain angle and creates an image
on a detector. A VLS spectrometer consists, instead, in using a spherical or toroidal
grating with variable line spacing along the surfaces, to provide a flat spectral focal
plane that is almost perpendicular to the direction of the diffracted light [49]. In this
case no other additional mirrors are required either to collimate the beam before the
grating and to focus it in to the detector [50]. The optimal design of these instru-
ments should ensure minimal optical aberrations (and thus maximal resolution) at
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maximal angular acceptance (and thus maximal spectrometer throughput) [49, 51]
making this kind of tools very suitable for photon-in photon-out applications. In
fact, the use of these techniques is still limited, the main limiting factor being the
low density of the samples under analysis.

2.3.2 Second Harmonic Generation

One fundamental nonlinear probe is second harmonic generation (SHG), a second
order non-linear process in which two photons at the same energy are combined
together to generate a single photon having twice the energy [52]. This technique
exploits the enhancement of the second-order nonlinear response to a high intensity,
coherent photon beam when either the intermediate or final state is resonant with a
real state within the target material. A schematic energy level diagram of the SHG
process is shown in Fig. 2.13. Second harmonic generation is based on the conver-
sion of two photons of frequency ω into a single photon of frequency 2ω.

FIGURE 2.12: Schematic energy level diagram of the SHG process.

In the infrared, visible, and ultraviolet domains, second order non-linear spectro-
scopies are well-known technique for the surface analysis, since symmetry examina-
tion within the dipole approximation constrain signal generation to regions without
centrosymmetry, such as surfaces and interfaces [53]. On the other hand, at hard
x-ray wavelengths, SHG is a bulk-sensitive technique, since it has been observed
in centrosymmetric materials with a non-uniform electron density [54]. In the soft
x-ray domain there has been uncertainty regarding the interface specificity of soft
x-ray SHG. Recently, using a highly coherent, soft x-ray free electron laser, soft x-ray
second harmonic generation near the carbon K edge (∼ 284 eV) has been observed
[55]. Experimental results and theoretical analysis demonstrate that soft x-ray SHG
is an interface-specific probe with symmetry constraints similar to optical SHG, and
is sensitive to resonance effects. This could open new perspective for surface and
interface analysis in various scientific fields, since the technique combines the ele-
mental specificity of x-ray absorption spectroscopy with the interfacial specificity of
second-order nonlinear spectroscopies. The nonlinear response to a coherent input
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beam of frequency ω can be derived from an expansion of the polarization of the
target medium

−→P =
−→X (1)E +

−→X (2)EE +
−→X (3)EEE (2.28)

where −→X (n) is the nth order susceptibility tensor. Under the dipole approxima-
tion the even orders vanish in centrosymmetric media. This makes SHG a surface
specific process in centrosymmetric media, as this symmetry is broken only at the in-
terfaces. Assuming a broken-symmetry region with thickness t << λ, wavelength
of the incident radiation, at the resonant photon energies of a given material the
intensity of the SHG signal from a given interface is given by:

I2ω ∝
X(2)e f f

2 I2
ω (2.29)

where X(2)e f f is the effective susceptibility of the interfacial region and Iω is the
intensity of the fundamental beam. It is worth to be noted the quadratic dependence
of the second harmonic (SH) intensity on the input intensity. Moreover, the surface
sensitivity in centrosymmetric media implies that the power dependence of the SH
signal is largely invariant with the sample thickness. Prior to the development of
XFELs, the lack of light sources with sufficient intensity and coherence has heavily
limited the development of nonlinear soft x-ray spectroscopies. With the advent of
these sources SHG will open the way to a novel class of interface analysis experi-
ments with higher interfacial specificity than other existing soft x-ray techniques.
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Chapter 3

Monochromatic beamlines for
TR-ARPES experiments

Angle-Resolved Photo-Emission Spectroscopy (ARPES) is a well known method for
studying the electronic structure of materials [56]. The technique is based on photoe-
mission spectroscopy, studying the emission of electrons from a sample illuminated
with XUV or soft X-rays radiation. In particular, ARPES measures the distribution
of the emitted photoelectrons as a function of their kinetic energy and momentum.
Time-Resolved-ARPES (TR-ARPES) extends and complements conventional ARPES
by adding time-resolution, usually in the femtosecond time scale [57]. The tech-
nique is able to resolve ultrafast dynamics monitoring the behaviour of the electron
states after an optical excitation. In detail, a femtosecond pulse (the pump) excites
the sample and a subsequent XUV pulse probes the transient electronic structure,
after a certain time delay. The High-order Harmonic Generation process described
in section 2.1 is a powerful tool for the generation of ultra-short radiation in the
XUV/Soft X-ray domain. Although producing a flux that cannot compete with con-
ventional synchrotron sources, HHG temporal properties offer the possibility to per-
form time-resolved experiments on ultrafast processes never investigated so far. As
also claimed, the High Harmonic spectrum is composed of a sequence of peaks cor-
responding to the odd harmonics of the fundamental laser wavelength. The har-
monic intensity decreases rapidly for low harmonic orders, while for higher orders
a plateau of equally intense harmonics is found, which extends up to the cut-off
wavelength. HHs inherent bandwidth is then often too wide for a large class of ex-
periments, since multiple orders of harmonics are generated coaxially. Therefore, the
spectral selection of a single harmonic in a narrow XUV band preserving the pulse
duration, is crucial for many time-resolved spectroscopic applications and different
technique aimed to study the electronic structures of materials, e.g. TR-ARPES. In
this chapter a detailed description of the activities related to the installation and the
characterization of two High Harmonic beamlines for TR-ARPES experiments using
grating monochromators, is provided. The beamlines are respectively located at the
Nanjing University and at Elettra Sincrotrone Trieste. A short technical overview
about beamlines for high harmonics using grating monochromators is first of all
given in section 3.1. The design and the characterization of the beamlines and the
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first experimental results obtained using these sources are described in section 3.2
and in section 3.3.

3.1 Beamlines for High Harmonics using grating monochro-
mators

Different methods are used for the monochromatization of High order Harmonics,
such as multi-layer mirrors [58], pulse shaping [59], zone-plate monochromators [60]
and monochromator using gratings at grazing incidence [61]. Multilayer mirrors are
the simplest optical elements for the spectral selection of harmonics, but they give
a poor contrast ratio between adjacent harmonics [62]. A grating monochromator,
although more complex than a single multilayer mirror, gives both tunability in a
broad range and high spectral selectivity. The process of spectral selection achieved
by a grating monochromator should not influence the spatial and temporal char-
acteristics of the pulse that must be monochromatized. Nevertheless, a diffraction
grating introduces a stretch of the pulse duration because of the pulse-front tilt, com-
promising the ultrafast duration of HHs. The pulse front tilt originates from the an-
gular dispersion introduced by an optical element, in this case a grating (but a prism
also can be considered), and depends on the spectral content and transversal spatial
extension of the considered beam. A very useful model for quantify the effect rely
on the consideration that the absolute delay given by each adjacent groove is mλ, the
tilt introduced by a grating is Nmλ, where N is the number of illuminated grooves,
m is the diffraction order, and λ is the incident wavelength. This issue is almost
negligible in the picosecond or longer time scale but may completely alter the tem-
poral duration of the XUV pulse in the sub-femtosecond regime. Let us consider a
600 grooves/mm grating illuminated by radiation at 30 nm over a length of 10 mm;
the total number of grooves involved in the diffraction is 6000, corresponding to a
pulse-front tilt of 180 µm, i.e., 600 fs. Let us examine the condition for the minimum
temporal broadening of a XUV pulse using a single grating at the first diffraction or-
der. It is possible to calculate the minimum number of illuminated grooves Nmin to
support a bandwidth ∆λ at wavelength λ using the relation Nmin = λ/∆λ [63]. The
corresponding minimum pulse front-tilt at half-width ∆τG,min for a given bandwidth
∆λ is

∆τG,min ’ 1
2

λNmin

c
= 0.5

λ2

c∆λ
(3.1)

∆τG,min is close to ∆τ, the Fourier limit of a Gaussian pulse with no phase modu-
lation

∆τ =
2ln2

π

λ2

c∆λ
’ 0.44

λ2

c∆λ
(3.2)
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Since an XUV pulse may be produced to be close to its transform limit, if it passes
through a monochromator with minimum pulse-front tilt the minimum pulse dura-
tion is the convolution of Eq. (3.1) and (3.2). Hence, a single grating monochromator
can be used for the spectral selection of ultrafast pulses without altering too much
the pulse duration if the number of illuminated grooves of the grating is equal to the
actual resolution. The design of grating monochromators for ultrafast pulses aims to
get as closest as possible to this condition. Two different configurations can be em-
ployed for the design of grazing-incidence diffraction grating monochromator [64]:
the classical-diffraction mount (CDM) and the off-plane mount (OPM).

3.1.1 Grating configurations for ultrafast monochromators

In the CDM geometry, shown in Fig. 3.1 a) the incidence angle α and the diffraction
angle β are respectively defined as the angles between the direction of the input
beam and the normal to the grating and the direction of the diffracted beam and
the normal to the grating. The grating equation is sinα + sinβ = mλσCD, where
σCDM is the groove density of the grating. For a CDM grating monochromator, the
subtended angle K = α + β is constant and the wavelength selection is performed
by rotating the grating around the axis that is tangent to the surface, passes through
the grating center and is parallel to the grooves, following the relation

α =
K
2
+ arcsin[

mλσCDM

2cos(K/2)
] (3.3)

The number of illuminated grooves of the grating is NCDM = SσCDM/cosα,
where S is the beam section of the collimated beam. It is worth to be noted that the
number of illuminated grooves is reduced if the grating is used at the order m = −1.
This is a usual choice in order to maintain the number of illuminated grooves as
small as possible. The design of a CDM plane-grating monochromator is shown in
Fig. 3.1 b). The layout consists of three optical elements: two toroidal mirrors and a
plane grating with uniform line-spacing. The first mirror acts as a collimator in order
to operate the grating in collimated light, while the second one as a condenser which
focuses the beam on the exit slit. This design is commonly known as Czerny–Turner
monochromator. The mirrors are generally operated at equal angle and unity mag-
nification to minimize the aberrations at the output [65]. Once the exit arm of the
focusing mirror q, has been defined, the output bandwidth is given by:

∆λCDM =
cosβ

mσCDMq
∆s (3.4)

where ∆s is the width of the exit slit of the CDM monochromator. The pulse
temporal half-width after the diffraction is:

∆τG,CDM =
1
2

mλ

c
S

σCDM

cosα
(3.5)
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FIGURE 3.1: a) Classical Diffraction Mount (CDM) geometry. b) CDM
plane grating monochromator.

The OPM, also called conical diffraction mount, differs from the CDM in the
fact that the incident and diffracted wave vectors are almost parallel to the grooves.
The OPM geometry is shown in Fig. 3.2 a). The direction of the incoming rays is
defined by two parameters: the altitude and the azimuth. The altitude γ is the angle
between the direction of the incoming rays and the direction of the grooves, while
the azimuth µ of the incoming rays is defined to be zero if they lie in the plane
perpendicular to the grating surface and parallel to the rulings. Let ν define the
azimuth of the diffracted light at the wavelength λ and at the order m . The grating
equation is sinγ(sinµ + sinν) = mλσOPM , where σOPM is the groove density of the
grating. For an OPM monochromator the grating is operated in the condition µ = ν

and the wavelength selection is performed by rotating the grating around the axis
that is tangent to the surface, passes through the grating center and is parallel to the
grooves, following the relation

µ = arcsin[
mλσOPM

2sinγ
] (3.6)

The number of illuminated grooves of the grating is NOPM = SσOPM/cosµ. The
grating, in this case, can be used indifferently at the orders m = ±1, since this does
not change the illuminated area. Again, once fixed the exit arm of the focusing mir-
ror q the output bandwidth is given by:

∆λOPM =
cosµ

mσOPMq
∆s ’ ∆s

mσOPMq
(3.7)

where ∆s is the width of the exit slit of the OPM monochromator. The pulse
temporal half-width after the diffraction is:

∆τG,OPM =
1
2

mλ

c
S

σOPM

cosµ
’ 1

2
mλ

c
SσOPM (3.8)

The approximations in Eq. (3.6) and (3.7) are assumed for low resolution designs
(when µ < 10◦). The design of an OPM plane-grating monochromator is shown in
Fig. 3.2 b).
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FIGURE 3.2: a) Off-Plane Mount (OPM) geometry. b) OPM plane grat-
ing monochromator.

The diffraction efficiency of both the schemes is maximized in the blaze condi-
tion. In case of saw-tooth profiles with blaze angle δ, the condition is verified for
δ = (α − β)/2 in the CDM and for δ = µ in the OPM. The main advantage of the
OPM is the higher diffraction efficiency, which has been measured to be actually
close to the coating reflectivity at the same altitude angle [66]. The resulting grating
efficiency, when compared to a similar grating used in the CDM, is higher by a factor
2-3 [67]. It is worth to be noted that for a given beam section, the CDM and the OPM
configurations have the same temporal response if σCDM/cosα = σOPM/cosµ.

Hence, the groove densities to be used to have the same resolutions and the same
temporal responses is much lower in the CDM than in the OPM, because typically
α is in the range of 74◦ − 86◦ for grazing-incidence configurations and µ is lower
than 10◦. It has been shown that the grating parameters required to give temporal
responses below ≈ 100 fs in the CDM are at the limit of current feasibility, since the
groove density is typically very low and the resulting blaze angle to maximize the
efficiency is below the present manufacturing capabilities, resulting in a very poor
grating efficiency. On the other side, the gratings to be used in the OPM are standard
models, both in terms of groove density and blaze angles, providing simultaneously
short temporal response and high efficiency [68]. This makes the OPM a suitable
candidate for the realization of monochromators with ultrafast response.

3.1.2 General scheme of a High Harmonic beamline using a grating monochro-
mator

A General scheme of a High Harmonic beamline using a grating monochromator is
shown in Fig. 3.3. These facilities are based on a high repetition rate and ultra-short
tunable laser source, which is used to produce ultra-fast XUV pulses through HH
generation. The driving laser is typically focused on a gas-jet produced by a nozzle
or a gas cell installed in the generation chamber. Here, the interaction of the ultra-
fast pulse with the gas (usually Argon, Krypton or Neon) produces high harmonics.
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The generation efficiency can be maximized varying the laser intensity, the gas pres-
sure inside the cell and the relative position of the laser focus within the cell. The
monochromator chamber contains all the optical elements that perform the spectral
selection of a single harmonic, or a sub-band of it. Depending on the requirements,
it can be designed in the OPM geometry (with minimum pulse-front tilt for ultrafast
response, although low resolution) or in the classical diffraction mount geometry
(for high resolution, despite long temporal response). The exit slit block is placed
right after the monochromator and it mounts a couple of slits (placed vertically in
the case of CDM or horizontally in the case of OPM) which function is the control
of the bandwidth at the output of the monochromator. The chamber mounts a cali-
brated detector that can be inserted in the beam path in order to measure the XUV
photon flux at the output of the exit slit block. At this point the beam can be filtered
through an Al filter, that may be inserted in the optical path to stop the residual
diffused IR light, before it enters the refocusing chamber. The refocusing section
hosts a grazing-incidence toroidal mirror to focus the XUV monochromatized beam
at the sample position. For time resolved experiments, part of the driving power
can be used as probe or can be sent to an Optical Parametric Amplifier (OPA) in
order to obtain a desired wavelength. A delay-line installed in the section transport-
ing the beam allows to control the optical path difference between the probe and
the pump beams with sub-micrometer precision, in order to perform time-resolved
experiments. The probe is recombined in the experimental chamber by means of a
flat mirror hosted in the recombination section. The mirrors are usually installed in
motorized mounts, in order to perform a good and remotely controlled spatial over-
lap between the pump and probe beams onto the target placed in the experimental
chamber. The pump and probe beams are recombined almost collinearly in order
to minimize the temporal resolution spread. Generally, the recombination and the
refocusing sections are joined together in a single chamber. All the chambers are
pumped by turbo pumps and connected fore-vacuum scroll pumps, in order to en-
sure an appropriate level of vacuum in the sections where XUV propagates. Each
section of the vacuum-beamline can be isolated by means of manually or electrically
controlled gates. A set of differential pumping pinholes, opportunely sized, is gen-
erally employed to guarantee the desired level of vacuum in each chamber of the
system. In the generation chamber the pressure during operation is typically in the
range of 10−3 mbar, while pressures in the monochromator and in the experimental
chambers are, respectively, in the range of 10−6 mbar and 10−10 mbar.

3.2 The Beamline at Nanjing university

3.2.1 Beamline design

The beamline located at the Nanjing University is schematically shown in Figure 3.4.
An innovative design using an OPM grating monochromator is able to minimize the
stretch of the pulse duration.
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FIGURE 3.3: General scheme of a High Harmonic beamline using a
grating monochromator.

FIGURE 3.4: A Schematic of the Nanjing University High Harmonic
beamline.

XUV radiation in the wavelength range 12.4 - 124 nm (10 – 100 eV) is produced
by HH generation in a gas nozzle using 50-fs, 800 nm laser pulses at 1 kHz repe-
tition rate, produced by a Ti:Sapphire. The generation chamber has been designed
to install a 1 KHz pulsed gate valve for the gas injection. HHs can be generated
by the laser fundamental wavelength (using a 4 mJ/pulse) or by its 2nd harmonics
(generated by means of a thin BBO crystal). The laser pulses are focused on the gas
nozzle through a lens. The spectral selection of a single harmonic is performed by
an off-plane mount grating monochromator. The instrument consists of the follow-
ing optical elements: two gold coated toroidal mirrors and an array of OPM plane
gratings with uniform line-spacing. The optical design of the instrument is based on
the Czerny-Turner monochromator described in the previous section. The mirrors
are operated at equal grazing angle and unity magnification (i.e., the length of the
input arm p is equal to the length of the output arm q), in order to minimize the
aberrations at the output. The grazing angles and the lengths of the input and exit
arms have been chosen to be respectively 3◦ and 500 mm. The instrument adopts
three gratings having different grooves densities (150 gr/mm, 300 gr/mm and 600
gr/mm) to cover the whole spectral range. The parameters of the optical elements of
the monochromator are reported in Table 3.1. In order to automatically perform the
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TABLE 3.1: Parameters of the optical elements of the Nanjing Univer-
sity monochromator

Spectral region 10.8 - 100 eV
Toroidal mirrors Incidence angle 3◦

Input-output arms 500 mm
Coated area 50 mm × 10 mm

Coating Gold
Maximum acceptable angle 5 mrad × 5 mrad

Gratings Ruled area 50 mm × 10 mm
Altitude 3.5◦

G1 Energy region 10.8 - 40 eV
Groove density 150 gr/mm

Bandwidth (100 µm slit) ∆λ= 1.3 nm, ∆E= 0.4 eV @ 20 eV
G2 Energy region 10.8 - 40 eV

Groove density 300 gr/mm
Bandwidth (100 µm slit) ∆λ= 0.7 nm, ∆E= 0.2 eV @ 20 eV

G3 Energy region 30 - 100 eV
Groove density 600 gr/mm

Bandwidth (100 µm slit) ∆λ= 0.3 nm, ∆E= 0.7 eV @ 50 eV

grating selection and rotation, a motorized rotator and a linear translation stage are
installed inside the monochromator. The motors are connected together to realize
the grating support. The required precisions for rotation and translation are respec-
tively 0.01◦ and 50 µm, well within the capabilities of any commercial component.
When the grating is rotated to perform the spectral selection of the harmonic, the IR
beam is diffracted on the 0th-order, out of the optical axis and it is blocked by a suit-
able beam-stop placed before the last toroidal mirror. A picture of the chamber of
the monochromator is shown in Fig. 3.5 a), while in Fig. 3.5 b) the optical elements
of the instrument are clearly visible.

FIGURE 3.5: a) Chamber of the monochromator. b) Optical elements
and motors inside the monochromator.



3.2. The Beamline at Nanjing university 33

The monochromator has been designed to provide an energy resolution suffi-
cient to select a single harmonic, considering a separation between adjacent harmon-
ics of 3.1 eV (with the 800 nm driving laser). The output bandwidth of the monochro-
mator obtained on a 100 µm slit with different gratings is shown in Fig. 3.6 a). The
ultimate temporal response of the monochromator is limited by the pulse-front tilt
due to diffraction, that depends on the number of illuminated grooves, therefore on
the XUV beam divergence. The pulse-front tilts calculated with a 2 mrad FWHM
beam divergence are shown in Fig. 3.6 b).

FIGURE 3.6: a) Calculated FWHM output bandwidth provided by
the gratings on 100 µm slit. b) Calculated Pulse-front tilt given by the

gratings for a 2 mrad FWHM beam divergence.

The exit slits block contains the horizontal slits that stop all the undesired radia-
tion, performing the selection of a narrow band of the harmonics. The resolution of
the monochromator can be increased by closing the slit, although losing part of the
photon flux. The absolute monochromatic XUV photon flux can be measured with
a calibrated NIST EUV photodiode, installed in a chamber after the exit slits block
of the monochromator. The current emitted by the photodiode can be measured
with a Keithley 6517 picoamperometer, which can be remote-controlled with a PC
for consecutive current readings during the harmonics scanning. An overall view
of the monochromator with its exit slit block and the chamber containing the detec-
tor is shown in Fig. 3.7 a). The refocusing chamber hosts a grazing-incidence gold
coated toroidal mirror which focuses the monochromatized XUV light at the sample
position with unity magnification. The grazing incidence angle and the length of the
input and exit arms of the mirror have been chosen to be respectively 3◦ and 1000
mm. For Time resolved experiment, part of the driving laser power is sent to an OPA
in order to obtain a desired wavelength. A delay-line made up of plane mirrors is
installed in the section transporting the OPA beam and allows the control of the opti-
cal path difference between the IR and the XUV beam. The OPA beam is recombined
in the end-station by means of a flat mirror hosted in the refocusing/recombination
chamber. All the mirrors hosted in the refocusing/recombination section are in-
stalled in piezo motorized mounts that can be remotely controlled to perform a pre-
cise spatial overlap on the target between the pump and probe beams. The pump
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and the probe beams are recombined almost collinearly. The end-station consists of
a TR-ARPES set-up equipped with a Phoibos 100/150 hemispherical electron ana-
lyzer, conceived for high-resolution ARPES measurements. The sample is mounted
on a manipulator supplied with a helium cryostat which enables the cooling of the
sample. The preparation chamber of the set-up allows the cleaning and the prepa-
ration of the sample via sputtering by means of an ion-gun installed in the same
vessel. A load-lock chamber based on a fast-entry arrangement allows the rapid in-
sertion of samples in the facility. A picture of the beamline in which are visible the
refocusing/recombination section and the experimental set-up is reported in Fig. 3.7
b). All the chambers are pumped by turbo pumps and connected fore-vacuum scroll
pumps, in order to ensure an appropriate vacuum level in the sections where XUV
propagates. Each chamber of the beamline is isolated from the others by means of
manually controlled gates. The level of pressure in the generation chamber during
gas-injection is in the range of 10−3 mbar. A set of differential pumping pinholes,
opportunely sized, is employed to guarantee a vacuum level of 10−6 mbar in the
monochromator and 10−10 mbar in the experimental chamber.

FIGURE 3.7: a) Picture of the chamber of the monochromator with
its exit slit block and the chamber containing the detector. b) Overall
view of the beamline, with the refocusing/recombination section and

the experimental chamber.

3.2.2 Installation and characterization of the beamline

The optical alignment of the beamline has been accomplished using a low-intensity
visible red laser (He-Ne, λ = 630 nm), to achieve an appropriate displacement of
the optical elements inside the chambers of the system. The optical path of the visi-
ble laser has been obtained using two plane mirrors mounted on kinematic mounts
in order to center with high accuracy the beam with the entrance and exit ports of
the generation chamber. Two iris diaphragms have been used to limit the effects of
diffraction near the entrance of the monochromator and to “mark” the path of the
laser beam. A 100 µm pinhole simulating the HH source has been then aligned with
the beam and placed at the nominal distance from the center of the first toroidal
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mirror. Then, the accurate precision adjustments of the rotations and of the posi-
tions of the optical elements of the monochromator have been performed. At this
point, the verification of the spot profile at the exit of the monochromator has been
accomplished through a beam-profiler camera. The beam profiles at the exit of the
monochromator in the focal position are shown in Fig. 3.8. The measured exit spots
are compatible with the size of the pin-hole placed in the experimental chamber.

FIGURE 3.8: Beam profile in the visible at the exit of the monochro-
mator.

Subsequently, the positioning and the alignment of the horizontal slits a have
been achieved. When the alignment of these blocks has been finished, we dealt
with the installation of the gas-nozzle. Particular attention has been paid to the
alignment of the gas nozzle, in order to center the gas-jet with the beam coming
from the driving laser. Once the preliminary alignment in air has been completed,
the system has been sent in high-vacuum and the gas has been injected in the gas-
nozzle. The pressure inside the generation chamber is in the 10−3 mbar range during
the gas-injection.

HH spectra from Argon and Neon have been measured performing angular
scans of the gratings of the monochromator through a LabVIEW control program.
In Fig. 3.9 some typical HH spectra acquired with the laser fundamental at 800 nm
are shown. The Ar harmonics reported in Fig. 3.9 a) are generated with a 1.6 mJ
pulse, focused through a 50 cm focal length. A maximum flux of 5.5 x 1010 ph/s is
measured at the HH17 (26.4 eV). Whereas, the HHG spectrum of Ne and reported in
Fig. 3.9 b) is obtained using a 3mJ pulse with shorter focal length of 30 cm. Photon
fluxes as high as 3 x 108 ph/s at HH29 (45 eV) have been measured. It is worth to be
noted that, due to its higher ionization potential, the generation efficiency in Neon
is much lower than the generation efficiency in Argon.
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FIGURE 3.9: Typical HH spectra in Argon and in Neon generated
with a 800 nm driving pulse. a) Harmonics generated in Argon with
1.6 mJ pulse, using a 50 cm focal length b) Harmonics generated in

Neon with 3 mJ pulse using a 30 cm focal length.

Argon and Neon HH spectra obtained with the second harmonic generation
(SHG) of the driving laser have been also measured. The second harmonic has been
obtained focusing the fundamental of the laser through a thin BBO crystal. In Fig.
3.10 some typical HH spectra acquired with the second harmonic of the fundamen-
tal (400 nm) are shown. The Ar and Ne harmonics reported respectively in Fig. 3.10
a) and in Fig. 3.10 b) are generated with a 1.2 mJ pulse and focused through a 30
cm focal length. The HH spectrum of Ar, presents a maximum photon flux of 1.2 x
1011 ph/s, measured at the HH7 (21.7 eV). The HH spectrum of Ne, generated with
the SHG laser pulse presents a maximum photon flux of 5.5 x 109 ph/s, measured at
HH15 (46.5 eV). Note that the spectral line separation of the HH generated with the
second harmonic is twice the separation of HH obtained with the fundamental laser,
which is estimated to be 3.1 eV. In accord with the theory, the generation efficiency
is enhanced using a shorter wavelength.

The reported spectra confirm the capability to resolve adjacent harmonics sepa-
rated by 3.1 eV, when XUV is generated using an 800 nm driving laser.

As also mentioned, the temporal response of the monochromator is limited by
the pulse-front tilt, that depends on the number of illuminated grooves and there-
fore on the XUV beam divergence. The latter has been measured by a knife-edge
technique to be 2 mrad for HH15 and 1.3 mrad for HH21. The corresponding pulse-
front tilts are therefore in accord with those calculated and presented in the previous
section. The XUV beam at the exit of the monochromator is focused on the sample
placed in the ARPES apparatus by the toroidal mirror hosted in the refocusing cham-
ber. The latter has been finely aligned with visible radiation, as well. The measure
of the profiles of the XUV focal spot has been accomplished using a CE:YAG crys-
tal which is placed into the center of the ARPES chamber. The fluorescence emitted
by the CE:YAG and induced by the irradiated XUV is recorded by a CCD camera.
In Fig. 3.11 a) the XUV focal spot of the HH15 on the CE:YAG crystal is shown.
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FIGURE 3.10: Typical HH spectra in Argon and in Neon generated
with a 400 nm driving pulse with 1.2 mJ pulse using a 30 cm focal
length. a) Harmonics generated in Argon b) Harmonics generated in

Neon.

The vertical and horizontal profiles of the spot are fitted by Gaussian functions and
the corresponding FWHM are 170 µm for the horizontal profile and 120 µm for the
vertical profile, as shown in Fig. 3.11 b).

FIGURE 3.11: XUV focal spot. a) CCD image of the fluorescence emit-
ted by the CE:YAG crystal. b) Measured focal spot profiles (Horizon-

tal FWHM =170 µm, Vertical FWHM=120 µm).

3.2.3 Experimental results

First Static ARPES spectra have been obtained using the HH beamline. The sample
consisted in a Cu (111) crystal at room temperature (T=300 K). The beamline has been
operated at a repetition rate of 1 kHz using the fundamental of the driving laser. The
photon flux of the XUV beam after the refocusing mirror has been estimated to be 6
x 108 ph/s and the spot size area on the sample was 170 µm x 120 µm. The harmonic
HH13 (20.15 eV) has been selected using the grating G2 (300 gr/mm), while the
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monochromator silts have been opened at 100 µm. In Fig. 3.12 a) the measured
snapshot of the Cu (111) band structure, is shown. The spectrum has been recorded
in a relatively short time (20 minutes). For comparison, in Fig. 3.12 b) an ARPES
image obtained with radiation from He-I line (21.22 eV) is reported. The spectrum
measured using the HH beamline as light-source is in full agreement with the data
acquired using the Helium lamp.

FIGURE 3.12: ARPES snapshots of Cu (111) at room temperature
band structure. a) ARPES obtained using the HH beamline and se-
lecting the HH13 (20.15 eV). b) ARPES obtained with a Helium lamp

and using the He-I line at 21.22 eV.

The effect of space charge on the ARPES measurements, due to the high peak
photon flux, was also evaluated at the Fermi-edge of the Cu (111) crystal, in order
to characterize the ARPES energy resolution. Space charge effects occur when very
intense and very short radiation pulses produces a huge number of photoelectrons
that are emitted from the sample surface. When a sufficient number of electrons
simultaneously leave the surface, their Coulombic interaction causes a variation in
their kinetic energy and momentum that affects the features of the recorded energy
spectrum, inducing broadenings and shifts of the photoelectrons spectra structures,
with a consequent loss in energy resolution. For these tests, the XUV photon energy
has been set at the harmonic HH13 using the grating G2 and the monochromator
slits have been opened at 100 µm. The photon fluxes have been varied from 5.7 x109

to 6 x108ph/s and the space charge broadening and shifting of the Fermi-edge for
different photon fluxes have been observed.

Evidently, in order to minimize the space charge effects, it is necessary to control
the photon density on the sample. This can be achieved by increasing the XUV
focal spot area at the sample (placing the sample slightly out of the focal position)
or reducing the photon flux at the sample (closing the slits of the monochromator,
decreasing the energy per pulse of the driving laser or detuning the gas-cell).
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3.3 The Beamline at ELETTRA Sincrotrone Trieste

3.3.1 Beamline design

A novel source for TR-ARPES experiments, which is based on XUV high harmonics
produced by a high-repetition-rate and ultra-short laser source, has been recently
designed, installed and characterized at FERMI @ Elettra. The beamline is schemat-
ically shown in Fig. 3.13.

FIGURE 3.13: A Schematic of the Elettra High Harmonic beamline.

XUV radiation in the wavelength range 10 - 100 nm (12.4 – 124 eV) is produced
by HH generation in a gas nozzle using 300-fs laser pulses at 50 kHz repetition rate,
produced by an Yb:KGW amplifier (Light Conversion Pharos). HHs can be gener-
ated by the laser fundamental wavelength (using 400 µJ/pulse at 1030 nm) or by its
2nd harmonics (using 200 µJ/pulse at 515 nm). The laser pulses are focused on the
gas nozzle through a f=10 cm lens. The generation chamber of the HHG beamline
is shown in Fig. 3.14 a). The cube containing the gas nozzle is visible in Fig. 3.14
b). It is installed in an x-y-z manipulator to allow the alignment of the holes of the
cube with the incoming IR-light and it is pumped through the bellow visible in the
picture by means of a scroll pump. The gas inlet is also clearly represented as shown
in Fig. 3.14 c); plasma on the gas-jet is clearly observable during operation of the
laser system and it is also a good diagnostic for the optimization of the generation.

The spectral selection of a single harmonic is performed by an off-plane mount
grating monochromator. The monochromator provides XUV monochromatic beam
to two different setups, namely the T-ReX TR-ARPES endstation [69] and ULTRA-
SPIN endstation [70]. The instrument consists of the following optical elements: two
toroidal gold coated mirrors and two arrays of OPM plane gratings with uniform
line-spacing. The optical design of the instrument is based on the Czerny-Turner
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FIGURE 3.14: a) The generation chamber of the HHG beamline. b)
The cube containing the gas nozzle. c) plasma on the gas-jet observ-

able during the operation of the laser system.

monochromator. The mirrors are operated at equal grazing angle and unity magni-
fication (i.e., the length of the input arm p is equal to the length of the output arm q),
in order to minimize the aberrations at the output. The grazing angles and lengths
of the input and exit arms of the mirrors have been chosen to be respectively 4◦ and
300 mm. The instrument adopts two arrays of grating each for one of the two end-
stations. T-ReX branch use two gratings (200 gr/mm and 400 gr/mm) to cover the
10 - 30 eV range, while ULTRASPIN branch employs three grating to cover the 8 -
100 eV range (200 gr/mm, 400 gr/mm and 1200 gr/mm). An innovative and com-
pact design allows sending the monochromatic beam to one of the two independent
end-stations acting only on the grating selection, without any additional moving el-
ement. The parameters of the optical elements of monochromator are reported in
Table 3.2.

TABLE 3.2: Parameters of the optical elements of the ELETTRA Tri-
este monochromator

Spectral region 10 - 100 eV
Toroidal mirrors Incidence angle 4◦

Input-output arms 300 mm
Coated area 90 mm × 10 mm

Coating Gold
Maximum acceptable angle 20 mrad × 20 mrad

Gratings Ruled area 70 mm × 10 mm
Altitude 5◦

G1: TREX, ULTRASPIN Energy region 8 - 32 eV
Groove density 200 gr/mm

Bandwidth (100 µm slit) ∆E= 0.5 eV @ 20 eV
G2: TREX, ULTRASPIN Energy region 30 - 50 eV

Groove density 400 gr/mm
Bandwidth (100 µm slit) ∆E= 0.8 eV @ 40 eV

G3: ULTRASPIN Energy region 50 - 100 eV
Groove density 1200 gr/mm

Bandwidth (100 µm slit) ∆E= 1.45 eV @ 80 eV
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In order to automatically perform the grating selection and rotation, a motorized
rotator and a linear translation stage are installed inside the monochromator. A sup-
port holds the five gratings in sequence, which can be rotated and translated with a
precision of 0.005◦ and 5 µm. When the gratings are rotated to perform the spectral
selection of the harmonic, the IR beam is diffracted on the 0th-order, out of the opti-
cal axis and it is blocked by two suitable beam-stops placed before the last toroidal
mirrors. A picture of the chamber of the monochromator is shown in Fig. 3.15 a),
while in Fig. 3.15 b) the optical elements of the instrument are clearly visible.

FIGURE 3.15: a) Chamber of the monochromator b) Optical elements
and motors inside the monochromator chamber.

The monochromator has been designed to provide an energy resolution suffi-
cient to select a single harmonic, considering a separation between adjacent har-
monics of 2.4 eV (with the 1030 nm driving laser). The output bandwidth of the
monochromator obtained on a 100 µm slit with different gratings is shown in Fig.
3.16 a). The ultimate temporal response of the monochromator is limited by the
pulse-front tilt due to diffraction, that depends on the number of illuminated grooves,
therefore on the XUV beam divergence. The pulse-front tilts calculated with a 10
mrad FWHM beam divergence are shown in Fig. 3.16 b).

FIGURE 3.16: a) Calculated FWHM output bandwidth provided by
the gratings on 100 µm slit. b) Calculated Pulse-front tilt given by the

gratings for a 10-mrad FWHM beam divergence
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The exit slits blocks contain the vertical slits that block all the undesired radia-
tion, performing the selection of a narrow band of the harmonics. The resolution
of the monochromator can be increased by closing the slit, although losing part of
the photon flux. The detection of the photon fluxes can be performed by a cou-
ple of calibrated Dr. Sjuts Channel Electron Multiplier (CEM) installed in two vac-
uum chambers (each for one of the end-stations) placed after the exit slits of the
monochromator. The current emitted by the CEM is then measured by a Keithley
picoamperometer, which can be remote controlled with a PC for consecutive current
readings during the rotation of the gratings. For Time resolved experiment, part of
the driving laser power is sent to an OPA in order to obtain a desired wavelength. A
delay-line made up of plane mirrors is installed in the section transporting the OPA
beam and allows the control of the optical path difference between the IR and the
XUV beams. The OPA beam is recombined in the end-stations by means of a flat
mirror hosted in the recombination chambers. These chambers host also grazing-
incidence toroidal mirrors to focus the XUV monochromatized beam at the sample
position. The mirrors are operated with unity magnification. The length of the input
and exit arms of these mirrors have been chosen to be 1300 mm. The mirrors are
installed in a piezo motorized mounts, in order to perform a perfect spatial overlap
between the pump and probe beams. The pump and probe beams are recombined al-
most collinearly. A scheme of the refocusing/recombination sections and of the two
experimental chambers is reported in Fig. 3.17 a). As also mentioned the beamline
provides XUV ultrafast pulses to the T-ReX TR-ARPES set-up (in the 15-35 eV range)
and to the Ultraspin TR-ARPES end-station (in the 10-70 eV or 18-90 nm). The T-ReX
TR-ARPES set-up is composed by three interconnected chambers. The experimental
chamber is equipped with a Specs Phoibos 225 hemispherical electron-analyzer, con-
ceived for high-resolution ARPES measurements. In this environment the sample is
mounted on a six degrees of freedom manipulator supplied with a helium cryostat
that enables the cooling of the sample. The preparation chamber of the set-up allows
the cleaning of the sample via sputtering and annealing or by cleaving. The same
chamber hosts a LEED (Low Energy Electron Diffraction) spectrometer, employed
for the analysis of the surface quality of the sample. The growth of the sample can
be also accomplished via electron beam deposition. Finally, the load-lock chamber is
based on a fast-entry arrangement that permits the rapid insertion of samples in the
facility. Similarly, the ULTRASPIN end-station consists in a series of interconnected
vessels. The experimental chamber is equipped with a Scienta SES-2002 electron
spectrometer. The sample can be cryogenic cooled and electric/magnetic fields can
be applied to the sample. The preparation chamber allows the sample cleaning treat-
ments (via sputtering-annealing or cleaving) and the deposition of ultrathin films
via electron beam deposition. Low Energy Electron Diffraction and Auger Electron
Spectroscopy characterizations of the surface are also achievable. Again, a fast-entry
arrangement permits the insertion of samples in the facility in short times. A picture
of the two experimental apparatus is reported in Fig. 3.17 b).
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FIGURE 3.17: a) Schematic representing the refocus-
ing/recombination sections and the two experimental chambers. b)

A picture of the two experimental apparatus.

All the chambers are pumped by turbo pumps and connected fore-vacuum scroll
pumps, in order to ensure the vacuum in the sections where XUV propagates. Each
chamber can be isolated by means of electrically controlled gates. A set of differential
pumping pinholes is employed to guarantee the desired level of vacuum in each
chamber of the beamline. In the generation chamber the pressure during operation
is typically in the range of 10−2 − 10−3 mbar, while pressures in the monochromator
and in the experimental chambers are, respectively, in the range of 10−6 mbar and
10−10 mbar.

3.3.2 Installation and characterization of the beamline

The optical alignment procedure is similar to the one presented in the previous sec-
tion. A picture taken during the fine-alignment of the optical elements of the instru-
ment is shown in Fig. 3.18 a). The profile of the beam at the exit of the monochroma-
tor in the focal plane is shown in Fig. 3.18 b). The measured exit spot is compatible
with the size of the pin-hole that simulates the HH source. Once the optical align-
ment has been achieved, the system has been sent in high-vacuum and the gas has
been injected in the gas-nozzle. The pressure inside the generation chamber is in
the 10−3 mbar range during the gas-injection. HH spectra from Argon and Neon
have been measured performing angular scans of the gratings of the monochroma-
tor using a LabVIEW software that controls the motors of the monochromator and
displays the consecutive currents read from the CEMs

Typical HH spectra generated in Argon and in Neon are reported in Fig. 3.20.
The HH spectrum generated in Argon with ’ 200 µJ, 515 nm driving pulses and
10 cm focusing lens is shown in Fig. 3.19 a). The use of Argon as interacting gas
gives harmonics in the photon energy range 15 - 35 eV, with a peak emission in the
H9-H13 interval and a cut-off at 36.1 eV (H15). Photon fluxes as high as 3 x 107

ph/pulse at 26.5 eV (H11) has been measured at the output of the monochromator,
corresponding to ’ 1.3 x1012 ph/s at 50 KHz repetition rate, available on the target
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FIGURE 3.18: a) Fine-alignment of the optical elements of the instru-
ment. b) Profile of the beam at the exit of the monochromator in the

focal plane.

after the refocusing mirror. The HH spectrum generated in Neon with ’ 400 µJ, 1030
nm driving pulses and 10 cm focusing lens is shown in Fig. 3.19 b). The use of Neon
as interacting gas gives harmonics in the photon energy range 35 - 80 eV, with a peak
emission in the H53-H55 interval and a cut-off at 73.45 eV (H61). Photon fluxes as
high as 1.2 x 104 ph/pulse at 63.8 eV (H53) has been measured at the output of the
monochromator, corresponding to ’ 5 x 108 ph/s at 50 KHz repetition rate, available
on the target after the refocusing mirror.

FIGURE 3.19: Typical HHG spectra in Argon and in Neon. a) Har-
monics generated in Argon with ’200 µJ, 515-nm driving pulses b)
Harmonics generated in Neon with ’ 400 µJ, 1030-nm driving pulses.

The reported spectra confirms the capability to resolve adjacent harmonics sep-
arated by 2.4 eV, when XUV is generated using a 1030 nm driving laser. The actual
energy bandwidth on the target is limited by the intrinsic bandwidth of the HHs,
which is evaluated to be in the 15-20 meV range. The temporal response of the
monochromator is limited by the pulse-front tilt, that depends on the number of il-
luminated grooves and therefore on the XUV beam divergence. The latter has been
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measured by a knife-edge technique to be 10 mrad for H11 in the plateau region and
7.5 mrad for H15 in the cut-off. The corresponding pulse-front tilts are in accord with
those calculated and presented in the previous section. The front-tilts are lower than
the duration of HHs, that is roughly estimated to be ’ 150 fs when 515 nm seeding
is used (this corresponds to half the duration of the laser fundamental pulses). The
XUV beam at the exit of the monochromator is focused on the sample placed in the
experimental apparatus by the toroidal mirrors hosted in the refocusing chambers.
The latter have been finely aligned with visible radiation, as well. The measure of
the profile of the XUV focal spot has been accomplished using a YAG crystal placed
into the center of the ULTRASPIN ARPES set-up experimental chamber. The fluores-
cence emitted by the YAG and induced by the harmonic is imaged on a CCD camera.
In Fig. 3.20 a) the XUV focal spot on the YAG crystal of a harmonic in the plateau
is shown. The horizontal profile of the XUV spot is fitted by Gaussian function and
the corresponding FWHM is 185 µm, as reported in Fig. 3.20 b).

FIGURE 3.20: XUV focal spot. a) CCD image of the fluorescence emit-
ted by the YAG crystal. b) Measured focal spot horizontal profile

(FWHM =185 µm).

3.3.3 Experimental results

The first photoemission spectra using the HH beamline have been obtained using
a gold sample at room temperature (T=300 K). The beamline has been operated at
a repetition rate of 5 kHz using the second harmonic of the fundamental, with an
energy of the driving laser equal to 400 µJ per pulse. The photon flux of the XUV
beam after the refocusing chamber has been estimated to be 3 x 107 ph/pulse at 26.5
eV (H11) and the spot size area at the sample has been evaluated to be 185 µm x 250
µm. The monochromator silts have been opened at 100 µm. In Fig. 3.21 a) the Au
photoemission spectrum obtained using the HH9 is shown. The spectrum has been
recorded in a relatively short time (30 minutes). In Fig. 3.21 b) a comparison between
the photoemission spectra around the Fermi edge acquired using respectively the
HH source and a Helium-lamp is reported. The spectrum measured using the HH
beamline as a source is in good agreement with the data acquired using the lamp.
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FIGURE 3.21: Photoemission spectra of Au at room temperature. a)
Photoemission spectrum obtained using the HH beamline and select-
ing the HH11 (20.15 eV). b) A comparison between the photoemission
spectra around the Fermi edge acquired using respectively the HH

source and a Helium-lamp.

The effects of space charge on the measurements, due to the high peak photon
flux, were also evaluated observing the features of the photoemission spectrum of
the gold sample. First of all, to assess these effects, the position of the gas-cell has
been detuned, in order to reduce the photon flux on the sample. The photoemission
spectra obtained varying the position of the gas-cell are shown in Fig. 3.22 a). The
spectrum acquired in the optimal position of the cell (the one that gives a higher
photon flux at the output) presents more broadenings and positive shifts of the fea-
tures respect to the spectra acquired in different positions. Moreover, the evaluation
of the space charge effects has been continued by increasing the repetition rate of the
driving laser, with a consequent reduction of the peak photon flux. The photoemis-
sion spectra obtained increasing the repetition rate of the driving laser are shown in
Fig. 3.22 b). The 10 KHz spectrum, in contrast to the spectrum acquired at 5 KHz,
presents less broadening and positive shifts of the features because the energy per
pulse is decreasing by a factor 2. Permanence of space charge related effects, sug-
gests that a lot of room for improvement is available at larger repetition rates. As
also mentioned, these are only few of the many possible strategies that can be used
to minimize this undesired effect.

First ARPES measurements have been also performed on a freshly-cleaved, high-
quality single-crystal of Bi2Se3, known to be a topological insulator. The measure-
ment is reported in Fig. 3.23. The sample was at room temperature (T=300 K), and
the photon energy has been set at the harmonic HH7 (≈ 16.85 eV). The acquisition
time was ≈ 15 min. The ARPES map clearly evidences the topological surface state
and the bulk conduction band.
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FIGURE 3.22: Photoemission spectra of Au at room temperature for
the evaluation of space charge effects. a) Photoemission spectra ob-
tained detuning the position of the gas-cell. b) Photoemission spectra

obtained increasing the repetition rate of the laser.

3.4 Comparison between the two beamlines

The main difference between the beamline located in Nanjing and the beamline lo-
cated in Trieste is the repetition rate of the driving laser. Typically, Ti:Sapphire lasers
can provide high photon numbers per pulse at relatively low repetition rates (typi-
cally 10 Hz up to a few kHz). This is well suitable for experiments in gas phase, since
the low density of the sample under test requires a number of interacting photons
as high as possible to obtain a corresponding high number of generated secondary
electrons. However, applications on solid targets require a lower number of interact-
ing photons per pulse to minimize space charge effects, which induce broadenings
and shifts of the photoelectrons spectra structures, with a consequent loss in energy
resolution. Moreover, a high repetition rate is desirable to reduce the acquisition
time. Since less XUV photons per pulse are required on the source side, the energy
per pulse of the primary laser could be reduced and correspondingly the repetition
rate could be increased. The beamline in Nanjing uses a standard Ti:Sa laser with 1
kHz repetition rate and up to 4 mJ per pulse. When 1.5 mJ is used to generate HHs, a
strong space charge is observed on the static ARPES spectra acquired from the sam-
ple since the XUV photon flux is too high. Therefore either the pulse energy used
to generate harmonics or the gas pressure on the cell have to be reduced to limit the
XUV photon flux on the sample. Finally, the acquisition time is limited by the repeti-
tion rate of the laser. Novel laser technologies, employing Yb based materials allows
to generate high repetition rate and femtosecond duration pulses with low energy
per pulse with average output power even exceeding 1 KW. Using this type of laser,
not only the repetition rate can be increased with respect to standard Ti:Sapphire
systems but also the average photon flux of HH sources becomes higher by few or-
ders of magnitude, being comparable to the flux available from a synchrotron ring.
In addition, being the available energy per pulse lower, the number of XUV photons
per pulse is reduced and the space-charge effect is mitigated. Therefore, techniques
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FIGURE 3.23: ARPES snapshots of Bi2Se3 at room temperature band
structure, obtained using the HH beamline and selecting the HH7

(16.85 eV).

such as photo-emission spectroscopy from solid targets could take several advan-
tages from these powerful and coherent short wavelength sources. The beamline lo-
cated at Trieste employs an Yb:KGW laser with low energy per pulse (400 µJ/pulse)
in order to reach repetition rates up to 100 KHz with high average power. Being
the energy per pulse lower, a short focal length has to be used to generate harmon-
ics, since this regime requires tight focusing of the moderate peak power driving
pulses. In fact, in the beamline located at Trieste the generation is achieved using a
10 cm focal length lens, while in the beamline located in Nanjing harmonics in Ar-
gon and in Neon are generated respectively using a 50 cm and 30 cm focal length
lenses. The temporal response of both beamlines is limited by the XUV response of
the monochromator and by the duration of the generating laser. The temporal reso-
lution of the beamline in Nanjing is in the range 40-100 fs, the lower limit being fixed
by the laser duration, while the beamline in Trieste is used for longer dynamic ef-
fects, in the range 100-200 fs. The main differences can be finally resumed as follows,
being both sources focused on TR-ARPES experiments:

• The beamline in Nanjing uses the conventional approach with a standard Ti:Sa
laser limited to a relatively low repetition rate and aims to study dynamic ef-
fects shorter than 100 fs. The acquisition time for the experiment is limited by
the low repetition rate and by the reduced XUV photons available per pulse to
avoid the space charge effect

• The beamline in Trieste uses a fiber-based laser at high repetition rate and low
energy per pulse, to avoid space charge effects and reduce the acquisition time
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for the experiment by at least one order of magnitude, although for dynamics
longer than 100 fs.

3.5 Conclusions

The design, the installation and the characterization of two HH beamlines for TR-
ARPES experiments have been presented. HH spectra in the XUV/soft X-ray do-
main, using Argon and Neon as interacting gas, have been successfully and repro-
ducibly acquired. The characterization has proved that the two setups fulfill all the
desired specifications in terms of spectral and temporal resolutions. Moreover, first
experimental results (e.g. photoemission spectra from solid targets) have shown that
the beamlines are nearly at their full capacities. These sources will enable pump and
probe experiments with femtosecond resolution with the aim of using novel spec-
troscopy techniques to gain insight into ultrafast phenomena. Low repetition rate
HH beamlines, such as the one located at Nanjing, allow the generation of soft X-
ray/XUV radiation suitable for Time Resolved analysis of ultrafast phenomena in
gas samples. On the other hand, high repetition rate HH beamlines like the one lo-
cated at Trieste are specifically conceived for Time Resolved experiments on solid
targets, since their design allow to limit space charge effects which induce a loss in
energy resolution. It is worth mentioning that the repetition rate at which the Tri-
este source is operating (50 KHz) constitutes an improvement of almost one order
of magnitude compared to the repetition rate of the most common HHG sources.
These high repetition rate beamlines are nowadays producing intense and coher-
ent ultrashort soft X-ray/XUV radiation suitable for a wide range of time resolved
spectroscopy techniques and are becoming the future trend for the designing of HH
beamline.
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Chapter 4

Grating compressor for
extreme-ultraviolet chirped
ultrafast pulses

The CPA scheme on seeded FELs tested at the FERMI FEL, using a XUV grating
compressor specifically designed for the purpose, is presented in this chapter. The
development and the characterization of the instrument are reported respectively in
sections 4.1 and 4.2. The overview of the experiments regarding the CPA technique
on seeded FELs, performed at FERMI in the last years, is presented in section 4.3.

4.1 Development of a XUV grating compressor for CPA ex-
periments in seeded FELs

The grazing-incidence grating compressor realized for CPA experiments in seeded
FELs consists of two identical CDM plane gratings having constant grooves spac-
ing, mounted in the compensated configuration and operated in parallel light, as
shown in Fig. 4.1. The first grating (G1) diffracts the light and introduces different
optical paths for different wavelengths. The pulse-front tilt after the first diffrac-
tion is tilted and has to be corrected by a second grating (G2). The compensation
is realized by a scheme with the gratings mounted with opposite diffraction orders.
The first grating is mounted in the so-called anti-blaze configuration (α < β, first
external order) and the second one in the blaze configuration (α > β, first internal
order). In such a way, the incidence angle on G2, α2(λ), is equal to the diffraction
angle from G1, β1(λ), and the diffraction angle from G2, β1(λ), is constant with the
wavelength and equal to the incidence angle on G1, β2 = α1. Therefore, the output
rays are parallel to the input for all the wavelengths. From the point of view of the
ray paths, the differences in the path lengths of rays with the same wavelength but
with different entrance directions within the beam aperture that are caused by G1
are compensated by G2, e.g., all the rays with the same wavelength make the same
optical path. In addition, G2 compensates for the spectral dispersion caused by G1,
i.e., all the rays at different wavelengths within the pulse spectrum exit the second
grating with parallel directions. Aim of the compressor is to introduce a suitable
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Group Delay Dispersion (GDD), that is the variation of the propagation time of the
rays with different wavelengths.

FIGURE 4.1: Schematic layout of a basic grating compressor.

The phase chirp introduced by the system is calculated as the difference in the
optical path between rays at different wavelengths. The optical path as a function of
the wavelength is expressed, for less than a constant term, as

OP(λ) = s
cosβc

cosβ
(1 − sinαsinβ) (4.1)

where s is the grating-to-grating distance, α is the incidence angle on G1, β is the
diffraction angle from G1 at a generic wavelength and βc is the diffraction angle from
G1 at the central wavelength of operation λc. In case of a narrow-band pulse with
∆ω/ω = ∆λ/λ < 10%, such as is the case for FELs, the optical path is increasing
linearly with the wavelength and the Group Delay Dispersion (GDD) is constant
and defined as:

GDD = − sλ3
c σ2

2πc2cos2βc
(4.2)

where, σ is the groove density of the grating and c is the speed of light in vacuum.
As also mentioned, G1 is normally operated in the anti-blaze configuration, i.e., β >

α and cosβ < cosα since this gives a shorter distance s once the required GDD has
been fixed, and therefore a more compact compressor. The grating rotation is chosen
as:

α =
K
2
− arcsin[

λcσ

2cos(K/2)
] (4.3)

and the diffraction angle is:

βc = K − α =
K
2
+ arcsin[

λcσ

2cos(K/2)
] (4.4)

where K is the subtended angle. Once the FEL wavelength has been fixed, the
GDD is tuned by choosing the proper subtended angle. The schematic layout of the
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optical configuration realized for the XUV grating compressor for CPA experiments
is shown in Fig. 4.2. The instrument consists of four optical elements: two CDM
gratings (G1 and G2) and two plane mirrors (M1 and M2). As illustrated above, the
control of the optical delay between different spectral components of the FEL radi-
ation is performed through the variation of the FEL incident angles on the gratings.
The latter can be varied independently. The mirrors are employed to steer the beam
back to its original propagation axis.

FIGURE 4.2: Schematic layout of the optical configuration realized for
the XUV grating compressor for CPA experiments.

Depending on the working spectral range, couples of saw-tooth profile gratings
having different groove densities and blaze angles can be adopted. In particular, for
the CPA experiments described in the next sections two couples of gratings have
been used: the first one, having 600 gr/mm density and a 2◦ blaze angle gratings,
operates in the 20 - 40 nm range; while the second one, having 1200 gr/mm den-
sity and a 4.128◦ blaze angle gratings, operates in the 8 - 20 nm range. The optical
parameters of the compressor are resumed in Tab. 4.1.

As also mentioned, the compressor is tunable in wavelength and time delay by
changing the subtended angle K. For instance, in Fig. 4.3 the variation of the group
delay introduced by the compressor using the 600 gr/mm gratings within a pulse
bandwidth of 0.125 nm at different subtended angles and for different wavelengths
is shown. The choice of the included angle makes the instrument very flexible, being
able to introduce variable delays in a wide spectral range.

Careful considerations should be given to the compensation of the wave-front
tilt due to the divergence of the FEL beam. If the beam is divergent and the gratings
are parallel, the second grating is illuminated in a larger area than the first one. The
illumination of a higher number of grooves on the second grating gives an undesired
pulse-front tilt. This effect can be avoided positioning the second grating not paral-
lel to the first one. Obviously, the difference between the two subtended angles will
depend on the divergence of the FEL beam. This difference is generally expected to
be quite small (i.e., fractions of degrees). The described adjustment avoids the use
of a pre-collimating optical element, incrementing the instrumental throughput and
simplifying the optical design of the compressor. The optics of the compressor are
hosted in an ultra high-vacuum chamber, shown in Fig 4.4 a). Each of the optical
elements is mounted on a roto-translation stage moved by external stepper motors.
The translations of G1 and M2 are used to remove the optical elements from the light
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TABLE 4.1: Compressor parameters

Gratings [configuration 1]
Range 20 - 40 nm
Groove density 600 gr/mm
Blaze angle 2◦

Ruled area 80 mm × 20 mm
Coating Gold
Gratings [configuration 2]
Range 10 - 20 nm
Groove density 1200 gr/mm
Blaze angle 4.128◦

Ruled area 70 mm × 25 mm
Coating Gold
Mirrors
Reflecting area 140 mm × 20 mm
Coating Gold
Distances
G1-G2 0.4 m
G2-M1 0.14 m
M1-M2 0.48 - 0.50 m
G1-M2 1 m
Motorized movements
G1
Included angle 156◦ − 166◦

Translation 20 - 30 mm
G2
Included angle 156◦ − 166◦

Translation 40 mm
M1
Included angle 156◦ − 166◦

Translation 40 mm
M2
Included angle 168◦ − 173◦

Translation 20 - 30 mm
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FIGURE 4.3: Variation of the group delay introduced by the compres-
sor using the 600 gr/mm gratings within a pulse bandwidth of 0.125

nm at different subtended angles and for different wavelengths.

path and let the FEL beam propagate. The rotation of G1 and rotation/translation of
G2 are used to tune the compressor and to change the subtended angles on the two
gratings. The rotations of the gratings can be varied independently to compensate
the front tilt due to the divergence of the FEL beam. The angular resolution of the
rotation stage is 65.8 µrad/step in a full step mode; controllers have a 1/8-step reso-
lution. The incident angles of the gratings can be selected in the range −0.5◦/14.5◦.
The use of the mirrors M1 and M2 achieve the FEL output beam to be sent on the
original optical path. The design of the instrument is quite compact, with an en-
velope that is less than 1.5 m. The compressor chamber, now installed at FERMI is
shown in Fig. 4.4 b).

FIGURE 4.4: a) Optical elements of the compressor mounted in sup-
ports moved by external stepper motors. b) The compressor chamber,

now installed at FERMI.
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4.2 Gratings characterization

The throughput of the compressor is predominantly determined by the gratings ef-
ficiencies. Blazed saw-tooth profile gratings have been chosen for the realization
of the instrument, since they gives high peak efficiency at the blazed wavelengths.
As also mentioned, couple of gratings having different groove densities and blaze
angles have been adopted, depending on the working wavelength range of the ex-
periments. The diffraction efficiencies of two gratings used in a first experiment
regarding the CPA on seeded FEls, and described in the next section, have been
measured at the facility available at CNR-IFN Padova [71]. These gratings are plane,
gold coated, with 600 gr/mm line density and 2◦ blaze angle, commercially available
from Newport – Richardson Gratings (USA). The gratings have been inserted in the
experimental chamber of the facility and the diffracted radiation has been acquired
with a Channel Electron Multiplier (CEM) detector. A hollow cathode lamp has been
used as light source. The emitted radiation is almost unpolarized. The spectral range
covered by the facility is 25 - 45 nm, therefore the measurements here presented
cover the upper wavelength interval of operation of the instrument. The selection
of the lines of interest has been achieved by a spherical grating monochromator.
The monochromatized light has been focused on the grating under test through a
toroidal mirror. Gratings have been mounted in the chamber with their blaze arrows
in opposite direction, i.e., the first one has its blaze arrow pointing to the detector,
the second one has its blaze arrow pointing to the source. The efficiencies at the
first order have been measured in the blaze (i.e., diffraction angle lower than inci-
dence angle) and in anti-blaze (i.e., diffraction angle higher than incidence angle)
geometries at different subtended angles. The measurements are shown in Fig. 4.5.
There are no significant differences in the efficiencies measured in the blaze and in
the anti-blaze configurations.

FIGURE 4.5: 600 gr/mm gratings efficiencies at the first orders mea-
sured in the blaze and in anti-blaze at different subtended angles for

almost unpolarized radiation.
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The overall efficiency of the double grating compressor can be calculated tak-
ing into account also the reflectivity of the two gold-coated mirrors. The through-
put of the instrument in this configuration is between 1%-6 % in the whole spectral
range of operation. The diffraction efficiencies of other two gratings to be used for
a second experiment regarding CPA on seeded FELs and described in the next sec-
tion have been measured at the facility available at the Circular Polarization (CiPo)
beamline at Elettra, Trieste [72]. These gratings are plane, gold-coated, with 1200
gr/mm line density and 4.128◦ blaze angle, commercially available from Newport.
The surface morphology of the diffraction gratings have been analyzed by atomic
force microscopy (AFM) using a facility available at CNR-IFN Padova [73]. The
scans have been performed by using the AFM operating in non–contact mode. A
reference sample has been used to calibrate the height scaling of the instrument and
to optimize the AFM scanning parameters. This step is pivotal for the accurate char-
acterization of the gratings. An AFM image of one of the grating, having a 10 µm x
10 µm scan size and acquired at 0.5 Hz scan rate is shown in Figure 4.6. The groove
profiles of the gratings are well defined, along with portions of the profile that are
rougher than others. The measured parameters (grooves height and grooves period)
are in acceptable agreement with the nominal specifications of the grating.

FIGURE 4.6: AFM imaging of two portion of the 1200 gr/mm blazed
profile grating. a) AFM topography with image size 10 µm x 10 µm;

b) AFM topography with image size 2 µm x 2 µm.

The CiPo beamline provides synchrotron radiation beam of variable polariza-
tion (Circular to Linear) in a very broad range of photon wavelengths, from 248
to 1.4 nm. The photon beam is produced by an Electromagnetic Elliptical Wiggler
and is dispersed by means of two collinear monochromators, a Normal Incidence
Monochromator (NIM) and a Spherical Grating Monochromator (SGM), that alter-
natively provide two beams in the UV-XUV (248 - 31 nm) and soft X-rays (31 - 1.4
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nm) respectively. The gratings to be tested have been mounted on a reflectometer re-
alized by CNR-IFN Padova that has been installed at the output of the beamline. The
sample is mounted on motorized stages to select the measurement geometry (e.g.,
reflectivity, diffraction efficiency, transmission). The radiation is detected through a
Channel Electron Multiplier (CEM). The synchrotron emission is p-polarized. The
efficiency curves of the external orders, i.e., α < β, measured in the anti-blaze con-
dition at different incidence angles are shown in Figure 4.7. The efficiency curves of
the internal orders, i.e., α > β, measured in the blaze condition at different incidence
angles are shown in Figure 4.8. The measured values are in slight disagreement with
the simulated ideal saw-tooth profile grating’s efficiencies obtained with a code us-
ing the grating EM theory and also plotted in Figure 4.9 and Figure 4.10; This may
be justified with a clear mismatch between the ideal saw-tooth blazed profile and
the real structure of the grating revealed by the AFM analysis. The throughput of
the instrument in this configuration has been calculated to be between 0,5%-2% in
the whole spectral range of operation.

FIGURE 4.7: 1200 gr/mm gratings measured p-polarization efficiency
curves of the external orders measured in the antiblaze condition at

different incidence angles.

FIGURE 4.8: 1200 gr/mm gratings p-polarization efficiency curves of
the internal orders measured in the blaze condition at different inci-

dence angles.
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FIGURE 4.9: 1200 gr/mm gratings simulated p-polarization efficiency
curves of the external orders in the antiblaze condition at different

incidence angles.

FIGURE 4.10: 1200 gr/mm gratings simulated p-polarization effi-
ciency curves of the internal orders in the blaze condition at different

incidence angles.

4.3 Experimental results at FERMI

The experiments carried out at FERMI were aimed at demonstrating the feasibility
of the CPA scheme for seeded FELs. As also mentioned, this technique gives the
possibility of introducing, under proper conditions and in a controlled way, a linear
frequency chirp from the seed to the FEL pulse, and then of recompressing it by us-
ing an optical compressor. In the experiments that will be described in this section
the grating compressor outlined in section 4.1 has been employed for the compres-
sion of the FEL pulse. A first experiment has been performed in April 2015 [8], in
order to assess the CPA technique on seeded FELs using the grating compressor. The
setup of the experiment is schematically shown in Fig. 4.11.

The seed for the FEL was given by the third harmonic of a Ti:Sapphire laser
(λseed =261 nm, with a gaussian profile). The seed-pulse before stretching had a
FWHM duration of 170 fs and a FWHM bandwidth of 0.7 nm. The FEL has been
tuned at 37.3 nm. The FEL pulse duration was measured using a cross-correlation
scheme [74], based on the photo ionization of He by the FEL pulse assisted by an
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FIGURE 4.11: The setup of the CPA experiment.

intense infrared (IR) laser with a variable time-delay and a known pulse duration
(90 fs FWHM). The images of the photo-electron distribution are acquired with a
Velocity Map Imaging spectrometer (VMI). Inverting the VMI image and integrat-
ing over the angular dependence of the electron emission, the photo-electron energy
spectrum can be obtained. It consists of a main peak, associated to the direct pho-
toemission process, and of sidebands that results in the interaction with the variable
delayed IR. The cross-correlation curves associated to the sidebands, from which the
FEL pulse profile can be deconvolved, are obtained by integrating the electron sig-
nal over all emission angles and plotting the area under the corresponding peaks
as a function of the FEL-IR delay. First of all, the FEL spectrum and pulse dura-
tion have been measured in the normal working conditions, i.e., no stretching of the
seed, and no FEL compression. The measured FWHM bandwidth and the pulse du-
ration have been measured to be 0.038 nm and 91 fs, respectively. The corresponding
time-bandwidth product is a factor of 1.7 above the transform limit. The measured
pulse duration is in good agreement with the one calculated using the theory (see
section 2.1.1), that is 89 fs. At this point, a positive linear frequency chirp in the
seed pulse has been induced by propagating it through a calcium fluoride crystal,
The stretched pulse had a duration of 290 fs FWHM. In these conditions, the FEL
pulse has been characterized before and after the compression performed using the
grating compressor. In Fig. 4.12 a) three measured single-shot spectral profiles of
the FEL beam are shown. The average FWHM bandwidth is 0.046 nm. In Fig. 4.12
b) three measured cross-correlation curves, associated to the second sideband of the
photo-electron spectrum for the non-compressed case are shown. In this case, the
measured FWHM pulse duration is about 143 fs (see the red dotted curve), which
is in good agreement with the theoretical expectation of about 152 fs. In Fig. 4.12 c)
the same curves are presented for the case of maximum compression. Apparently,
the increment of the FEL pulse bandwidth with respect to that of the unchirped seed
allows to obtain, after compression, a significant shortening of the FEL pulse with
respect to the no-CPA mode. The measured time duration of the pulse is about 50 fs
(see the red dotted curve). The value is in discrete agreement to the one predicted by
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the theory, that is about 40 fs. The CPA technique is therefore able to compensate not
only the linear frequency chirp in the FEL pulse induced through the seed control,
but also the unwanted residual generated by other sources [75].

FIGURE 4.12: a) Normalized single-shot spectra of the FEL pulse gen-
erated after stretching of the seed pulse. b) Three cross-correlation
curves associated to a sideband for three FEL-IR delay scans.. c) Same
as b) for the FEL operated in CPA mode for maximum compression.

The dotted curves represent the deconvolved FEL pulse.

The control of the optical delay between different FEL spectral components have
been achieved through the variation of the FEL subtended angles on the gratings
of the compressor. Once the required delay has been tuned positioning the grat-
ings at the proper subtended angles (K1=K2= 162◦) a fine tuning of the angles taken
singularly has been then performed in order to compensate the pulse-front tilt due
to the divergence of the FEL beam. The measured pulse duration as a function of
the difference between the FEL incident angles on the two gratings is shown in Fig.
4.13. It is worth to be noted that the maximum compression has been obtained at a
difference between the subtended angles of the gratings equals to 0.6◦.

In September 2016 another CPA experiment has been carried out at FERMI. The
experiment had the following purposes: to confirm the results obtained during the
previous experiment and to generate shorter (< 30 fs) pulses. The experimental set-
up was identical to the one of the experiment described above. Unfortunately, major
issues with the FERMI accelerator, i.e., the failure of the RF cavity responsible of the
linearization of electron-beam phase space happened and it hasn’t been possible to
generate shorter FEL pulses. However, the CPA effect - i.e., the possibility to stretch
the seed laser, generate a chirped FEL pulse and re-compress it - has been confirmed
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FIGURE 4.13: Measured pulse duration as a function of the difference
between the incidence angles of the gratings of the compressor. The
durations obtained from the second and the third sidebands of the
photoelectron energy spectrum are reported. The horizontal dashed
lines correspond to the theoretical pulse duration when the FEL is

operated in standard or CPA regime.

again.
In September 2017 a further experiment has been performed at FERMI, in or-

der to validate the CPA technique for shorter wavelengths. The seed for the FEL
was given by the third harmonic of a Ti:Sapphire laser (λseed =261 nm, with a gaus-
sian profile). The seed-pulse before stretching had a FWHM duration of 70 fs and
a FWHM bandwidth of 1.8 nm. The FEL has been tuned at 17.6 nm. Because the
pulse duration of the compressed FEL pulse was expected to be short, about 5-10
fs, it has been averted to measure it with a cross-correlation scheme as it has been
done in the previous experiments, being the probe laser pulse 80-90 fs (therefore too
large). The solution is the use of an auto-correlation technique. A transient grating
technique has been used to perform an auto-correlation measurement of the FEL
pulse duration [76]. In this technique the FEL pulse is split in two and focalized on a
solid sample, while the second harmonic of the Ti:Sa laser is focalized on the sample
and synchronized with the two FEL pulses. The autocorrelation curves are obtained
by varying the delay between the two FEL pulses. Unfortunately, it wasn’t possible
measuring the FEL duration after the compression, due to the low flux at the output
of the compressor and to the lack of the efficiency of the transient grating technique.

4.4 Conclusions

The development and the characterization of the XUV grating compressor installed
at the FERMI seeded FEL at Elettra Sincrotrone Trieste have been described. The
proper operation of the compressor has been demonstrated, since the Chirped Pulse
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Amplification technique performed on the FERMI seeded FEL has been carried out
with success in a first experiment at 37.3 nm. The technique achieved a relevant
reduction of the FEL pulse duration with respect to that obtained in the standard
operation mode. Moreover, a second experiment performed after some time con-
firmed the results obtained during the first run. A further investigation has been
performed, in order to validate the CPA technique for shorter wavelengths, e.g. 17.6
nm. However, the experiment didn’t provide a clear evidence of pulse compres-
sion because the sensitivity of the Transient Grating autocorrelation technique used
to measure the pulse durations, coupled to the low transmission of the compres-
sor, hasn’t allowed to measure the FEL pulse duration after the compression. These
are technical problems that, in principle, could be solved. The actual low transmis-
sion of the compressor around this wavelength (below 2 %) could be improved by
adopting the off-plane mounting geometry for the gratings. This solution would
enhance the efficiency of the compressor to a value around 10 %. This adjustment
would make the instrument potentially interesting for CPA applications in the short
wavelength domain. On the other hand, the instrument would become much more
bulky, passing from a total envelope on the order of about two meters to an enve-
lope of several meters. This would involve the redesigning of the mechanical com-
ponents and the realization of two vacuum chambers, in order to install the gratings
in two separated vessels. However, in a future perspective, the extension of the first
obtained results could allow to generate fully-coherent femtosecond FEL pulses at
wavelengths down to the water window.
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Chapter 5

Soft X-ray Second Harmonic
Generation in graphite

The observation of soft x-ray SHG generated by high intensity, coherent FEL pulses
at FERMI FEL is presented in this chapter. The experiments were conducted at the
EIS-TIMEX end station [77, 78] using a compact spectrometer conceived and realized
by CNR-IFN Luxor and described in section 5.1. The experimental set-up and the
results of the experiments are reported respectively in section 5.2 and in section 5.3.
The intensity calibration of the spectrometer performed to evaluate the intensity of
the SH photon flux after the sample is described in detail in section 5.4.

5.1 The spectrometer for photon in-photon out experiments

The optical design of the instrument consists of a couple of diffraction gratings work-
ing in grazing incidence and a detector. The gratings have a spherical shape with
variable line spacing (VLS) along their surfaces, to provide a flat spectral focal plane
that is almost perpendicular to the direction of the diffracted light [79]. The instru-
ment is able to operate in the 25 - 800 eV spectral range. The 25 – 250 eV region
is covered by a grating having a 1200 gr/mm central groove density (Hitachi cod.
001-0437), while the region 200 - 800 eV is covered by a grating having 2400 gr/mm
central groove density (Hitachi cod. 001-0450). The gratings are mounted on a man-
ual linear translation stage in order to perform the grating selection. The detector is
a back-illuminated Charge-Coupled Device (CCD) camera (Princeton Instruments
PIXIS XO 400B), having an array composed of 1340 X 400 pixels, with a 20 µm pixel
size. Since the length of the focal plane of the 1200 gr/mm grating is longer than the
array size, the detector is mounted on a PI miCos motorized linear translation stage
connected to the gratings stage by a bellow. Therefore, it can be moved so that the
desired energy can be acquired at the center of the detector plane. The instrument,
which layout is shown in Fig. 5.1, is equipped with a variable entrance slit that can
be manually adjusted from outside. It is independently pumped by a high-vacuum
pumping system and shielded in order to maintain the pressure gradient between
the instrument and the experimental chamber. A photograph of the instrument is
shown in Fig. 5.2. The total envelope of the instrument is about 700 mm X 250 mm
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X 250 mm. The main instrumental parameters of the spectrometer are summarized
in Tab. 5.1. The calculated spectral extension of the spatial resolving element, which
is the energy dispersion on the 20 µm detector pixel, is shown in Fig. 5.3 a). The
efficiency of each element (the gratings, the detector), have been measured using the
facilities available at CNR-IFN Padova. The total throughput of the instrument, in
terms of counts per input photon, is shown in Fig. 5.3 b). The collected angle in the
direction of the spectral dispersion is limited by the angular acceptance of the grat-
ings. In the direction perpendicular to the dispersion, the collected angle is limited
by the size of the array of pixels of the detector, whose area is 26.8 mm X 8 mm.
These values are resumed in Tab. 5.2.

FIGURE 5.1: Layout of the spectrometer.

FIGURE 5.2: A photograph of the spectrometer.
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TABLE 5.1: Instrumental parameters of the spectrometer

Grating G1200
Groove density 1200 gr/mm
Energy 25 - 250 eV
Incidence angle 87◦

Entrance arm 237 mm
Grating - detector distance 235 mm
Grating G2400
Groove density 2400 gr/mm
Energy 180 - 800 eV
Incidence angle 88.7◦

Entrance arm 237 mm
Grating - detector distance 235 mm
CCD detector
Format 1340 × 400 µm
Pixel size 20 × 20 mm
Detector area 26.8 × 8 mm
Entrance slit + grating
Entrance slit width 0.02 - 1 mm
Slit - Grating distance 237 mm

TABLE 5.2: Other instrumental parameters of the spectrometer

Detector spectral extension (long side, 26.8 mm)
G1 25 - 50 eV

40 - 112 eV
60 - 250 eV

G2 180 - 800 eV
Detector spectral extension (short side, 8 mm)
G1 (some examples) 25 - 30 eV

40 - 51 eV
100 - 160 eV
140 - 250 eV

G2 180 - 270 eV
330 - 600 eV
400 - 800 eV

Acceptance angle, spectral dispersion plane
G1200 10 mrad
G2400 5 mrad
Acceptance angle, plane ⊥ spectral dispersion plane
Detector short side ⊥ to the dispersion 17 mrad
Detector long side ⊥ to the dispersion 57 mrad



68 Chapter 5. Soft X-ray Second Harmonic Generation in graphite

FIGURE 5.3: a) Spectral extension of the spatial resolving element, de-
fined as the energy dispersion on the detector pixel. b) Total through-
put of the instrument, defined as counts on the detector per input

photon.

The instrument has been characterized at the Gas Phase beamline [80] of Elettra
synchrotron, Trieste by measuring fluorescence spectra from solid and gas targets.
Initially, the synchrotron beam at known energies has been directed toward the spec-
trometer in order to calibrate both the gratings (G1200 and G2400). The synchrotron
bandwidth was narrower than the spectral extension of the CCD pixel. Sharp spec-
tral lines have been acquired, about 3 pixels wide when using a 100 µm slit, con-
firming the good spectral focusing of the spectrometer. Furthermore, several spectra
at different energies that confirm the dispersion curve presented in Fig. 5.3 a) have
been measured. Although the signal had a relatively low photon flux, it has been ac-
quired in 0.1 – 1 s. This confirms the good instrumental sensitivity. The characteriza-
tion of the spectrometer as an instrument for photon in-photon out experiments has
been initially performed by investigating fluorescence from solid samples. Measure-
ments were performed on silicon, boron and boron nitride. A fluorescence spectrum
of Si taken at the Si L edge is shown in Fig. 5.4 a). B and BN fluorescence spectra have
been acquired at the B K edge and are shown in Fig. 5.4 b). The spectra are in overall
agreement with previously published data [81, 82]. The spectrometer was charac-
terized also measuring fluorescence from gas-phase targets. Fluorescence spectra
from helium and krypton have been acquired. He spectra emitted when the excit-
ing photon energy was fixed to the (3,0) resonance at 64.118 eV has been measured
and is shown in Fig. 5.5 a). The emission lines observed using the spectrometer
are in agreement with the data already available and the acquired spectra exhibit a
higher signal-to-noise ratio than those reported in the literature [83]. Fluorescence
emission from Kr has been also measured using an exciting photon energy on the Kr
resonance at the 91.2 eV and is shown in Fig. 5.5 b).
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FIGURE 5.4: Fluorescence spectra from solids acquired using the
spectrometer. a) Si L emission fluorescence spectrum for crystalline
Si sample. The exciting photon energy is 100,5 eV. b) B and BN Kα
emission fluorescence spectra. In case of B, the exciting photon en-

ergy is 220 eV. In case of BN, the exciting photon energy is 200 eV.

5.2 The SHG in graphite experiment

5.2.1 Experimental Set-up

A first SHG experiment has been conducted at the EIS-TIMEX end station [55].
The beamline is very flexible and can accommodate various possible configurations
for single-shot experiments, such as XUV and Soft x-ray absorption/reflection and
pump-probe experiments where the probe can be either an external laser or the FEL
pulse. The experimental chamber of the end-station is equipped with a 5-axis mo-
torized sample manipulator, which allows an accurate sample alignment. A long-
distance microscope is employed for the fine alignment and the rough beam pro-
file measurements. The main chamber is also equipped with a set of detectors for
transmission and reflectivity measurements. The sample environment can be inter-
faced through a translation stage with a preparation chamber equipped for surface
characterizations before one-shot experiments. Further instrumentation for the di-
agnostic of the transmitted beam can be installed after the experimental chamber.
A schematic of the experimental set-up employed for the SHG in graphite experi-
ment is shown in Fig. 5.6. A soft x-ray FEL pulse (having a pulse duration of 25 fs,
a pulse energy of about 1–5 µJ, and a spot size of more or less 350 µm2) is passed
through a 2 mm diameter iris in order to attenuate the off-axis second harmonic
contamination from the FEL source (the latter is more divergent than the fundamen-
tal) and focused onto the graphite samples placed in the center of the experimental
chamber described above. Moreover, the FEL beam and the collinear SH signal are
passed through a 600 nm aluminum filter to attenuate the fundamental pulse. The
spectrometer is finally employed to acquire the signal, being able to spatially sepa-
rate the SH from the fundamental. The instrument has been installed in a dedicate
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FIGURE 5.5: Fluorescence spectra from gases acquired using the spec-
trometer. a) He fluorescence spectra on the (3,0) resonance at 64,114

eV. b) Krypton fluorescence spectrum at 91,2 eV.

chamber placed after the experimental chamber and has been mounted collinearly
with the direction of FEL beam (i.e., the propagation direction of the FEL and the
optical axis of the spectrometer are parallel). The entrance slits of the spectrometer
was opened at 40 µm during the experiment. Besides the slits of the spectrometer
a couple of horizontal slits have been employed to attenuate the SH contamination
from the FEL beam. The grating having a 2400 gr/mm central groove density has
been selected to cover the 200 - 800 eV region, being the Carbon K-edge peaked at
285 eV. The sample was scanned to probe pristine graphite for each laser pulse, in
order to mitigate the effects of the sample damage. The sample has been moved shot
by shot along the beam axis in order to place it was always at the focal point of the
FEL.

FIGURE 5.6: A schematic of the set-up employed for the SHG experi-
ment.
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In order to demonstrate the effects of resonant enhancement of the second har-
monic generation, measurements have been made using three photon energies cho-
sen to lay below (260.5 eV), on (284.18 eV) and above (307.86 eV) the Carbon K-edge
absorption edge of graphite, as shown in Fig. 5.7 a), where the linear total electron
yield x-ray absorption spectrum of a 500 nm graphite sample is reported. On and
above the Carbon K-edge absorption edge, the photon energy is resonant with the
intermediate state and generates a non-resonant signal enabling transmission exper-
iments, as shown in the schematic energy level diagram of the SHG process in Fig.
5.7 b).

FIGURE 5.7: a) Total electron yield x-ray absorption spectrum of a 500
nm graphite sample. SHG measurements have been made at the three
discrete photon energies shown in the dashed lines. b) Schematic en-

ergy level diagram of the SHG process.

5.2.2 Results

The dependence of the second harmonic signal on the FEL pulse energy measured
for different thicknesses of graphite (from 100 to 720 nm) at 260.49, 284.18 and 307.86
eV is reported in Fig. 5.8 a), 5.8 b) and 5.8 c). The energy of the pulse of the FEL
beam before the sample has been calculated from the absolute number of the soft
x-ray photons incident on the graphite sample, measured by the spectrometer with-
out the sample in the beam path. The intensity calibration of the spectrometer will
be described in detail in the next section. The dashed lines on the plots represent
the quadratic fit to the SH response with respect to input intensity at a given pho-
ton energy. It is worth to be noted that for each of the reported energies, the power
dependence of the SH signal is invariant with the thickness of the sample. This is
compatible with the surface sensitivity in a centrosymmetric sample. Moreover, this
invariance is also measured at resonant photon energies. When off resonance (at
260.49 eV), a pulse energy of 3.5 µJ per pulse is required for a sufficient SH signal-to-
noise ratio, as it is shown in Fig. 5.8 a). At the resonant photon energies, a significant
enhancement of the SH signal has been observed. In fact, on and above the reso-
nance, the required pulse energy necessary for the detection of the signal is visibly
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lower, 0.7 and 0.3 µJ at 284.18 and 307.86 eV, respectively. The resonance enhance-
ment means that the technique can be used to generate a surface-specific soft x-ray
spectrum with sensitivity to the chemical composition of the material. The slope of
the linearized power dependence curve (SH response vs. |inputpower|2) is shown in
Fig. 5.8 d). In the reported plots the vertical and horizontal error bars represent the
standard error of the SH response and the standard deviation of the pulse energies,
respectively.

FIGURE 5.8: Pulse energy dependence of soft x-ray SHG. a) The sec-
ond harmonic response at 260.49 eV , b) The second harmonic re-
sponse at 284.18 eV. c) The second harmonic response at 307.86 eV. d)
The slope of the linearized pulse energy dependence curve for each

photon energy.

The illustrated results demonstrate a significant SHG in graphite response in the
Soft x-ray regime. It can be concluded that Soft x-ray second harmonic generation
is a powerful elemental and chemical specific spectroscopy that is highly symmetry
sensitive. This novel technique will allow a new class of interface studies experi-
ments with higher interfacial specificity than other existing soft x-ray methods.

5.2.3 Intensity calibration of the spectrometer

The amount of the signal blocked by the spectrometer entrance slits and horizon-
tal slits placed before the spectrometer was determined using the spatial profiles of
the fundamental beam on the spectrometer, along with the size of the horizontal and
vertical entrance slits. From this, utilizing the shadow cast on the CCD from the slits,
the percentage of the flux transmitted through the slits can be calculated, providing a
direct measurement of the fundamental beam intensity. In particular, the contribute
I gave in the framework of the data analysis procedure was in analyzing the sets
of spectral images at the different wavelengths in order to calculate the photon flux
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emitted by the sample. This analysis was done using a MATLAB code and allowed
the calculation of the multiplicative factor that must be taken in account for the col-
lection efficiency of the spectrometer and for the optics and detector response. Using
this factor, the measurement of the photon flux emitted by the sample as second har-
monic signal and propagating toward the spectrometer can be accomplished, once
the spectrum on the CCD has been acquired. In the following the method for the
estimation of the multiplicative factors is described in detail. For each image of the
shots of the different sets, the σ parameters of the interpolating gaussian fits have
been calculated. In Fig. 5.9 single shot spectra of the fundamental signal at 307.86
eV and of the second harmonic signal acquired with the spectrometer are reported
respectively in the upper and lower part of the picture. Moreover, in the upper part
of Fig. 5.10 the fundamental x and y profiles of one shot at 307.86 eV are reported.
Whereas, in the lower part of Fig. 5.10 the window considered for the values to fit
and the applied gaussian fit are reported. For each set, the number of images having
a y-profile gaussian fit with a sigma parameter that is lower than the width of the
window from the spatial slit has been subsequently calculated. Only the fits giving
a sigma value not larger than the spatial window of the signal have been considered
for the calculations. The Gaussian fit doesn’t work when, for example, the FEL has
an emission with a non-Gaussian spatial mode (e.g. donut-shape profile).

FIGURE 5.9: Single shot spectra of the fundamental signal and of the
second harmonic signal acquired with the spectrometer.

At 260.5 eV the gaussian fit works well on 93% of the images. The average σ

parameters obtained in the two available sets differ from about 10%, confirming the
stability of the FEL emission when the spatial mode is gaussian. The results of the
calculation for the two sets of spectral images available at 260.5 eV are reported in
Fig. 5.11.
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FIGURE 5.10: In the upper part of the picture the fundamental x and
y profiles of one shot at 307.86 eV acquired with the spectrometer are
reported. In the lower part of the picture the window considered for
the values to fit and the applied gaussian fit are respectively reported.

At 284.18 eV the gaussian fit worked well on 85 % of the images. For the calcu-
lations only the images with a gaussian profile have been considered. The results of
the calculation for the set of spectral images available at 284.18 eV are reported in
Fig. 5.12.

At 307.86 eV the gaussian fit works well on 58% of the images, while it diverges
for the remaining. Again, for the calculations only the images with a gaussian pro-
file have been considered. The average σ parameters obtained from the 3 different
available sets are in very good agreement. The results of the calculation for the three
sets of spectral images available at 307.86 eV are reported in Fig. 5.13.

Finally, the multiplicative factors which allows to calculate the photon flux be-
fore the slits has been estimated. The fraction of photons cut by the horizontal and
vertical slits has been obtained, knowing the divergence of the beam. The profiles
have been projected from the CCD plane to the entrance slits plane and to the hor-
izontal slits plane and the fraction of photons transmitted has been calculated. The
effect of the slits on the FEL beam, supposed to have a two-dimensional gaussian
shape at the vertical (or horizontal) slit plane of the spectrometer is schematically
shown in Fig. 5.14. The slits apertures are Wh and Wv, respectively for the horizontal
and vertical slits. These contributions are joined together to obtain the multiplicative
factor that gives the number of photons before the spectrometer, once the number
of photons on the CCD is calculated from the measured intensities. The number of
photons on the CCD has been obtained taking in to account the total throughput of
the instrument, defined as counts on the detector per input photon. The diffraction
grating efficiency and the CCD response have been measured at the facility avail-
able at CNR-IFN Padova. The pulse energies obtained from the CCD counts has to
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FIGURE 5.11: Results of the analysis for the two sets of spectral im-
ages available at 260.5 eV.

FIGURE 5.12: Results of the analysis for the set of spectral images
available at 284.18 eV.

be multiplied by the multiplicative factor reported in tab. 5.3.

5.3 Conclusions

The design and characterization of a portable and compact photon spectrometer to
be used for XUV/soft X-ray photon in-photon out experiments at synchrotron and
FEL sources have been reported. The instrument has been fully characterized with
synchrotron radiation by measuring fluorescence spectra both from solid and gas
targets. These spectra are in full agreement with data reported in the literature. Be-
sides the use in synchrotron beamlines, the instrument has been specially designed
to be interfaced on the beamlines at FERMI, where several research activities in the
field of atomic and molecular physics and in condensed matter has been conducted.
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FIGURE 5.13: Results of the analysis for the set of spectral images
available at 307.86 eV.

Recently, the apparatus has been used for a Second Harmonic Generation in graphite
experiment described clearly in the previous sections. The reported results demon-
strate the proper operation of the instrument and the success of the experiment. The
methods employed to provide the intensity calibration of the spectrometer, in order
to calculate the intensity of the photon flux emitted by the sample in second har-
monic, have been exhaustively described. XUV/soft X-ray SHG has been demon-
strated to be a symmetry sensitive spectroscopic technique which will allow a new
class of interface studies experiments with higher interfacial specificity than other
existing soft X-ray approaches.
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FIGURE 5.14: The effect of the slits on the FEL beam, supposed to
have a two-dimensional gaussian shape at the vertical (or horizontal)

slits plane of the spectrometer.

TABLE 5.3: Calculated multiplicative factors

DATASET MULTIPLICATIVE FACTOR
260.5 eV: DATASET 1 74
260.5 eV : DATASET 2 105
284.18 eV : DATASET 1 105
307.86 eV: DATASET 1 114
307.86 eV: DATASET 2 116
307.86 eV: DATASET 3 116
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Chapter 6

General conclusions

In this dissertation the work performed in the framework of the development of
spectroscopic instrumentation for ultrafast pulses in the XUV domain has been pre-
sented. An introduction has been given and the theory behind each one of the three
main activities that have been carried out during the PhD period has been reported.
The work on the installation, development and characterization of ultrafast instru-
mentation for handling, conditioning and detection of ultrashort pulses has been
described in detail. Moreover, the technical and scientific advances achieved, as
well as the experimental results obtained, have been reported and discussed. In
summary, ultrafast technologies in the XUV domain has become very useful tools
for the study of the dynamics of atoms and molecules in a wide range of applica-
tions. Research and developments of ultrafast instrumentation are clearly essential
for providing novel approaches for high-resolution time-domain spectroscopy. It
can be expected that ultrafast technology will gain further relevance and will allow
new developments on the study of ultrafast dynamics in the matter.
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