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Riassunto
Il presente lavoro di tesi è stato svolto presso il nuovo laboratorio SPRINT (Spin Polarization
Research Instrument in the Nanoscale and Time domain), che fa parte della infrastruttura di
ricerca NFFA-Trieste (Nano Foundries and Fine Analysis, appartenente al più ampio circuito
NFFA-Europe) e ospitato nella sala sperimentale del laser a elettroni liberi FERMI@Elettra.
Il laboratorio SPRINT nasce come risposta all’urgente richiesta da parte della comunità scientifica di condurre esperimenti di spettroscopia di fotoemissione (PES), oltre che con risoluzione
dei fotoelettroni in angolo e in spin, anche con risoluzione temporale alla scala delle decine o
centinaia di femtosecondi. Integrare un apparato per PES con un setup per misure stroboscopiche (nello schema pump-probe) aprirà la strada a indagini tempo-risolte del rilassamento
di stati elettronici eccitati otticamente, permettendo cosı̀ lo studio della dinamica ultraveloce
delle eccitazioni all’interno dei materiali, con grande beneficio dal punto di visto sia della ricerca
di base sia dello sviluppo di nuove tecnologie.
Ad oggi, le sorgenti di luce per l’analisi fine della materia sono costituite principalmente dagli
anelli di accumulazione di terza generazione (con radiazione di sincrotrone principalmente da
ondulatori) e i laser a elettroni liberi (FEL). Entrambe queste sorgenti, tuttavia, non presentano
caratteristiche ottimali per PES risolta in tempo: i primi generalmente non producono impulsi
di luce brevi a sufficienza da dare accesso alla scala temporale desiderata (attorno ai 100 ps
invece dei 100 fs richiesti); i secondi generano impulsi ultrabrevi (' 10 fs) ma con intensità di
picco troppo elevate, causando una eccessiva fotoionizzazione del campione ed intense interazioni
elettrostatiche degli elettroni nella nuvola fotoemessa in vuoto (effetto di carica spaziale). Questo
è un punto piuttosto importante: la carica spaziale porta da un lato ad un peggioramento della
risoluzione sperimentale, dall’altro a difficoltà nell’interpretare gli spettri acquisiti, dal momento
che il sistema viene eccitato in regime di risposta non lineare.
Dalla sua scoperta alla fine degli anni ’80, il processo noto come High Harmonics Generation
(HHG) è stato studiato sia per il suo interesse scientifico come processo altamente non lineare,
sia nella prospettiva di una sua applicazione come sorgente di luce ultrabreve. Focalizzando
radiazione di un intenso laser a impulsi ultrabrevi (' 100 fs) su un target di un gas nobile,
possono essere generate armoniche di ordine elevato della frequenza fondamentale, con energia
fino all’estremo ultravioletto (XUV, 6 − 100 eV) e una struttura temporale poco più breve di
quella del laser di pompa; inoltre, il flusso di fotoni (circa 106 fotoni per impulso) è molto
minore rispetto ad un FEL. Questo rende le sorgenti HHG adatte a PES risolta in tempo in
regime perturbativo.
A SPRINT è stata progettata e installata una sorgente HHG ad alto tasso di ripetizione
ottimizzata per esperimenti di PES in schema pump-probe. Sfruttando una geometria di tight
focusing e un laser di pompa nel visibile (515 nm) siamo in grado di generare radiazione XUV
nel range 16.9 − 31.3 eV con impulsi di 105 fs e una larghezza di banda di poche decine di
millielettronvolt: queste caratteristiche rendono la nostra sorgente adatta per spettroscopia
della banda di valenza.
Una caratteristica peculiare di SPRINT è la sua sorgente laser: essa è costituita da due laser
impulsati (Pharos, Light Conversion) da 20 W ciascuno, uno dedicato principalmente alla linea
HHG, l’altro principalmente alla generazione degli impulsi di pompa per gli esperimenti pumpprobe. Il setup è stato modificato in maniera che i due amplificatori rigenerativi condividano
un singolo oscillatore: in questa maniera abbiamo ottenuto una sorgente laser impulsata a due
fasci, con 40 W totali di potenza e, ciò che è fondamentale per la spettroscopia risolta in tempo,

jitter-free.
Nel mio lavoro di tesi ho contribuito all’installazione di questo nuovo setup laser ed alla
caratterizzazione della linea HHG. L’attività si è focalizzata sulla calibrazione della sorgente
XUV, dal punto di vista del flusso di fotoni e della risoluzione energetica. In particolare, ho
installato un fotodiodo sensibile nella regione XUV e implementato la catena di acquisizione
per la misura della fluenza; tramite poi misure di fotoemissione condotte su una superficie di
oro policristallino a temperatura criogenica (elio liquido) è stata misurata la banda energetica
della radiazione generata. Questo lavoro è confluito in un articolo,[1] di cui sono co-autore, che
è stato sottomesso alla rivista Structural Dynamics ed è riportato in Appendice.
Come esperimento di collaudo di quanto può essere ottenuto a SPRINT, ho cresciuto in
situ tramite epitassia da fascio molecolare una superficie Fe(1 0 0) su substrato di MgO e ho
caratterizzato il campione tramite PES e polarimetria di spin con un rivelatore Mott. Facciamo
notare che, a parte questi risultati preliminari, SPRINT è un laboratorio già aperto ad utenti
esterni e si è dimostrato una valida beamline per ricerca di punta nel campo della spettroscopia
ultraveloce.

Abstract
The present thesis work has been performed within a new-born laboratory called Spin Polarization Research Instrument in the Nanoscale and Time domain (SPRINT laboratory), as a
part of the research infrastructures circuit NFFA-Trieste (Nano Foundries and Fine Analysis belonging to the wider NFFA-Europe circuit) and hosted in the experimental hall of the free
electron laser FERMI@Elettra.
The SPRINT laboratory rises as an answer to the urgent request of the scientific community
of extension of photoemission spectroscopies (PES), not only energy-, but possibly also angleand spin-resolved, to the time domain in the sub-picosecond regime. The integration of a PES
apparatus within a setup for stroboscopic measurements (that is in a pump-probe scheme) paves
the way to time resolved study of the relaxation of optically populated electronic states, thus
enabling the study the ultrafast dynamics of the excitations inside the materials, with great
benefit from both the fundamental and the technological point of view.
Currently, the main sources of light for fine analysis of the matter are third generation
storage rings (with synchrotron radiation mostly from undulators) and the Free Electron Lasers
(FELs). Both of them, however, do not exhibit optimal properties for time resolved PES: the
formers generally do not possess short enough pulses to access the desired time scale (about
100 ps instead of 100 fs); the latters generate ultrafast pulses (' 10 fs) but with a too high peak
intensity, leading to a huge amount of photoionization of the sample and to severe interaction of
the electrons within the cloud photoemitted in vacuum (a so called space charge effect). This is
a rather important point, as the space charge leads to both detriment of experimental resolution
and to difficulties in the interpretation of the spectra obtained, since the system is driven beyond
the linear response regime.
Since its discovery in the late 80s, the High Harmonics Generation process has been deeply
studied both for its intrinsic scientific interest as a highly non linear process and for the perspective of applications as an ultrafast light source. Upon focusing an ultrafast (' 100 fs)
intense pulsed laser source on a noble gas target, high harmonics of the driving frequency can
be generated, with energy extending to the extreme ultraviolet region (XUV, 6 − 100 eV) and a
temporal structure slightly shorter than the driving laser one; moreover, the photon flux (about
106 photons per pulse) is much smaller than a FEL output. Thus, a HHG source could be
advantageously used for time resolved PES, within the perturbative regime.
At the SPRINT laboratory, a HHG source optimized for pump-probe PES experiments has
been projected and installed. By using a tight focusing scheme with a seeding laser in the visible
range (515 nm) it can generate XUV radiation in the range 16.9 − 31.3 eV with pulses of 105 fs
and energy bandwidth of few tens of millielectronvolts, suitable for valence band spectroscopy.
A key feature of the SPRINT laboratory is the presence of a two-pulsed-lasers source of
20 W power each, devoted one mainly to the generation of XUV radiation through HHG, the
other mainly to the generation of the pump pulses: the pulsed lasers (Pharos, from Light
Conversion) have been customized so that the two regenerative amplifiers are fed by a single
common oscillator. This setup provides us with a two-beams, 40 W total power, and most
importantly jitter-free pulsed laser source.
In my thesis work, I actively contributed to the installation of this new laser system and
to the characterization of the HHG setup. My activity focused on the calibration of the XUV
source, from the photon fluence and energy resolution point of view. In particular, I installed
an XUV-sensitive photodiode with its proper acquisition chain to perform photon flux measure-

ments; then, photoemission measurements performed on a polycrystalline Au surface at liquid
Helium temperature allowed to infer the energy bandwidth of the generated radiation. This
work completed an article,[1] of which I am co-author, which has been submitted to Structural
Dynamics and is reported in the Appendix.
As a proof of concept of what can be performed at SPRINT, I epitaxially grew in situ a
Fe(1 0 0) surface on top of a MgO substrate, and characterized the sample by means of PES and
Mott spin polarimetry. It should be noted that, besides this preliminary results, the SPRINT
laboratory is already open to external users’ access and it has already proven to be a valuable
beamline for edge-cutting research.
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Chapter 1

Introduction and motivation
1.1

Time resolved photoelectron spectroscopy

Photoelectron Spectroscopy (PES), stemming from the photoelectric effect known since the late
19th century, has proved to be a key experimental technique for the investigation of the electronic
properties of surfaces ([2], [3]). This became possible since the 1960s, when Ultra High Vacuum
(UHV) technology developed and spread out. The strength of this photon in - electron out
technique resides on the possibility to directly measure, in a first approximation, the occupied
Density of States (DoS) of the system under study. Guided by more advanced theoretical
descriptions, also signatures from many body low energy excitations can be recognized in the
spectra. PES becomes especially powerful when equipped to resolve all photoelectrons degrees
of freedom (energy, angle of emission,[4] spin [5], [6]), since it provides a unique tool for complete
characterization of the electronic states (see Figure 1.1). We refer to the vast literature on the
theme for details.
A very appealing possibility which has been explored since the last two decades is the addition
of the temporal degree of freedom: integration of a PES apparatus with a setup for stroboscopic
measurements (that is in a pump-probe scheme) paves the way to time resolved study of the
relaxation of optically populated electronic states, thus enabling the study of the ultrafast dynamics of the excitations inside the material, with great benefit from both the fundamental and
the technological point of view.

The pump-probe scheme
To perform a time resolved experiment two survey beams are requested, which we call the pump
and the probe beams. In Figure 1.2 the essence of this stroboscopic method can be seen. The
material is excited with an ultrashort and high intensity laser pulse, and subsequently probed
with the second laser pulse, driven at lower intensity and often at different wavelengths in order
to provide spectroscopic information.
Absorption of the energy carried by the first pulse drives the system significantly out of
equilibrium. All that follows is the relaxation dynamics, and it is what is investigated by the
probe pulse. Changing in a reproducible manner the delay between the pump and the probe
pulses, the evolution in time of the system can be cartooned.
The intensity of the pump pulse is a parameter of pivotal importance, since significant
unwanted effects may arise. For example, if the pump energy is too high, the system may not
1

Figure 1.1: Photoemission spectra acquired resolving different degrees of freedom, from simple Energy
Dispersion Curves (EDC, top left), to Angle Resolved PES (ARPES, top right), to spin
resolved EDC and band structure (bottom left and right). Adapted from [7].

return back to the thermodynamic equilibrium before the next pump-probe cycle starts, thus
accumulating heat until a steady state is reached: but then the system under study has a different
thermodynamic ground state. Another problem present in the case of photoemission pump-probe
experiments is the occurrence of multiphoton photoemission under high pump fluence: this can
be a very serious problem, since the vacuum space charge induced by the pump could be so high
that it distorts the sought-after signal extracted by the probe, thus hindering the observation
of interesting physics.[8] Linked to this, another important parameter is the time duration of
the pump pulse: ideally we would like it to be customizable, depending on the physics that we
are exploring: sharp optically induced transitions need a narrow photon energy and thus longer
pulses are required; on the other hand, states very far from equilibrium may need extremely
large peak power densities, only achievable in very short pulses.
The time dependent physical information is extracted from the excited system by the probe
pulse: thus, it must arrive at a controlled delay after the pump. Nowadays, this can be accomplished in a very fine way through precise mechanics and micrometer stepper motors: for
reference, at our laboratory a motorized delay line allows for stable tuning of the optical path
of the pump pulse with respect to the probe of 5 µm, meaning steps of about 33 fs for the delay
(remember that in a delay line a variation of the length is translated in double that variation of
the optical path, since the pulse runs the delay line on the outward and return journeys). Also
the time duration of the probe pulse is crucial to the experiment, as it must be much shorter
than the relaxation process that we want to study.
After shining the probe pulse, the system is left to cool down, allowing it to return to the
thermodynamic ground state: usually a microsecond is plenty of time for recovering the ground
state. The excited state is then newly prepared by another pump pulse and the experiment, at
2

Figure 1.2: The pump-probe method: the sample is driven out of equilibrium upon absorption of an
intense pump beam; a second beam at a variable delay probes the relaxation dynamics.
From [9].

a precise pump-probe delay, is repeated until a sufficient statistics is reached. Then the delay
is changed and the successive point in the dynamical measurement is acquired. In order to
have noise and external perturbations averaged out over the whole time delay points, often the
desired statistics is obtained by performing several sweeps of the whole delay line path.

The gap and the bridge
Now the question arises of what kind of source is to be used in order to perform time resolved
PES experiments. In order to overcome the typical work function of materials (few electronvolts)
and to probe at least the valence band, the photon energies are required to span the extreme
ultraviolet (XUV, 6 − 100 eV) to soft x rays range, possibly with a broad range of tunability;
the pulses delivered have to be in the sub-picosecond duration time scale, stable in terms of
energy, polarization and intensity. Moreover, if variable peak brilliance and repetition rate are
at disposal, the space charge effects can be minimized, while compensating the poor statistics
by rising the pulse repetition rate as high as possible to provide adequate signal to noise ratio.
This is a rather important point: a too high peak intensity is to be avoided, as it would drive
the system out of perturbative regime, making the spectra acquired hard for interpretation,
and causing significant loss of resolution due to space charge effects. On the other hand, the
repetition rate has to be compatible with the relaxation time of the excited states, so that
overheating of the sample is avoided and at each pump-probe cycle we are sure the system has
returned back to its original ground state.
Among the most advanced light sources for photoemission, third generation storage rings
must be mentioned (see Figure 1.3, left). Here bunches of electrons are kept running at relativistic speed in a polygonal path: synchrotron radiation is produced through undulating the bunches
around the magnetic field lines of insertion devices, mostly undulators. Each electron bunch
contains about 1010 electrons, spread over a ' 100 ps time length; the bunches are separated
typically by few nanoseconds (say, 2 ns). The radiation emitted resembles the properties of the
3

Figure 1.3: Comparison between emission of synchrotron radiation from a third generation storage
ring and from a Self Amplified Spontaneous Emission (SASE) XFEL. a) Schematics of the
electron bunches in the storage ring. b) The temporal x ray pulse length is about the
same as the electron bunch length. The wavetrains emitted by the individual electrons are
coherent within a coherence time τcoh ' 1 as for a bending magnet and τcoh ' 100 as for
an undulator source. The overall radiation is cahotic. c) Higher bunch compression in a
linear accelerator comes at the price of lower repetition rate. d) The temporal duration of
the bunch and the x ray pulse length are about the same (' 10 fs). The wavetrains emitted
by small bunch regions ordered with the periodicity of the wavelength form coherent spikes
with τcoh ' 1 fs, but since there is no correlation between the individual spikes, the total
pulse is globally only partially coherent, both temporally and spatially. e) If total ordering
of the bunch is achieved (as it is, for example, for extremely small bunches, of order 300 nm
length, or through external laser seeding [10]), a nearly transform limited single spike can
be generated. Adapted from [11].

source bunch, thus we get a pulse source at about 500 MHz delivering pulses about 100 ps long.
The average photon flux is 1012 − 1013 photons per second, meaning about 104 − 105 photons
per pulse. With these parameters, synchrotron radiation from storage rings is fairly suitable for
optimal statistics photoemission in perturbative regime; space charge effects are reduced to well
below the experimental resolution.1
From a certain point of view, radiation from Free Electron Lasers (FELs) is antipodal with
respect to that obtained in a storage ring (see Figure 1.3, right). Since in a linear accelerator an
electron bunch is simply thrown away after having done its duty and having produced radiation,
much more invasive and efficient techniques for bunch compression can be adopted, thus reaching
1

Just to have an order of magnitude: in a classical framework, a 10 eV kinetic energy photoelectron has a
velocity of about 2 · 106 m/s. If the 104 photons per pulse are evenly spaced over 100 ps, they are about 10 fs
far apart from each other. Assuming as a rule of thumb a photoemission probability of 10−2 , two photoelectrons
leave the surface at 1 ps time distance, meaning 2 µm spatial distance: in this condition no significant interaction
is expected, comparing the 10 eV kinetic energy with the coulomb interaction energy.

4

Figure 1.4: The gap between synchrotron light machines and free electron lasers (in terms of peak
photon fluence, repetition rate and time resolution) can be bridged by High Harmonics
Generation sources. Adapted from [12].

extreme conditions of micrometer length and few femtoseconds duration electron bunches. The x
rays generation occurs inside a very long undulator (of the order of 100 m), where the interaction
of the radiation with the electron bunch itself leads to a self-ordering of the electrons into sheets
orthogonal to the beam direction. Each sheet radiates coherently, leading to extreme photon
fluencies, exceeding 1012 photons in a pulse as short as few tens of femtoseconds. This makes
FELs very powerful instruments (for example, able to record a diffraction pattern with a single
pulse, while several seconds are required at a synchotron radiation facility) but at the same
time it hinders their application to photoemission experiments: an enormous number of electron
would be photoemitted at the same time, and would interact electrostatically with each other,
leading to severe deformation of both the energy and the momentum spectra. Moreover, the high
compression of electron bunches (and therefore of photons) comes at the expense of repetition
rate: most FELs run at very low repetition rate, with time period from shot to shot around
10 ms (100 Hz). Also this feature works against the application to photoemission, as statistically
significant measurements could only be obtained with very long acquisitions.
As it is summarized in Figure 1.4, there is a gap between synchrotron radiation, which does
not display the high temporal resolution required for ultrafast spectroscopy, and FEL radiation,
which exhibits excessive peak intensities and does not provide high enough repetition rate (hence
even attenuating the FEL radiation an accettable signal to noise ratio would not be reached).
In this panorama, a valuable tool is provided by the High Harmonics Generation process,
which can be viewed as the bridge between the two banks of storage rings and FELs radiation.
It will be explained in more details in the next Chapter: here, it suffices to say that an intense
pulsed laser focused onto a noble gas target can drive a non linear process in which an electron
is ripped from an atom, gets accelerated in vacuum by the laser field itself, and can radiate a
high energy photon upon recombination with the parent ion.
5

Figure 1.5: Summary of the main properties of a HHG source. a) An intense pulsed infrared or visible laser is used for seeding the process. b) Each pulse drives the generation of a train of
attosecond pulses, each with the duration of half optical cycle. c) If a single XUV photon
energy is selected, it appears temporally a bit shorter than the driving laser pulse. The coherence properties of the generated light closely resemble those of the driving laser. Inspired
by [11].

As can be seen from Figure 1.5, light sources exploiting the HHG process provide radiation in
the XUV range, possibly extending up to soft x rays,2 in pulses as short as 100 fs (and possibly
down to the few femtoseconds or sub-femtosecond regime). The repetition rate and fluence from
this kind of sources match the needs of a photoemission-devoted beamline: indeed, in advanced
HHG setups the repetition rate is tunable up to the megahertz level, while the XUV photon flux
is in the range 105 − 106 photons per pulse. Regarding the coherence properties, the seeding
laser drives directly the excitation of the atoms involved in the generation: this leads to the fact
that the coherence of the generated XUV pulse is closely linked to that of the driving laser.
A final word is to be spent about the fact that other ideas are on their way towards implementation to reach the same goal of time resolved spectroscopy: the ambitious MariX project
is an eminent example. It is a two-pass two-way superconducting linear electron accelerator,
equipped with an arc compressor, providing ultrashort FEL radiation in the 0.2 − 8 keV range
with about 108 photons per pulse. Clearly, a HHG-based beamline has the big advantage of
being a laboratory-scale setup, only requiring space (and money) for table-top lasers and for the
high vacuum chambers where to drive the HHG process.

2

Now, also generation in the hard x rays is reached, but at photon fluencies too low to perform experiments.

6

Figure 1.6: Left: fundamental magnetic processes and some technological application as spread along
a time and length axis. Adapted from [14]. Right: the time-energy uncertainty product
(Equation 1.1) links a time interval to an energy range. Different interactions responsible
for magnetic behaviour are indicated. From [15].

1.2

SPRINT laboratory

To answer the quest for a light source based on high harmonics generation, the Spin Polarization Research Instrument at the Nanoscale and Time domain (SPRINT) laboratory has been
projected, as a part of the NFFA-Trieste research circuit.[13] It is a laboratory-scale beamline
and as such it could be hosted substantially anywhere: nonetheless, it has been developed in the
experimental hall of the Free Electron Laser (FEL) FERMI@Elettra, beneficing of the nearness
to the scientific community orbiting around the FEL.
To drive the HHG process (see next Chapter for details), SPRINT employs an industrialgrade mode-locked laser, which provides IR pulses at 1030 nm (1.2 eV) about 300 fs long, with
very high stability and tunability of both the energy per pulse and the average power. To
perform pump-probe experiments, the laboratory hosts three Optical Parametric Amplifiers,
allowing for a very broad range of pump photon energies. The UHV endstation is equipped with
a hemispherical electron analyzer for angle resolved PES and a vectorial twin Mott detector for
full spin polarimetry. A preparation chamber allows for in situ growth of samples and standard
surface science characterization techniques.
The original scientific question that prompted the design and construction of SPRINT is
the investigation of ultrafast processes specifically in magnetic materials. The interest in this
field is twofold, as can be understood looking at Figure 1.6, where some fundamental physical
processes occurring at ultrashort timescales can be seen, together with a couple of technological
applications.
One of the ultimate goals relies on the fact that a comprehensive theory accounting for
the magnetic behaviour in the solid state is still lacking: there only exist mean field models
well describing some classes of materials and less well some others (for example, a substantial
difference is observed between the 3d-based ferromagnets and the 4f -based ones: the formers
have an itinerant, band-like character, while the latters have a localized, atomic-like character;
the difference occurs because of the more or less important overlap between adjacent orbitals).
This lack of a unified theory gets dramatic when dealing with systems which show a complex
7

Figure 1.7: Phase diagram of La1−x Srx MnO3 (LSMO), showing the different magnetic and conductive phases obtained at different doping level and temperature. AFM: antiferromagnetic
metal; FM: ferromagnetic metal; FI: ferromagnetic insulator; CI: spin-canted insulator;
PI: paramagnetic insulator; PM: paramagnetic metal. TC and TN are the Curie and Néel
temperatures, respectively. From [16].

phase diagram, where different competing interactions intervene concurrently, prevailing in some
conditions and succumbing in others: a good example is constituted by manganese oxides,
which have the stoichiometric formula T1−x Dx MnO3 , where T is a trivalent rare earth and D
is a divalent alkaline earth; depending mainly on temperature and doping level x, they show
very different phases, spanning from ferromagnetic to antiferromagnetic, to paramagnetic, to
spin-canted, and from metallic to insulating behaviour (see Figure 1.7). Some manganites (like
LSMO) are defined to be half-metals, meaning that at the Fermi level only one spin channel
is populated, the other one being separated from the Fermi level by an energy gap. This
feature makes manganites extremely interesting for application in spintronics, because they are
in principle able to provide a fully spin polarized current.
Following the time-energy uncertainty product, namely
∆E · τ ' h ,

(1.1)

we are led to the conclusion that at very short time scales we can investigate the dynamics
driven by high energy interactions in the matter (at 1 fs we get ∆E ' 5 eV, see Figure 1.6,
right): thus, fundamental insight in the physical mechanisms of the exchange interaction, which
is at the very core of magnetic behaviours, can be addressed.
The problem of ultrafast dynamics in magnetic materials can be specified in terms of the
so called three temperatures model, [18] which considers excitations in three reservoirs, each
corresponding to a different degree of freedom: the energy of electrons, the excitation of phonons
and the change of magnetic order. They are modeled as three systems, each with its own
dynamics, typical time constants and specific heats, and specific channels of excitation; the
8

Figure 1.8: In the three temperatures model, a magnetic system can be decoupled into three reservoirs,
related each to a degree of freedom, namely the charge, the lattice and the spin degree of
freedom. The three reservoirs interact with each other through specific coupling constants.
Since each reservoir has its own dynamics and specific heat, we can follow the evolution in
time of the three temperatures towards equilibration. In c) and d) the case of a half metal,
in which no direct cross-talk between charge and spin occurs, is depicted: the raise in spin
temperature follows a much slower evolution since energy can be transferred from electron
to spin excitation only via the lattice intervention. Adapted from [17].

three reservoirs, moreover, interact with each other through specific coupling constants. This
is schematically shown in Figure 1.8 a). In all these processes, energy and angular momentum
must be conserved. The moke-up data shown in panel b) refer to an exemplary case of optical
excitation, as obtained shining a laser pulse on the sample: the energy is absorbed by the charge
degree of freedom (the electronic system), whose temperature rapidly raises; afterwards, upon
interaction with the lattice and the magnetization, energy is transferred to the other reservoirs
and the three temperatures finally converge to one and the same value; finally, heat is transferred
to the environment (not shown). Clearly, the time constants governing the increase and decay
of the temperatures shown depend on how strong the coupling between the couple of reservoirs
is. The case shown in b) relates to a system with an efficient communication channel between
the charge and spin degrees of freedom; moreover, owing to the small magnetic specific heat,
the temperature Ts closely follows the raise of the electronic counterpart. If instead the channel
charge ←→ spin is forbidden, the three temperatures dynamics follows the trend depicted in
panel d): the electronic energy is quenched through release only to the phononic system, and
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only from there the spin excitations can occur. This is what happens, for example, in half-metals
like LSMO. The key point is that the system does not host empty states at low energy for the
minority spin channel; thus, low energy spin wave excitations (which involve an overall spin-flip)
are forbidden. The microscopic mechanism that couples the lattice to spin excitations is thought
to be linked to “anisotropy fluctuations”, but it will not be discussed.[19]
Besides the scientific impact, also from a technological point of view there is much attention
in the field of ultrafast dynamics of magnetization: a historical example to be mentioned is
the discovery of the Giant Magnetoresistance (GMR) in thin film nanostructures, in 1988 ([20],
[21]). It had a surprisingly rapid progress from the scientific discovery to the technological
application, with the submission to the market of the first Magnetic Random Access Memory
(MRAM) in the early 2000s. Since then, MRAM technology remained confined in a niche market,
while solid state CMOS-based devices experienced significant development and spreading, owing
mostly to the possibility to scale-down the dimension of 1 bit storage. Now, with the advent of
devices based on Spin Transfer Torque (STT), also MRAM technology is getting scaled-down:
in 2019 Everspin Technologies announced the pilot production phase of 1 Gb STT-MRAM
chips.[22] Thus, ultrasmall and ultrafast magnetic devices can represent the valuable heirs of
today semiconductor-based devices in information technologies, especially for what concerns
high density data memory.
The work presented in this thesis can represent a first step for novel scientific approaches in
this vast and charming field.
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Chapter 2

Methods
2.1

High Harmonics Generation...

In the late eighties the possibility to exploit the interaction of intense infrared (IR) laser fields
with noble gas atoms to produce extreme ultraviolet light was demonstrated ([23], [24]). Upon
focusing an intense laser field on the gas target, a train of attosecond pulses is generated, whose
spectral content covers a huge number of odd harmonics of the driving frequency, extending
far into the XUV region. This process has been called High Harmonics Generation (HHG).
This achievement could occur thanks to the development of sub-picosecond pulsed laser sources
(mainly Ti:sapphire and Nd:YAG lasers), which enabled to reach unprecedented peak intensity
levels, exceeding the 1014 W/cm2 level.
The general trend of the intensity of a HHG spectrum is shown in Figure 2.1: a steep descent
at low orders, then a wide plateau of harmonics with almost constant intensity, up to a maximum
energy where a sharp cutoff truncates the spectrum. This behaviour is at odds with standard
non linear effects, where much generally the efficiency of an nth order effect drops as the nth
power of the driving intensity. This led to intense experimental and modelistical studies in a
first time aimed at understanding the basic physical process; then attention moved to how to
reach most extreme generation conditions (especially moving the cutoff energy further towards
the hard X rays region); nowadays the major effort is devoted to isolation of single attosecond
pulses for studies addressing sub-femtosecond processes.[25]
When a single harmonic is isolated, it turns out to have spatial and temporal coherence
properties closely following those of the driving laser;[26] moreover, it has a temporal width
which is slightly shorter than that of the driving laser, and a much smaller beam divergence.
These latter features can be understood easily considering that non linear processes can only
occur when high intensity seeding lasers are employed. Hence, when a gaussian pulse is focused
onto the gas, the front and end wings of the pulse have too low intensity to drive the process, so
the generated pulse arises only from the central region of the packet, resulting in being slightly
shorter in time. Regarding the divergence, a similar reasoning applies: neglecting diffractioninduced effects, the focused beam can be seen as a cone made up of rays whose density along
planes normal to the optical axis follows a gaussian shape; the outermost (and least collimated)
rays are too little dense to generate a sizable harmonic signal substantially off-axis.
Few words need to be spent about the specific regime in which our setup works: we employ a
high repetition rate (from 50 kHz to 1 MHz) mode-locked Ytterbium-based laser which provides
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Figure 2.1: General trend of a HHG spectrum: the rapid decrease in efficiency for low orders harmonics stops and a wide plateau of odd order harmonics extends up to high photon energy,
terminating in a sharp cutoff.

pulses of few tens to hundred microjoules, some hundreds of femtoseconds long. At these low
peak powers (as compared with low repetition rate, millijoule-level, few-femtoseconds lasers,
like Ti:sapphire) a tight focusing of the driving laser onto the gas target must be adopted, in
order to reach in the generation region the intensity required to drive the HHG process (about
1014 W/cm2 ): in our setup, the seeding laser is focused by a 10 cm focal length lens. We could
be asked why we chose to implement a beamline with such source parameters: the reason behind
our choice is that, as stated in the previous Chapter, time resolved photoemission experiments
need a moderate photon flux and high repetition rate source in order to have little space charge
effects and good statistics. Moreover, we are looking for a source suitable for spectroscopic
applications, meaning that narrow band harmonics sources are requested: in literature ([27] [28], [29], [30], [31], [32]) it has been reported that HHG driven by visible or UV (' 3 eV) light
in a tight focusing scheme can provide harmonics with the sought after properties.
At SPRINT laboratory, we applied this concept to the case of our Yb-based laser sources,
and seed the HHG with a 2.4 eV driving laser (see also [33]). This method allows to obtain
harmonics bandwidth of the order 20 meV, making it suitable for a PES-devoted beamline.
Another important feature of our setup is the straightforward and wide repetition rate tuning
capability, allowing to find the right compromise between intensity (and thus thermally induced
problems) and statistics.

2.1.1

The three steps model

High harmonics generation is a highly non linear process which should be studied as a coherent
unique process, involving the gas atom and highly excited (i.e many photons) modes of the
electromagnetic field. Nonetheless, valuable physical insights can be caught through a semiclassical model called the three steps model, which instead identifies three subsequent moments
which can be singularly easily understood (see Figure 2.2).
We start making the basic assumption of the Single Active Electron (SAE): the atom is
modeled as an ionic core with only one of the outer electrons, initially subjected to the atomic
electric field, that undergoes the excitation process upon laser shining, while the rest of the
12

Figure 2.2: Schematics of the High Harmonics Generation process as understood within the three step
model. The optical field bends the atomic potential and an electron can be released in the
continuum. When the laser field reverses its direction, the electron is driven back to the
parent ion and has a certain probability to recollide with it. If this is the case, the kinetic
energy acquired in the optical field is released as a burst of XUV radiation. Coherent
superposition of bursts emitted at each half cycle provides a discrete spectrum where only
odd harmonics of the fundamental are present. From [34].

electronic shells are frozen.
1. Basically, the intense laser field distorts the atomic electric field, lowering the potential
barrier which keeps the electron bound to the atom. The electron thus has a significant
probability to escape the bonding field either through tunnel ionization or, for highest
laser intensities, through multiphoton photoemission.
2. In the Strong Field Approximation we model the dynamics of the unbound electron as if
it were subject only to the laser field, keeping the atomic field as negligible. It propagates
in free space following the equation of motion for a charged particle in the optical electric
field, acquiring kinetic energy.
3. After half optical cycle, the laser field reverses its direction and the electron starts being
accelerated towards the parent ion. If recollision occurs, the kinetic energy gained in the
optical field is released as radiative energy, thus emitting an XUV light burst. The discrete
harmonic frequencies observed correspond to the coherent sum of radiation emitted during
successive half optical cycles.
It is worth stressing that we are now modeling the interaction of a single atom of a noble gas
with a monochromatic field; substantial differences are expected when dealing with ultrashort
pulses propagating in a finite-length medium.
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Within the three steps model, we can understand a basic feature of HHG spectra, namely
the occurrence of a maximum energy for the emitted harmonics.[35] We start with the definition
of the ponderomotive force Up ,1 which is the average kinetic energy acquired by the unbound
electron in a complete optical cycle and is given by
Up =

e2 Iλ2
∝ Iλ2
8π 2 m0 c3

,

(2.1)

where I is the average intensity of the the driving laser, λ is the laser central wavelength, e and
m are the electron charge and rest mass, respectively, 0 is the vacuum permittivity and c is the
speed of light. Let us consider a a monochromatic laser field polarized along the z direction
E(t) = E0 cos ω0 t, where E0 and ω0 denote the field amplitude and frequency, respectively.
Suppose that the electron leaves the parent atom at time ti with zero velocity:
z(ti ) = 0 ,

(2.2)

ż(ti ) = 0 .

(2.3)

Solving the equation of motion with these initial conditions we get
z(t) =

eE0
[cos ω0 t − cos ω0 ti + (ω0 t − ω0 ti ) sin ω0 ti ] .
ω0 me

(2.4)

Defining the phase θ ≡ ω0 t, we can rewrite
z(θ) =

eE0
[cos θ − cos θi + (θ − θi ) sin θi ] ,
ω0 me

(2.5)

Ekin (θ) = 2Up (sin θ − sin θi )2 ,

(2.6)

and also
expliciting the relation between the kinetic energy and the ponderomotive force. The time
(phase) of recollision is obtained as a root of the equation z(tr ) = 0 (z(θr ) = 0).2 Then, the
energy of the photon emitted upon recombination is given by Ekin (tr ) + Ip , where Ip is the
ionization energy of the gas atom. Solving for all possible times of escaping, one gets that
Ekin (θr ) assumes the maximum value of about 3.17 Up in correspondence of an ionization phase
θi = 17◦ and a recombination phase θr = 255◦ , as shown in Figure 2.3.
Thus from the three steps model we understand that there is a maximum energy emitted in
the HHG process, which is given by
Ecutoff = Ip + 3.17 Up .

(2.7)

Once a gas is chosen, in order to shift the cutoff energy to higher energies we need to
increase the ponderomotive force: this can be accomplished either by increasing the intensity
(linear dependence) or by increasing the seeding laser wavelength (quadratic dependence).
Note that the three steps model predicts also a low energy cutoff: if the electron recollides
on the parent ion with zero kinetic energy, the radiation emitted is expected to be equal to
1

Which is actually an energy!
We are assuming that an electron involved in the generation process undergoes only one motion reversal and
then recollides with the parent ion; the cases in which the laser-driven electron travels back and forth more than
once before recolliding are neglected.
2
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Figure 2.3: In the first half cycle of the laser, tunnel ionization from the gas atoms can occur; when the
optical field reverses direction, the unbound electron can recollide with its parent ion and
recombine. The kinetic energy at the instant of recombination is a function of the instant
of ionization (and obviously also a function of the driving laser parameters). In this Figure,
the kinetic energy is plotted as a function of ionization and recombination phases. Only
ionization for 0◦ < θi < 90◦ is considered, as for later ionization phases the situation is
the same but reversed in direction. Note that different regions are labeled as short or long
paths: depending on the ionization phase, the electron can stay in the continuum for less or
more than half an optical cycle, thus traveling a short or long path, respectively. On top,
the laser field is plotted. From [35].

the ionization energy. However, this is only a failure of the model, since it can be shown
that harmonics with lower energy can actually be generated. For example, during this thesis,
high harmonics of a 2.4 eV (515 nm) driving laser have been generated in Argon, which has
about 15.8 eV first ionization energy. Thus only harmonics higher than the seventh (16.9 eV) are
expected to be generated. Nonetheless, we directly observed a peak which is uniquely attributed
to the fifth harmonic (12.1 eV). There exist more sofisticated and efficient theoretical models
able to treat the whole generation as a single process: these models do not predict a low energy
cutoff.

Why only odd harmonics?
Within the three steps model, it can be understood also the occurrence of only odd order
harmonics of the fundamental laser. Let us consider the interaction of a single atom with a laser
field and denote a(t) the time dependent electric dipole responsible for radiation. Assuming a
monochromatic field with period T and inversion symmetry for the atomic system, we have that
after half optical cycle the dipole is reversed in sign and after a complete cycle returns to its
initial value. Thus we have
a(t + T ) = a(t) ,

(2.8)

a(t + T /2) = −a(t) .

(2.9)
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Upon a discrete Fourier transform, we can write
a(t) =

+∞
X

ãn einω0 t

(2.10)

n =−∞

where ãn are the Fourier coefficients. Equation 2.8 is automatically satisfied since ω0 = 2π/T ;
Equation 2.9 rewrites as
!
ãn einω0 t = −ãn einω0 t · einω0 T /2 ,
(2.11)
which means
!

nω0 T /2 = nπ = (2m + 1)π ,

(2.12)

with m integer. Thus n is required to be an odd integer.
Note that this is true as long as we are considering a sufficiently long driving laser wave: the
occurrence of only odd harmonics is a result of the interference of the bursts emitted at each
half cycle (see Figure 2.4). If a single attosecond burst (which is the emission during half optical
cycle) is isolated and spectrally analyzed, a broadband XUV spectrum would be found.[36]

2.1.2

Phase matching

As it is the case for all non linear processes, the conversion efficiency from a single emitter (a
gas atom in the case of HHG) is quite low, and in order to obtain a significant output, the signal
originating from several emitters all along the non linear medium length must add in phase,
so that the amplitudes interfere constructively. This condition is known as phase matching
(see Figure 2.5). It requires that the driving laser and the harmonic field have the same phase
velocity, so that the non linear polarization of the medium induced by the optical field travels
at the same velocity as the generated harmonics.
This condition is easily achieved in non linear crystals used e.g. for Second Harmonic Generation (SHG) like β-Barium Borate (BBO), simply by finding the right rotation angle about
a crystalline ordinary axis. It is instead a quite demanding task for HHG, primarily because it
uses a gas medium with no birefringence (thus precluding most phase matching techniques).
Phase matching in gas depends on four terms: the wave vector mismatch due to the intensity
dependent single atom dipole phase ∆kq ; the geometrical wave vector mismatch due to focusing
∆kg ; the difference in wave vectors at driving laser and harmonic frequencies due to dispersion in
the neutral medium (∆kn ) and due to free electrons (∆kp ). The sign of these terms is different,
and proper tuning of the generation conditions can provide global cancellation of the wave vector
mismatch (or at least its pronounced reduction). Considering only the wave vector along the z
axis, taken as the direction of propagation of the driving laser, we have
!

0 = ∆kz = ∆kq + ∆kg + ∆kn + ∆kp .
The geometrical and plasma terms (the second and the fourth) give a negative contribution,
the neutral gas (the third) term gives a positive contribution while the dipole term (the first)
contributes negatively or positively depending on where the laser beam is focused, ahead or
behind the interaction region. Thus, given the laser intensity (which influences ∆kq and ∆kp )
the main parameters that can be adjusted to achieve phase matching are the relative position
of the gas region and the focus, and the gas pressure, which influences both ∆kn and ∆kp .
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Figure 2.4: (a) Schematic overview of a typical HHG source: a mode-locked oscillator generates ultrashort pulses which are amplified and delivered at repetition rate frep . The HHG output is
a series of attosecond pulse trains, at the same repetition rate as the driving laser. (b) and
(c) Spectral and temporal content of the generated light. As depicted, each half optical
cycle generates an attosecond pulse, whose spectrum spans a broad frequency region. If the
whole attosecond pulse train (or many of them) is considered, instead, coherent superposition leaves us with the actual harmonics spectrum, composed of only odd-order harmonics
of the fundamental. Once a a single harmonic is chosen, it temporally appears as a XUV
pulse whose duration is comparable with the driving laser pulse duration. From [36].

Figure 2.5: Illustration of the phase matching condition: in order to obtain a sizeable XUV output, constructive interference of the XUV light emitted from many gas atoms must occur. This requires that the driving laser and the harmonic field have the same phase velocity. From [37].
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We report here a feature that we dealt with, related to phase matching: in our setup, day
to day optimization of the signal is performed by looking at the signal generated by a specific
harmonic and routing the driving beam with the last two mirrors of the optical table.3 This in
general helps in improving the generation efficiency along the entire spectrum of harmonics; yet,
this enhancement is often non homogeneous. For example, what typically can happen is that if
the non optimized spectrum shows harmonic A larger than harmonic B, upon optimization of
the signal from harmonic B both the harmonics are enhanced, but now harmonic A is smaller
than harmonic B. We attribute this to a phase (mis)matching effect: optimal phase matching
for a harmonic may not be optimal phase matching for another.

2.2

...at SPRINT

Having described the general framework of the High Harmonics Generation process, it is now
time to illustrate what the optical setup settled at SPRINT laboratory is composed of. The
general idea behind the project of this laboratory is to have at the users’ disposal an extremely
versatile light source for pump-probe experiments, with a HHG source as main photoemission
(probe) radiation, and a very broad range of tunable laser light for excitation (pump) radiation,
from IR to UV. This is accomplished through a troop of three Optical Parametric Amplifiers
(OPAs), as discussed below. Note that the highest energy OPA reaches the UV range, down to
210 nm: hence, it can be used also as a probe source, either for Two Photons Photoemission
(2PPE) or for ordinary photoemission from low work function surfaces (for this purpose, a
cesium treatment stage has been set up).

2.2.1

Pharos laser source

The core of the whole optical setup is the pulsed laser source: this is a customized twin couple
of Pharos lasers, produced by the Lithuanian company Light Conversion. The Pharos is a
turn-key laser based on a Yb:KGW (Ytterbium-doped Potassium-Gadolinium tungstate) fiber
oscillator and subsequent chirped-pulse amplification (CPA). It provides 1030 nm output pulses
at variable repetition rate, from single pulse to 1 MHz. The average output power is 20 W above
50 kHz operation; the energy per pulse is obtained dividing the total power by the repetition
rate, thus the system provides, for example, 400 µJ/pulse at 50 kHz, 200 µJ/pulse at 100 kHz,
100 µJ/pulse at 200 kHz or 20 µJ/pulse at 1 MHz. Below 50 kHz, the energy per pulse is kept
at 400 µJ/pulse, thus the average power is lower.
The Yb-based technology for laser application is rather new and it has proved to be a valuable
tool for generation of high power ultrashort pulses ([39], [40], [41], [42], [43]). In particular, what
makes its strength is the possibility to pump the active medium with high power and low cost
infrared diode lasers emitting in the 940 − 980 nm spectral range, since this matches the Yb
absorption spectrum (see Figure 2.6); the small quantum defect (meaning the difference in energy
between the pump photons and the laser photons) allows to reach very high power efficiencies
and reduces thermal effects in high power lasers; the gain bandwidth of the laser transition is
typically fairly large (compared with, e.g. Neodymium-doped crystals), thus allowing for wide
3

Also the gas emitting nozzle is mounted on a three-axes translation stage, but it has some mechanical backlash,
reducing its movement reliability.
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Figure 2.6: Left: Yb3+ ion atomic levels (not to scale) involved in the lasing transition; the energy
degeneration of the levels in each manifold is lifted by the crystalline electric field. The
shown level scheme makes Yb3+ a quasi three level lasing system, meaning that the final
state of the lasing transition can have some thermal population. Right: absorption and
emission bands for Yb ions hosted in KGW crystal. From [38].

wavelength tuning ranges or for generation of ultrashort pulses in mode-locked lasers, exploiting
pulse compression.
In the case of the Pharos, the oscillator generates femtosecond pulses through Kerr-lens
mode-locking. The oscillator output is a 76 MHz (meaning about 13 ns period) 70 − 90 fs low
intensity pulse (from 0.6 to 2 W), sustaining a bandwidth of about 10 − 25 nm FWHM; it is
then greatly amplified by the so called regenerative amplifier, which exploits the CPA.[44] In
practice, the pulse is first stretched through a dispersive optical element into a very chirped
pulse: in this way the peak intensity is lowered. Then it is fed to the regenerative amplifier
which operates in much the same way as the oscillator: it has an active Yb-doped medium
which is pumped by a continuous wave laser diode. After several crossings, when the pulse is
amplified at maximum, a Pockels Cell sends it to a compressor, which operates in an opposite
way with respect to the stretcher, since it exploits a negative group velocity dispersion to return
an ultrashort transform-limited pulse, whose release is enabled by an electro-optical switch (a
Pockels Cell).[45]
An interesting characteristic of the Pharos is that it is an extremely compact object: one
of the results of its careful engineering is that both the stretcher and the compressor share the
same optical elements (prisms) thus obtaining in very little space a valuable instrumentation.
Another key feature of the Pharos is the so called Pulse Picker (PP): it is an additional
Pockels Cell positioned at the exit of the regenerative amplifier, which acts as an optical gate
that can prevent selected pulses from exit. When the PP is enabled, the output of the laser is
reduced in average power, but not in energy per pulse, thus the same peak power is maintained
but with a reduced thermal load: this is of primary importance when dealing with non linear
effects, because in this way, during the alignement, damage induced by excess optical power is
avoided.4
In conclusion, we can say that the key parameters which are at the user disposal are the
energy per pulse (which can be controlled either by setting the repetition rate or through a
Transmission controller that acts on a polarization variable beam splitter; external filtering
4

Remember that the driving force for non linear effects is the peak intensity (that is the energy per pulse) and
not the average power; on the other hand, thermal load depends on the average power impinging.
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Figure 2.7: Autocorrelation curves for Pharos fundamental and its second harmonic
√ as produced in a
BBO crystal. The actual duration (FWHM) of the pulse is a factor 2 smaller than the
curve FWHM. Since the IR pulse wings do not have sufficient intensity to drive the SHG
process in the BBO crystal, the second harmonic pulse is shorter.

devices are present as well) and the average power (which depends on the PP and, of course, on
the energy per pulse).
At the beginning of this section, we said that we exploit a couple of Pharos lasers: this is
precisely where the factory customization comes. A first implementation, indeed, exploited only
one Pharos, whose output was separated through a beam splitter into 90% to feed the HHG line
and 10% to be used as a pump. It was next realized that in order to have the highest flexibility
in the experimental conditions, it is necessary to have a full power Pharos (20 W) dedicated to
generation of pump light into an Optical Parametric Amplifier (better, one OPA chosen out of
three), while another 20 W Pharos continues to seed the HHG. But two different lasers, even if
proved to have extremely stable generation, unavoidably suffer from jitter problem: this means
that, when set at the same repetition rate, the time distance between the pulses originating from
one laser and from the other cannot be constant, but instead varies from pulse to pulse.
The solution proposed is to have one single oscillator that feeds two separated regenerative
amplifiers, thus obtaining two laser outputs of 20 W each, but in a stable jitter-free condition. A
customized software application allows to set the time delay between the two output pulses.5 We
will speak in the following of a Master Pharos (the one that contains the common oscillator)
and a Slave Pharos.
Using an autocorrelator (APE Berlin Pulse Check), we measured the duration of both the
Pharos output (1030 nm) and its second harmonic (515 nm), as obtained after Second Harmonic
Generation in a BBO crystal properly oriented to get phase matching. This energy-duplicated
beam will serve as a seeding beam for HHG.6 The results of the duration measurements are
displayed in Figure 2.7.
5

En passant, we report here about a problem of the coupled laser system: the Master shares with the Slave a
common trigger signal to synchronize the regenerative amplifier, but there is not a similar signal to synchronize
the PP. It is instead enabled at uncorrelated moments for the two Pharos, with a random phase between the
two that changes every time the PP is disabled and enabled. This does not constitute a problem as long as the
system is runned at PP 1 (meaning full power), but instead it practically prohibits a pump-probe experiment
when reduced power is requested. The temporary solution is to feed to both the Pharos an externally generated
trigger pulse for the PP Pockels Cells. Fine compensation of the delay needs to be adjusted through the external
optical paths.
6
The intensity onset for HHG is about 1014 W/cm2 ; since we employ a high repetition rate and moderate
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2.2.2

Orpheus OPAs

A very important and useful feature displayed by SPRINT laboratory is the presence of three
different Optical Parametric Amplifiers. These widespread optical instruments prove to be
a practical source of femtosecond pulses tunable across a wide frequency region. This is of
primary importance, especially in a spectroscopy laboratory, since it makes possible to excite
specific resonances of the samples under study.
These ultrafast optics instruments are fed by one of the two Pharos and provide in output a
tunable-wavelength ultrashort pulse. The overall bandwidth, accounting for all the three OPAs
is from about 200 nm to about 16 µm (meaning from the onset of VUV to the MIR spectral
regions). This allows for a very versatile operation, making SPRINT an attractive laboratory
for many user groups.
The principle of the optical parametric amplification is the energy transfer from an intense
pump beam at frequency ωp to a lower frequency and lower intensity signal beam at frequency
ωs ; in this process, a third beam, called the idler beam, is generated at frequency ωi .[46] The
frequency mixing occurs in a suitable nonlinear crystal (e.g. BBO).
During the process, energy and momentum conservation are fulfilled:
h̄ωp = h̄ωs + h̄ωi ,

(2.13)

h̄kp = h̄ks + h̄ki .

(2.14)

The first relation is a strict requirement, the second needs to be fulfilled for the interaction to
be efficient. The signal frequency to be amplified can vary in principle from ωp /2 (the so called
degeneracy condition) to ωp ; correspondingly, the idler varies from ωp /2 to 0. At degeneracy,
signal and idler have the same frequency. A key requirement for the process to be efficient is to
dispose of very high intensities of the order of tens of gigawatts per square centimeter. Thus,
OPAs are almost exclusively driven by femtosecond laser systems, where such intensity can be
easily achieved even with modest energy per pulse, of the order of few tens of microjoules.
In Figure 2.8 the essentials of energy conservation in parametric amplification can be grasped:
the pump beam excites a virtual level from which the system relaxes via stimulated emission
induced by an incoming signal photon; from the virtual intermediate level, a third radiative
process occurs, with emission of an idler photon. Thus, it can be stated the the essence of optical
parametric amplification is a process of stimulated difference frequency generation (DFG).
Moving to the actual OPAs present at SPRINT laboratory, we have three different models
(see Figure 2.9), namely Orpheus-F, Orpheus-HP and Orpheus-HP-ONE. In Table 2.1 the major
specifications are reported. All the Orpheus provide light linearly polarized in the vertical
plane. The energy per pulse is typically in the several microjoules range (up to several tens
of microjoules in specific spectral regions for Orpheus-F and Orpheus-HP-ONE), except for
the range boundaries where it drops significantly to the hundred-nanojoules regime (or less).
For Orpheus-F, the high and low frequency ranges are obtained through amplification of signal
and idler, respectively; for Orpheus-HP-ONE, the long wavelength range is covered through
energy laser source, we need to reach this intensity level through tight focusing of the beam. Now, the waist
radius w for a gaussian beam depends on the lens focal length f , the wavelength λ and the section radius w0
through the equation
λf
w'
.
πw0
Hence, a bigger section beam can be more strongly focused.
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Figure 2.8: Schemes of Optical Parametric Amplification. Left: virtual levels scheme. An incoming
signal photon triggers stimulated emission from a higher virtual level excited by a pump
photon; final relaxation to ground state occurs via emission of an idler photon. Right:
the overall effect is the amplification of the signal beam and generation of an idler, at the
expense of the pump beam intensity. From [47].
Table 2.1: Specification for the Orpheus present at SPRINT.

Orpheus model

Range (nm)

Duration (fs)

Pump

Pump specs

F

[640; 940]
[1150; 2550]
[1300; 16000]
[210; 3230]

< 50

Pharos Master

90 or 10 µJ @ 200 kHz

' 200
' 200

Pharos Master
Pharos Slave

360 µJ @ 50 kHz
40 or 360 µJ @ 50 kHz

HP-ONE
HP

Difference Frequency Generation starting from the amplified signal; for Orpheus-HP, the high
energy range is obtained through Second or Third Harmonic Generation from the signal beam.
The pulse duration is quite short for Orpheus-F, which employs an external optical compressor;
for the other two OPAs, no compression is performed, hence the duration is only an estimate
from the duration of the pump pulse.
Note, from Figure 2.9 and from specifications, that some constraints are actually present.
First, the Pharos Slave feeds only Orpheus-HP, while the Pharos Master can feed Orpheus-F
and Orpheus-HP-ONE; the HHG line can be fed by both the lasers, upon insertion of a flip
mirror and correction shift of the proper optical components. Second, the optics inside each
OPA are chosen and optimized for a precise amount of energy per pulse and average power, and
usage of parameters different from specifications causes severe damages.
In the rest of this thesis, OPAs are not discussed anymore: nonetheless, thay have been
actually tested for several measurements, both performed by our group and by external users,
and have confirmed their grand versatility and ease of usage.

2.2.3

HHG @ SPRINT

We present here firstly some measurements performed on the beams that are used for the
generation of the harmonics, namely the Pharos Slave output at 1030 nm and its second harmonic
(SH) at 515 nm as generated in BBO. In Figure 2.10 we present data acquired with a powermeter:
the energy per pulse is calculated dividing the measured power by the known repetition rate.
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Figure 2.9: Scheme of the optical circuit for the laser sources present at SPRINT. All the components
labeled as BS are polarization variable beam splitter, meaning that the intensity reflected
and transmitted can be varied in a continuous way from 0 to 100%, by means of a half wave
plate and a polarizing beam splitter. The HHG line is usually fed by the Pharos slave, but
inserting the flip mirror the Pharos master beam can be routed to the HHG chamber. After
SHG in BBO, a dichroic mirror is necessary to spatially separate the fundamental 1030 nm
beam from the 515 nm one. The beam expander for the SH is necessary to achieve tight
focusing for HHG.

The abscissa axis is a quite technical quantity: it is the angular step of the half wave plate
of the Polarization Variable Beam Splitter (PVBS) which divides the intensity of the Pharos
Slave between the HHG line and the Orpheus-HP. The data correspond to little more than a
90◦ rotation. As can be seen, the infrared light follows the expected cosine square trend, while
the SH is deformed both in the low and high energy region: this occurs because at low energy
a second order non linear process is quadratically suppressed, while at high energy probably
we were saturating the BBO . The highlighted saturation effect is not present in measurements
with higher repetition rate and lower peak intensity, as shown in panel b), where the SH energy
curves for the three main repetition rate conditions are plotted.
The relevance of these measurements from an experimental point of view is that the fine
control of the driving laser energy for HHG is of primary importance if control of the number of
XUV photons per pulse is requested, as it is the case if space charge problems need to be faced
(see next Chapter).7 Moreover, inspection by eye of the footprint of the SH beam at 50 kHz
reveals a degradation of the beam quality, as a dark spot appears at the center: the central
region has the highest power density, thus it is where the saturation is expected to occur. This
suggests that the generation at highest energy can be subjected to different phase matching
conditions.
7

For reference, we report here how many photons correspond to the highest energy conditions: 350 µJ at
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Figure 2.10: Energy per pulse as deduced from power measurement. In a) the results as a function
of a Polarization Variable Beam Splitter step at 50 kHz (meaning maximum energy of
the Pharos output) are reported. In b), only the SH energy for three different repetition
rates is shown. Note that the low intensity effect is present in all the three cases, while
the saturation effect is present only at maximum energy (namely at 50 kHz). All the
measurements are performed at low average power (PP 100) and full Pharos transmission
(T = 100%).
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Figure 2.11: Efficiency of SHG. Panel a): SH energy as a function of seeding IR laser energy. As
expected, the three curves follow almost the same behaviour. The saturation is seen as a
flattening of the curve at high driving laser energy. Panel b): efficiency of SHG is about
35% at best.

From the measurements displayed in Figure 2.10 we extracted the data plotted in Figure 2.11.
Panel a) shows the SH energy as a function of the fundamental IR energy: at low energy the
curve is quadratically approaching zero, while at intermediate energy a more linear behaviour is
observed; at highest energies (only reached at 50 kHz), saturation flattens the curve. In panel b)
the efficiency of SHG process (defined as the ratio of the SH energy by the IR energy) is plotted
as a function of the incoming IR energy. As expected, the quadratic behaviour observed in panel
a) is translated in a linear trend for efficiency, while the linear region of panel a) is reflected in
a flattening of efficiency; finally, the saturation region is seen as a decrease in efficiency.
We now pass to the description of the High Vacuum chambers dedicated to High Harmonics
Generation. A scheme is shown in Figure 2.12.
1030 nm corresponds to about 1.8 · 1015 photons; regarding the SH pulses at 515 nm, 30 µJ are 7.8 · 1013 photons,
70 µJ are 1.8 · 1014 photons and 110 µJ are 2.9 · 1014 photons.
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Figure 2.12: Scheme of the setup for High Harmonics Generation. Generation chamber: the lens L
tightly focuses the driving laser on the gas jet expelled from the nozzle; this process occurs
inside a differentially pumped cubic cell in order to limit the stress on the main turbomolecular pump. A conical beam stopper (CBSt) prevents a big amount of driving laser
power from being trasmitted to the next chamber; the HH beam is much less divergent,
hence it is fully transmitted. Monochromator chamber: a toroidal mirror (TM) collimates
the beam on the chosen grating, which disperdes the harmonics along the vertical plane.
A second TM focuses the beam at the position of the horizontal slits, which really define
which harmonic is transmitted by cutting out all the others. In the detector chamber
a channeltron or a photodiode is present for harmonics diagnosis and optimization. A
refocus chamber focuses the harmonic (and also the pump beam, not shown here) on the
sample in photoemission chamber. All the setup is pumped to high vacuum (' 10−7 mbar
or less) through turbomolecular pumps, because air strongly absorbs light in the XUV
range; the generation gas cell is directly pumped by a roots pump to keep the background
vacuum to a reasonable level. The photoemission chambers are kept to Ultra High Vacuum
level. Not to scale.

Generation chamber
As stated before, the generation chamber has been designed to work in the tight focusing regime,
that allows to reach the required 1014 W/cm2 peak power density also with pulses ' 300 fs long
and with moderate energy. The driving laser is focused by a 30 mm diameter 10 cm focal length
CaF2 lens on the gas (which is only Argon during this thesis, but also Neon had been tested
and is scheduled to be investigated). The gas target is ejected from a nozzle, consisting of a
sharp borosilicate tip of 12 mm length and 70 µm orifice diameter. The spot size at the focus is
estimated to be (10 ± 2) µm.
The nozzle is fixed to its holder through wax or cyanoacrylate glue;8 the whole cell body is
mounted on a three axes translation stage9 used to optimize the relative position of nozzle and
laser focus.
8

See next chapter for problems related to the glue seal.
The mechanics of the nozzle manipulator is not fully reproducible, hence after some work we decided to
preferentially keep it fixed ant to move instead only the last two mirrors of the optic table when optimizing the
9
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Figure 2.13: Photographs of the generation chamber setup. a) Top view of the chamber: the focusing
lens and the cell small chamber can be recognized; the bright spot on the left is simply
a lamp reflection on the top glass of the chamber. b) Top view of the gas cell, with the
nozzle fixed in its holder. c) Side view of the gas cell (as it is seen by the incoming seeding
beam: the front and back holes can be seen. d) Nozzle during harmonics generation, as
recorded through a UV-filtered camera: the bright spot at the exit of the nozzle is the
ionized gas plume where the HHG process occurs.

In order to damp the seeding laser radiation, a conical beam stopper is inserted between the
generation chamber and the monochromator chamber. A hole of 1.5 mm on the vertex of the
cone guarantees that only about 1% of the seeding beam input power is transmitted, while the
harmonics beam is completely transmitted owing to its much smaller divergence.
In order to maintain a good vacuum level without overloading the main turbomolecular
pump, the HHG process is driven inside a small cubic cell directly connected via an in-vacuum
feedthrough to a 140 m3 /h roots primary pump. The only apertures of the inner cell towards the
main chamber are two 3 mm diameter holes for the beam entrance and exit. This solution allows
to routinely apply a gas pressure of several bars (4 − 6 bar) at the gas line, while maintaining
a base pressure of ' 10−4 mbar in the main chamber. The conical beam stopper connecting
generation and monochromator chamber also introduces a high vacuum impedance, reducing
the pressure rise in the downstream vacuum chambers during gas inlet. As a matter of fact, the
pressure in the experimental UHV endstations is not seen to depend on the generation gas inlet.
In Figure 2.13 some photographs of the generation chamber are shown.
Monochromator chamber and slits
As shown in the scheme of Figure 2.14, the harmonics beam impinges on a gold-coated toroidal
mirror which collimates the beam onto a specific grating, chosen out of five: two serve the
harmonics generation.
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Figure 2.14: Scheme of the monochromator chamber. TM: gold coated toroidal mirrors. G: gratings.
M: cylindrical stepper motor for angular movement of the gratings around the system
optic axis.

TReX (Time Resolved eXperiment) branch (200 or 400 gr/mm) and three serve the SPRINT
branch (150, 400 or 1200 gr/mm). A second toroidal mirror focuses the beam at the position
of a slit, usually 200 µm wide, where selection of a single harmonic is actually performed.
The mirrors are operated at unity magnification in order to minimize the aberrations at the
output. The selection of a specific grating determines which endstation is served, without further
adjustments. Considering the mirror and grating reflectivities, the entire system transmission
from the harmonics source to the sample can be estimated around 46%.
The gratings employed for the spectral dispersion of the harmonics are of the Off Plane Mount
(OPM) type: in this geometry, the groove direction is parallel to the sagittal plane, while in
the so called Classical Diffraction Mount (CDM, the ordinary grating mount) the grooves are
orthogonal to the sagittal plane. In Figure 2.15 the difference between the two mounts can be
appreciated. In particular, the OPM grating is governed by the equation
sin γ (sin µ + sin ν) = mλσ

,

(2.15)

where γ is the elevation angle, µ and ν are the polar angles, m is the diffraction order, λ the
diffracted wavelength and σ is the groove density. In our setup, the gratings are mounted in
such a way that µ = ν, thus the equation can be written as
2 sin γ sin ν = mλσ

.

(2.16)

The angular scan for an OPM grating is performed around the system optical axis, which is
nearly parallel to the grooves: thus the different harmonics are dispersed in the vertical plane.
The slits are therefore horizontal.
The need to employ the OPM configuration stems in the so called pulse front tilt: the
wavefronts that originate from two adjacent grooves and interfere constructively (so that the
grating builds up a diffraction order at that angle) are delayed by a wavelength. This effect,
summed for all the grooves shined by the beam, causes a severe stretch of the pulse, especially
when grazing angle incidence is required, as it is the case for XUV optics. The use of OPM
gratings mitigates thus the pulse front tilt and provides a lower temporal broadening of the
monochromatized pulses.
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Figure 2.15: Scheme of the discussed grating configurations, namely the Classical Diffraction Mount
and the Off Plane Mount.

Adjacent harmonics are separated by 4.8 eV if seeded with 515 nm radiation (and by 2.4 eV
if seeded with 1030 nm radiation). The grating parameters have been designed to make the
monochromator simply a harmonic selector, or a tunable filter, without introducing any further
spectral broadening. This means that it disperdes the beam sufficiently to isolate a single
harmonics (for a slit width of 200 µm), but since the intrinsic bandwidth of the harmonics is
definitely lower than the bandwidth transmitted through the monochromator, the overall energy
resolution is limited by the HHG source itself.
Detector chamber
The small detector chamber is devoted to harmonics diagnostics. It is equipped with a linear
drive with a detector (a channeltron electron multiplier or a XUV sensitive photodiode) for
acquisition of harmonics spectra. See next Chapter for some details about the instrumentation
used for spectra acquisition and issues related.
Refocusing chamber
The refocusing chamber serves a twofold purpose. First, with a toroidal mirror (with same
specifications as the monochromator ones), it images the HHG beam spot at the slits position
onto the sample plane in photoemission chamber; the 1 : 1 ratio minimizes aberrations. Second,
this chamber receives through a view-port an external pump beam and with a silver square
mirror routes it towards the sample. The pump beam is focused by a 1500 mm focal length lens
positioned outside the refocusing chamber. The pump and the XUV beams form a ' 1◦ angle
with each other. Both these mirrors are mounted on piezoelectrically driven stages that allow
for precise spatial overlap of the beams for pump-probe experiments.
In Figure 2.16 the measurement of the focal spot dimension in photoemission chamber is
shown: the XUV pulse is focused onto a YAG crystal hosted on the manipulator. The pulseinduced fluorescence of the crystal is recorded by a CCD camera: the spot appears with a fairly
gaussian shape 194 µm wide.
As shown in Figure 2.17, another mirror is present in the chamber: it is mounted off center
and through a stepper motor can be inserted in the beam path in order to send the pump and
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Figure 2.16: XUV beam focal spot as focused by the refocusing chamber toroidal mirror into the photoemission chamber. a) Camera photogram of the focal spot on the YAG screen and zoom
on the region of interest. b) Contour plot of the focal spot. c) 3D profile. d) Profile along
a horizontal cut. The gaussian fit giving a 194 µm FWHM is plotted as a blue line.

probe beams out of the vacuum chamber. This possibility is very useful since it allows to obtain
a first rough optimization of the spatial and temporal overlap of the beams. The position of the
pump focusing lens can be optimized by checking that the two complanar beams are focused
at the same position, where they cross each other. A rough temporal overlap optimization
can be obtained, as well, by shining with the pulses a fast photodiode recorded with a large
bandwidth oscilloscope: the time zero can be thus found with some picoseconds uncertainty.
The precise temporal overlap is deduced by photoemission from a crystalline GaAs surface: the
photoemission current is seen to depend on the relative delay between the two pulses, showing
an increase or a decrease depending on the involved photon energies. The actual physical
mechanism driving this effect is not understood.
We report here a purely optical method used during the first SPRINT beamtime (September
14th − October 1st , 2019) for finding the time zero condition. We routed out of the refocusing
chamber the pump beam (a 650 nm beam generated by Orpheus-F) and the attenuated 515 nm
seeding laser.10 We checked that they were focused at the same position and then we positioned
there a BBO crystal. The idea is that, if the BBO is oriented at the right phase matching
angle (to be found), the two beams undergo the process of Sum Frequency Generation (SFG)
clearly only if they are incident on the non linear crystal at the same time. Once the phase
matching angle is found, a scan of the delay line allows to find the delay line position for time
zero. In Figure 2.18 a scheme of this method and results obtained for the mentioned beamtime
are reported. The resolution of this method is indeed quite poor, even if in principle it is only
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Figure 2.17: Scheme of the refocusing chamber. TM: toroidal mirror; L: focusing lens; PM: pump
mirror; FM: flip mirror. a) Operative configuration: the XUV and pump beams are both
focused onto the sample by the TM and the PM, respectively. b) If the FM is flipped, the
beams can be routed outside the chamber. This is useful for optimization of the position
of the lens L or for rough check of spatial and temporal overlap. Note that in this case
the XUV beam cannot be used since it would be strongly absorbed in air, but instead the
driving 515 nm laser has to be used.

Figure 2.18: a) Scheme of the setup used to find the time zero with a purely optical method. b)
Photograph of the setup: in the foreground, the BBO crystal on a goniometer stage, in
the background a prism used to separate the beams and the highlighted paper necessary
to detect the UV generated by SFG (2.4 eV + 1.8 eV = 4.2 eV, or about 300 nm).
c) Photograph of the spot on the paper. d) To find the time zero: a camera looks at
the position where the UV sum frequency shines the paper and integration of the image
intensities reveals a clear peak at the position of the delay line at which time zero occurs.
Note that from the curve an uncertainty of about 10 µm is present, which corresponds to
about 67 fs, remembering that in a delay line the light beam travels two times (back and
forth).
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limited by the cross-correlation of the two pulses: the fact is that we are measuring with the
515 nm and not with the actual harmonic, and we are crossing a window whose refractive index
has a certain spectral dependence, hence the two beams suffer a different delay. In conclusion,
the time zero condition needs to be found in an actual photoemission experiment, using the real
beams requested for the experiment.

10

The XUV beam cannot be sent out of the HV chamber because it is strongly absorbed by air: experiments
at photon energy higher than 6 eV (about 200 nm) need to be performed in vacuum condition.
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Chapter 3

Calibration of HHG source
A prominent effort of the project has been devoted to the characterization of the XUV photon
source. This refers primarily to gratings calibration, so that for each grating we know which
harmonics are best resolved and we can easily convert raw spectra registered in a given angular
setting into wavelength- or energy-resolved ones. Secondly, an absolute photon flux calibration is
required: as explained in the text, this has to be performed at the operative repetition rate since
the thermal load induced by driving laser average power affects severely the harmonics generation. Finally, harmonics energy and temporal resolution has to be inferred from photoemission
experiments.

3.1

Gratings

Axis calibration
First step is, let’s say, abscissa calibration, meaning that we want to be able to plot harmonics
spectra as a function of photon wavelength or energy. Only the gratings with low groove density
have been studied, since the actual optical setup during the months of the thesis was optimized
for low energy harmonics (energy range 17 - 31 eV, due prominently to the needs of visiting user
groups): the 1200 gr/mm grating has been left for future examination.
Location of the zeroth order peak for each grating is the first operation for the characterization: the Pharos regenerative amplifier has been set to 50 kHz and the total power output
has been reduced through the Pulse Picker at divider 100; transmission of the source is left at
100%. This means 110 µJ/pulse with 55 mW average power after SHG (515 nm, 2.41 eV). Since
the zeroth order gathers much energy of the driving beam, an optical filter (OD 1, meaning one
order of magnitude attenuation) has been inserted just before the generation chamber in order
to limit the energy per pulse, thus protecting the channeltron from overload1 . Attention has
been paid to the laser beam being normal to the filter in order to avoid beam displacements due
to refraction through the filter; during this measurement, argon flow has been kept running, so
that the refractive index conditions experienced in the gas cell region are the same as during real
experiments. Typical CEM intensities achieved in these spectra are in the range 1 to 2 pA for
1

At the moment of these measurements, the optical setup was not complete: now that all OPAs and relative
beam splitters are installed, this power reduction can be more easily obtained by means of the Polarization
Variable Beam Splitter 2 (PVBS2), which sets the splitting ratio of Pharos slave beam between HHG branch and
Orpheus-HP OPA.
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θ0 (°)
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Intensity (arb. units)

SPRINT150
SPRINT400 17.11
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0.22
0.24

18.4

Grating

θ 0 (◦ )

SPRINT150
SPRINT400
TReX200
TReX400

17.11 ± 0.11
17.30 ± 0.11
16.82 ± 0.11
17.00 ± 0.12

18.6

Figure 3.1: Zeroth order peak for the four investigated gratings. The name code refers to branch
line and grooves density, thus the 400 gr/mm grating serving SPRINT branch is denoted
SPRINT400, for example. Measurements have been all performed at 110 µJ/pulse with
55 mW average power of driving laser. An OD 1 filter is inserted for further attenuation.
For each peak, the fit-extracted center positions are displayed in the table at the right;
uncertainty is half width at half maximum. Note the very different intensity between low
and high groove density gratings.

low energy gratings (150 and 200 gr/mm) and 8 to 9 pA for high energy gratings (400 gr/mm):
the difference may be ascribed to a groove-density-dependent efficiency of diffraction. Each peak
has been fitted with a gaussian and all peaks have been aligned to the same background. In
Figure 3.1 the four peaks are plotted together and the angular positions are shown in the table
on the right. Note that all peaks have nearly same width.
Next step in calibration is simple subtraction of the zeroth order position from the angular
scale of a spectrum, which gives the real diffraction angle scale. Plotting the intensity in a
logarithmic scale reveals that a decreasing background has to be removed, due to long tails of
the very intense zeroth order. An exponential profile fits sufficiently well the data2 . In Figure 3.2
this simple procedure is shown: the raw abscissa axis is translated by the zeroth order angle,
then data are divided point by point by the background value, thus obtaining a background-free
spectrum with baseline at one. All spectra analyzed have been corrected by this procedure.
Note that this erases the real physical value of the CEM signal and forces to plot the spectra
in an arbitrary units scale; the actual dimensions are ampere, and the typical values are 0.1 to
10 pA for background and 0.1 to 10 nA for peaks.
The incidence angle γ is next required: since we know by construction that γ ' 5◦ , we
inverted the Off Plane Mount grating equation fixing γ = 5◦ (µ = arcsin 2mλσ
sin 5◦ ) and we calculated the expected peak position for fifth to thirteenth3 harmonics, for the first diffraction order.
Then, inspection of spectra allows to label each peak with its corresponding harmonic. In this
way we got a clear attribution of the peaks of all the spectra acquired (at least for the most
prominent peaks). Many of the other visible peaks, mostly accumulating at high diffraction
angle, can be ascribed to higher order diffraction peaks and have not been taken into account.
2

A mask has been used to exclude the peaks from the fit region.
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Figure 3.2: Example of background subtraction procedure: a) raw data acquired by CEM and exponential background due to zeroth order tails; b) the abscissa axis is shifted by the zeroth
order position (17.30◦ ) and each point of the spectrum has been divided by the background
intensity. As described in the text, inversion of the OPM grating equation assuming γ ' 5◦
allows to assign a harmonic label to each peak. The unlabeled peak around 13.5◦ is a second order diffraction of H11. The plotted spectrum has been acquired at 100 kHz, PP 100
(meaning 70 µJ/pulse, 70 mW average power), with SPRINT400 grating (400 gr/mm).

Once we have a spectrum whose peak attributions are known (e.g. SPRINT400 grating at
70 µJ/pulse, see Figure 3.2), inversion of OPM grating equation allows to obtain an expression
for the incidence angle:
mλσ
γ = arcsin
.
(3.1)
2 sin µ
For each peak within each spectrum, a value for γ has been calculated, and the mean has been
taken as the best measurement of the incidence angle. While γ obviously varies from grating
to grating, its value seems not to depend on the energy per pulse condition: applying the same
procedure to spectra acquired with 110 and 30 µJ/pulse driving laser, the calculated values of γ
are all compatible with each other. This excludes an intensity-dependent refractive index of the
optical components (a phenomenon quite typical in non linear optics) that might cause a tilt in
the transversing beam. Quite interestingly, each spectrum shows a trend in the calculated value
for γ: for example, in Table 3.1a the calculated γ from each harmonic in a SPRINT400 spectrum
at 70 µJ/pulse is reported. The value increases with harmonic order. It should be reported that
a mean value is sufficient to have the whole apparatus running efficiently since, as we stated
before, the monochromator acts simply as a filter: still, this trend could be symptomatic of a
wrong tilt of the grating or of a misalignement of the input and output apertures, and could be
further investigated once a big realignement of the setup is scheduled.
From the calculated values of γ, we can finally convert all the abscissa from the angular
scale (diffraction angle) to a wavelength scale (or an energy scale using the relation E = hc/λ,
namely E [eV] = 1240/λ [nm]). In Figure 3.3 two exemplar spectra are plotted as a function of
energy and wavelength. Note that a clear trend in the width of the peaks as a function of energy
is found: this is simply due to the inverse dependence of energy and wavelength. In fact, the
3

Not in all the spectra all harmonics from H5 to H13 were visible, because of cutoff shift with varying energy
per pulse, as discussed later.
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Table 3.1: a) Trend in γ as calculated from different peaks within the same spectrum (SPRINT400
at 70 µJ/pulse). Similar trends are obtained using different energy per pulse and different
grating. b) Mean value of incidence angle γ for all the gratings analyzed. The mean has been
calculated using all the visible peaks of first order diffraction from three different energy per
pulse configuration, namely 30, 70 and 110 µJ/pulse. The uncertainty is a ±σ errorbar.
(b)

(a)

Harmonic order

γ (◦ )

Grating

γmean (◦ )

H5
H7
H9
H11
H13

4.61
4.70
4.72
4.74
4.79

SPRINT150
SPRINT400
TReX200
TReX400

4.83 ± 0.05
4.71 ± 0.06
5.34 ± 0.07
5.18 ± 0.08

grating stepper motor provides a uniform angular scale, hence the wavelength scale is expected
to be evenly spaced, too4 . Converting to energy, this uniformity of the steps no longer holds,
but instead all features are more and more widened moving towards the high energy range.

Cutoff really shifts
As it has been already shown in the previous chapter, the HHG spectrum exhibits a plateau of
harmonics with an almost constant intensity and a cutoff occurring at energy
Ecutoff = Ip + 3.17 Up ,

(3.2)

where Ip is the first ionization energy of the gas involved in the non linear process, 3.17 is an
empiric factor and Up is the ponderomotive energy, which can be written in the form
Up =

e2 Iλ2
∝ Iλ2 ,
8π 2 m0 c3

where I is the mean intensity of the the driving pulse, λ is the laser central wavelength, e and
m are the electron charge and rest mass, respectively, 0 is the vacuum permittivity and c is the
speed of light.
Hence, attenuating the driving laser beam (whose wavelength is fixed at 515 nm) we can
move the cutoff towards lower energy. This is what is actually observed: in Figure 3.4 three
spectra are plotted, with different energy per pulse condition of the driving laser. The cutoff
retreats with decreasing energy per pulse, until in the last spectrum H13 has completely faded
away. It is worth stressing that this behaviour of the cutoff energy depends on the energy per
pulse and not on the average power, since it is related to the non linear processes, which depend
on the peak power of the single laser pulse.
4
Actually, there is a sine function modulating the angle-to-wavelength conversion, so a sub-linear relationship
is expected: in effect the wavelength scale obtained is not evenly spaced; the discrepancy is however much smaller
then the energy case.
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Figure 3.3: Example of spectra obtained after calibration. Both spectra are acquired with TReX400
grating, with different energy per pulse configuration; in both cases a high Pulse Picker
setting (PP 100) limits the average power on the CEM. a) 50 kHz, meaning 110 µJ/pulse,
55 mW average power. b) 200 kHz, meaning 30 µJ/pulse, 60 mW average power. Note
that H13 is not visible in the low energy per pulse configuration, due to cutoff shift.
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Figure 3.4: Three SPRINT400 spectra acquired at different energy per pulse. The modulation of the
energy has been obtained changing the repetition rate of the Pharos regenerative amplifier:
50 kHz −→ 110 µJ/pulse, 100 kHz −→ 70 µJ/pulse, 200 kHz −→ 30 µJ/pulse. Plotting as
a function of wavelength gives peaks with almost the same width.
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Figure 3.5: Intensity of harmonics as extracted from a multi-peak fitting with gaussian peaks. Different colors refer to different energy per pulse configuration while different markers refer to
different gratings. Note that the position of the harmonics do not significantly depend on
any of the parameters, meaning that the grating calibration is effective. Note also that the
squares are mostly below other markers: this could be due to much more extensive use of
SPRINT400 grating, leading to wear. Finally, note that green markers (lowest energy per
pulse) are displayed only up to H9, since higher harmonics are too low in intensity (or even
absent).

In order to better understand the observed cutoff shift, we can inspect Figure 3.5, where
the intensity of the gaussian fit to the peaks is reported: the color code refers to different
repetition rate of the Pharos regenerative amplifier (which is linked to energy per pulse through
the relations 50 kHz −→ 110 µJ/pulse, 100 kHz −→ 70 µJ/pulse, 200 kHz −→ 30 µJ/pulse);
the marker code allows to distinguish data arising from different gratings. The shown vertical
dashed lines indicating the position of the cutoff have been calculated by means of Equation 3.2,
with λ = 515 nm, pulse duration τ = 230 fs and spot radius at focus r = 10 µm. A correlation
of the intensity with the grooves density is not observed. Instead, there is a dependence of the
cutoff energy on the energy per pulse. While the green and red sequences (200 and 100 kHz,
respectively) fall down coherently with the expected cutoff, the blue one (50 kHz) seems to
decrease at too low energy: this may be due to the fact, already mentioned in the previous
Chapter, that at highest energy per pulse the beam footprint after SHG is distorted and exhibits
a dark hole in the middle, which may cause a severe reduction of phase matching, thus preventing
the harmonics plateau from reaching the ultimate theoretical extension.

A grating-induced broadening?
As a last comment, inspection of all the spectra leads to the conclusion that the width of the
harmonic peaks depends on the grooves density (see Figure 3.6). This is a different aspect with
respect to what outlined before, regarding the energy dependence of the widths, since now we
are addressing a widening of all peaks even when plotted as a function of wavelength.
The monochromator (gratings and apertures) is designed to behave like a simple filter for
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Figure 3.6: Comparison of two spectra acquired at the same conditions (30 µJ/pulse) with two different
gratings: the peaks appear much broader with the low groove density grating.

the harmonics, owing to its large bandwidth of the order of the electronvolt, much larger than
the intrinsic spectral bandwidth of the harmonics (but still smaller then their peak to peak
distance), but this does not prevent a broadening of the peaks linked to the grooves density.
As can be seen from Figure 3.7, this broadening shows a trend with grooves density and does
not depend on other parameters (nor on the harmonic order nor on the energy per pulse). In
the Figure, the full width at half maximum of the peaks (in nanometers) as extracted from a
multi-peak gaussian fit is plotted against wavelength position of the peak. As in Figure 3.5,
there is a very little scattering of the peak position; instead, the points are arranged in, say,
two horizontal series: one centered around 2 nm and the other centered around 4 nm. These
well separated series are related to high groove density (400 gr/mm, lower series) and low
groove density (200 and 150 gr/mm, higher series). Actually, the monochromator is expected to
introduce a spectral broadening, which depends on groove density and geometrical parameters
like full subtended angle and slit width. In Figure 3.9, the bandwidths of the monochromator
with 400 gr/mm and 150 gr/mm gratings are plotted, together with the harmonics separation
and the intrinsic bandwidth of the pulses, assuming transform-limited pulses. As noted before,
the monochromator bandwidth should be greater than the intrinsic one, but smaller than the
harmonics separation.
To calculate the transmitted wavelength bandwidth, we start looking at Figure 3.8: assuming
that the toroidal mirror acts simply as a converging lens, we see that, depending on the distance
from the mirror to the slit and on the slit aperture, there is an entire cone of directions emerging
from the grating which are simultaneously transmitted beyond the slit, where they can altogether
be collected by the detector. Given a slit width ∆x and a toroidal mirror focal length f , the
detector receives light from all the rays coming from the cone shown in Figure, that is with an
angle θ of deviation from the optical axis smaller than θ = ∆x/2f . Since this angular dispersion
arises from the OPM grating, it can be linked to a wavelength dispersion inverting the equation
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Figure 3.7: Peak width from gaussian fit for all the harmonics in the familiar three energy per pulse
configuration. As for previous graphs, the marker code refers to the gratings and the color
code refers to driving laser energy per pulse. The peaks from a 400 gr/mm grating form
a series centred around 2 nm, while peaks from lower density gratings are broader, around
4 nm (and note that the trend is confirmed by the triangles being lower then the circles: as
the grooves density decreases, the peak width increases).

Figure 3.8: Scheme to illustrate the poor performances of our monochromator. The light dispersed by
the grating (G) is focused by the toroidal mirror (TM) at the slit (S) position. The detector
(D) can receive light not only from the on-axis beam, but also from beams dispersed within
a cone with vertex angle 2θ, with θ ' ∆x/2f .
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of the grating, obtaining
λmax = λ0 +

2 sin γ
2 sin γ
∆x
sin θmax = λ0 +
sin
mσ
mσ
2f

(3.3)

λmin = λ0 +

2 sin γ
2 sin γ
∆x
sin θmin = λ0 −
sin
,
mσ
mσ
2f

(3.4)

where λ0 is the wavelength transmitted by the system on axis, and λmax and λmin are the
wavelengths transmitted at the very periphery of the cone. We conclude that the bandwidth
transmitted, expressed in wavelength, is
BWλ =

4 sin γ
∆x
2 sin γ ∆x
sin
'
,
mσ
2f
mσ f

(3.5)

independent on λ. The lines labeled as “slit BW” in Figure 3.9 have been calculated by means
of this relation.
This instrumental broadening is not enough to explain the observed broadening: in fact, the
values extracted from the graph are 0.3 nm for 400 gr/mm grating and 0.8 nm for 150 gr/mm
grating, while the observed values are around 2 and 4.5 nm, respectively.
As a first correction, we know from Figure 2.16 that the focal spot in the photoemission
chamber has a FWHM of about 200 µm: since the toroidal mirror devoted to refocusing has
been projected to work at magnification M = 1 (a configuration in which aberrations typical of
toroidal mirrors are minimized), meaning that its input and output arms have the same length
(they range from the slit position to the mirror and from the mirror to the sample position,
respectively), it must be that also the spot as focused at the position of the slit has about
200 µm FWHM.
What is being neglected in the simple model exposed is the presence of finite-size effects:
first of all, HHG does not arise from a point source, but rather we can suppose it to be a
' 20 µm region, recalling that the driving laser is focused onto a 10 µm waist radius spot. After
generation, the harmonic beam diverges with a 10 mrad divergence (non negligible, though much
smaller than the divergence of the driving laser, estimated to be more than ten times larger);
the beam is collimated by the first toroidal mirror and then it is dispersed by the grating. If
we consider a single harmonic, its spectral content is spatially dispersed following a relation
obtained by differentiation of the grating equation:
dµ =

σ
dλ
r

2 .
2 sin γ
λσ
1 − 2 sin γ

(3.6)

Taking, for example, the 9th harmonic at 21.7 eV, we calculate through Equation 3.6 a divergence
of only 0.2 mrad. Thus we conclude that the major contribution is probably due to the finite
size of the generation region and the primary divergence of the harmonics. To this effect, the
aberrations induced by the toroidal mirrors should be added.
As will be shown in the next Sections, the main experiment to study a photon source (meaning the photon energy and spectral broadening) is photoemission. We could be tempted to say
that it is exactly a photoemission experiment what could define what a photon is. From data
that will be shown later, we know that the harmonic bandwidth is quite narrow, about 30 meV.
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Figure 3.9: Expected instrumental bandwidth of SPRINT150 and SPRINT400 gratings. The slit bandwidth for a monochromator with an OPM grating is given by BW = 2d sin γ/msf , where d
is the output slit width, γ is the incidence angle, m is the diffraction order, s is the grating
grooves density, f is the focal length of the focalizing toroidal mirror. In the plot, the high
harmonics wavelength separation and the intrinsic bandwidth (assuming a Fourier-limited
pulse 105 fs long) are plotted, too. Note that the monochromator works properly if its
bandwidth lies above the intrinsic one (so that no spectral content is cut) and below the
harmonics separation (so that it acts as a filter for adjacent harmonics).

This discussion is aimed to stress that the width of the harmonics as reported in the last
figures has not a real physical significance. The reliable measurement of the harmonic bandwidth
is performed by photoemission and is described in the next section. To fix in mind this result, we
can imagine to open the slits much more (but still not too much, so that at most one harmonic
is transmitted at each time): what we would obtain is a sequence of squared bumps centered
at each harmonic position. This obviously by no means implies that the spectral content of the
harmonics is modified. What can induce to an error with the analysis performed so far is that
the slits are opened just as much as needed to have gaussian peaks and no squares.

3.2

Photon flux calibration

Why a photodiode
The detector usually present in the detector chamber is a channeltron electron multiplier (model
KBL 10RS, from Sjuts Optotechnik GmbH), whose output current signal, in the range from
tenths of picoampere to tens of nanoampere, is read by a picoammeter (Keithley 6487). This
acquisition chain has proved to be ineffective for high repetition rate measurements, owing to
the input integration time of the picoammeter. In fact, standard CEM characterization gives
an output electrical pulse few nanoseconds long,5 meaning that even increasing the repetition
rate up to 200 kHz two consecutive pulses do not overlap, since the time between them (5 µs)
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(a)

(b)

Figure 3.10: Responsivity for the AXUV63HS1 photodiode in the XUV region (a) and UV-VIS-NIR
region (b).
Table 3.2: Specification for the AXUV63HS1 photodiode.

Active area (mm2 )
Reverse breakdown voltage (V) @ 1 µA
Capacitance (pF) @ 0 V
Rise time (ns) @ 2 V, 50 Ω
Dark current (nA) @ 150 V
Internal quantum efficiency (%)

63
160
10
2
100
100

is much longer then the pulse duration.
However, when we tried to measure at full repetition rate (no Pulse Picker enabled) we
saw the spectra getting more and more distorted: this is a signature of a charge pile-up at
picoammeter input, due to a too long integration time.6 A natural trial would be to substitute
the picoammeter with a faster instrument. Still, a CEM is not the best suited detector for
measuring absolute fluxes, since several questions should be addressed: can we be sure that
saturation is avoided, even in a single pulse? How is the gain calibrated? What is assumed for
the quantum efficiency?
The best answer we found is: let’s change detector altogether. Clearly, the calibration of
a light source is best obtained with a photodiode, owing to its linear response.[48] We thus
moved to an extreme ultra-violet sensitive photodiode (XUV-PD), namely the AXUV63HS1
from OPTO-DIODE Corp. This silicon-based detector series can be used to cover the entire
spectral region from 0.01 nm to 1100 nm (from 1.1 eV to 100 keV) and exhibit a 100% internal
quantum efficiency:7 this is guaranteed by the absence of a surface dead region which would
cause surface carrier recombination.
In Figure 3.10 the responsivity from datasheet is shown, for both the XUV and ultraviolet to
5

Common specifications in our experimental conditions: in steady state at pulse picker 100 (say, 70 µJ/pulse
driving laser at 1 kHz effective repetition rate) we measure a few nanoampere peak, meaning that from each
harmonic pulse few millions of electrons are generated at the bottom of CEM.
6
The acquisition chain was linear at least up to 10 kHz repetition rate. This sets an upper value for the time
constant: τint < 100 µs. See Keithley manual pages 4-6 e 4-7.
7
In the XUV region, multiple excitation effects are important: a single photon can create more then one
electron-hole pair, thus increasing the internal quantum efficiency beyond 1. The unitary quantum efficiency we
refer to means that all electron-hole pairs photogenerated are collected by the electrodes.
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near infrared range.8 Other useful specifications are reported in Table 3.2. Note that, despite
this PD is defined “XUV sensitive”, its responsivity in the region of our concern is lower then
in the visible region. The name is due to the fact that a “normal” optical photodiode (meaning
optimal for visible range) is not effective in the XUV range, owing mainly to the presence of a
thick passivating SiO2 layer on top, which is transparent to visible light but has instead a high
absorption cross section for UV photons. However, since the passivation layer is insulating, the
carriers photogenerated cannot be extracted. Thus, what makes UV-sensitive a photodiode is
primarily a top SiO2 layer as thin as possible (for our AXUV series, it is about 6 − 8 nm).[49]
Flux measurement with a PD resides on the extraction of photogenerated electron-hole
pairs thanks to the electric field present in the depletion region. External reverse biasing can
improve the performance of the detector in a threefold way. Firstly, it increases the electric field,
thus reducing both the time the carriers take to reach the electrodes and the recombination
probability; secondly, it broadens the depletion layer so that the junction capacitance is reduced
and the time constant τ = RC of the equivalent circuit is reduced; thirdly, it raises the saturation
threshold, which otherwise would set the limit for linear response to the few nanojoule regime.
To achieve simultaneous biasing of the PD and extraction of the photocurrent, we built a so
called bias tee circuit. The PD is inductively coupled to a DC voltage source which provides the
biasing, while the impulsive (AC) signal is fed to the external voltmeter via a capacitor that filters
out the DC component. The name of this network arises from its three ports, often arranged
in a T shape. In Figure 3.11 both the electrical scheme and the physical implementations are
shown. Parameters for the discrete electrical components are shown in the circuital scheme.
The DC voltage for biasing is provided by a TENMA 72-8695 power supply set to 15 V; the
PD pulse is fed to a customized amplifier (60 dB, 103 amplification) provided by the Electronics
group at Elettra-Sincrotrone Trieste; finally the signal is read by a digital oscilloscope (LeCroy
waveRunner 640-Zi, 4 GHz, 40 Gs/s). Since we are dealing with fast impulsive signals, one
major problem we faced is the noise introduced by high frequency reflections due to impedance
mismatch and ambient electromagnetic noise. Besides enclosing the bias tee in a metallic box
for screening, we changed the linear drive flange from a BNC feedthrough to an SMA one, which
is more indicated for high frequency signals owing to its better screening. Moreover, the entire
connections need to be thought of as a transmission line, precisely as it is done in radio frequency
technology: hence the cabling in the UHV chamber was done by means of a screened coax with
usual 50 Ω characteristic impedance; the external socket is open only at the very end where it
is soldered to the PD pins, as can be seen in Figure 3.12, thus reducing EM interference.
The amplified signal, we said, is fed to the digital oscilloscope, via a 50 Ω channel. Pulse
photon flux is often determined by measuring the peak voltage generated across the photodiode;
as the diode capacitance (which determines the peak voltage) changes with the injection level
because of carrier diffusion effects, we decided to take as our signal the photogenerated charge
Qph , which is related to the actual PD signal fed to the scope V and to the channel impedance
R by
Z
Z
1
Qph =
V dt ∝ V dt .
R
The time integral of the voltage signal is calculated with the built-in functions of the digital
8

Internal quantum efficiency: how many electron-hole pairs are generated and extracted (hence, how many
pairs really contribute to the signal) over how many photons are absorbed (not simply how many photons impinge).
Responsivity: how much current is generated over how much optical power is conveyed in the optical beam; it is
measured in ampere per watt.
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(a)

(b)

(c)

Figure 3.11: Bias tee assembled for our setup; the three BNC ports are labeled. a) First implementation
with discrete components. b) Second implementation with SMD components: using small
components and a copper breadboard increases mechanical stability and reduces signal
distortions due to non idealities of discrete components. Both the solutions are enclosed
in an aluminum box to screen EM noise. c) Circuital scheme and parameters used for each
component. Note that in the second implementation all cables are screened coaxial ones.

(a)

(b)

Figure 3.12: Final photodiode cabling configuration: a) front; b) back. A single coaxial wire descends
inside the UHV chamber; the external shield is opened only at the very end and is soldered
to the PD cathode.
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oscilloscope; the display cursors define the integration region. Attention has been paid to choose
a convenient time interval, where the signal occupies a major part; at the same time, since
the signal (especially in the high repetition rate configuration) is highly distorted by noise, the
window has been set wide enough to include some oscillations outside the pulse, hoping this
would average to zero the noise in a more efficient way. In order to further reduce the noise
we set digital averaging on the oscilloscope to 1000; the drawback is that we slowed down the
reactivity of the signal displayed. This means that, for example, if the driving laser is shuttered,
the oscilloscope signal takes nearly 6 s to recover the dark trace (i.e. the trace obtained if the
PD is not illuminated). The measured integral is sent via Ethernet to the laboratory PC and
it is acquired by the standard LabView software already used for CEM signal acquisition chain.
Since the software and the oscilloscope cannot readily speak to each other, we set the software
acquisition time variable to 6 s. This means that the software operation sequence is:
• tell the stepper motor to move the grating by one step;
• wait 6 s to be sure that the signal on the oscilloscope is stabilized;
• acquire the time integral from the scope (1000 averages).
For very noisy and low-signal spectra, several traces have been acquired subsequently and averaged together. An important caution to be taken is that the integration performed by the
oscilloscope is dependent on the baseline position and on the scale of the window (both the
vertical voltage per division and the horizontal time per division scales). This means that different spectra are not comparable to each other, unless the same parameters for the acquisition
window were used.

Filter calibration
As can be seen from Figure 3.10, the photodiode responsivity in the visible range is comparable
to that in the XUV range; in particular, at 515 nm (the driving laser wavelength), it is around
0.25 A/W, nearly the same as in the range below 60 nm (meaning harmonics from ninth on). For
this reason, all stray rays from the driving laser could interfere with the measurement; even worse,
since the HHG conversion efficiency is very low (order 10−6 ), the green light would overwhelm
the harmonics signal we want to detect and would eventually cause the PD to saturate. This
actually happened, meaning that the conical beam dump which separates generation chamber
from monochromator chamber is not effective enough in attenuating the fundamental9 . Hence,
we decided to introduce a metallic filter. A well-known feature of metals is the ultraviolet
transparency: referring to a simple Drude modelqfor metals, photons with frequency greater
2

then a density-dependent plasma frequency ωp = ne
(n is the electron number density, e, m
0m
and 0 are the electron charge, mass and the vacuum permittivity, respectively) are not reflected
from the metallic surface. Aluminum has a high plasma frequency, compared to other metal
(ωp /2π = 3.82 · 1015 Hz, meaning Ep = 15.8 eV, λp = 78.5 nm) and is a common choice for
purposes like ours. We have been provided with two aluminum filters from Luxel, 150 and
100 nm thick; they are referred to as Al-150 and Al-100 in what follows. In Figure 3.13 the
nominal transmittivity spectrum for both the filters is plotted (data from CXRO [50]).
9
Not only the residual fundamental beam disturbed the measurement, but also light from the laboratory lamps
that scatters on the walls and enters the detector chamber from the lateral view-port: we needed to close the
window with an aluminum foil.
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Figure 3.13: Nominal transmittances for the two aluminum filters used. Harmonic energy positions
are also shown, to understand which harmonics are transmitted and which are not. The
plasma frequency and the relative photon energy are also shown.

The filters are installed on a circular steel support, which we positioned at the very entrance
of the monochromator chamber with kapton tape: this position should allow to stop the fundamental beam as much as possibile, preventing further reflections on the internal walls. The
thicker filter was mounted on a metallic grid to improve resistance to mechanical stress, while
the 100 nm filter was a free-standing filter10 .
Since a real calibration of the filter is requested to have reliable transmittance values, we
performed three systematic measurements: at high repetition rate (200 kHz, reduced via PP
100), with three different gratings we measured CEM spectra without and with the filter, without
changing anything in between. Simple ratio of the peak intensities gives the transmission of the
filter; no background subtraction has been performed. The results for Al-150 filter are reported
in Table 3.3. The measured transmittance is much smaller then the nominal one, as can be
seen. As reported in literature, this can be attributed to the formation of a aluminum oxide
(Al2 O3 ) passivation layer, few nanometers thick. Indeed, in the XUV region, oxygen has a 20
times higher cross section with respect to aluminum (10 Mbarn vs. 0.5 Mbarn).
This situation got even worse when we installed the Al-100 filter: no systematic study
has been concluded for this filter since from raw measurements the transmittivity was always
around half of that with Al-150 filter (whereas we would have expected a higher one). Indeed,
a brownish spot was visible by eye at the center of the aluminum foil, probably meaning that it
had been extensively used at high fluence, causing a severe surface oxidation or even enhancing
the deposition of carbonaceous contaminants. This precluded its usage.

Absolute flux calibration
To understand the steps for this final calibration, we need to keep in mind that originally a
measurement with a reference photodiode, previouosly calibrated at Elettra synchrotron radi10

Actually, it was definitely too weak for our challenging installation: we broke half of the filter during installation and the other half during dismantle!
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Table 3.3: Measured transmittance for Al-150 filter. This calibration has been performed at 2 kHz
repetition rate, 30 µJ/pulse, with the channeltron as a detector.

Grating
H7

Transmittance (%)
H9
H11

SPRINT150
SPRINT400
TReX400

5.1
4.1
5.9

15.1
14.8
17.0

21.5
21.4
19.5

Mean
Nominal

5.0 ± 0.7
16.9

15.6 ± 1.0
71.5

20.8 ± 0.9
69.9

ation facility, had been performed, but not at full repetition rate; it was subsequently realized
that a measurement at low repetition rate (meaning low average power) can not be scaled to
high repetition rate (and high average power) because of thermal phenomena occurring. First of
all, thermal lensing affects severely the harmonics generation: it is quite different to have 6 W
or 60 mW (i.e. PP 1 or PP 100 at 200 kHz) impinging on the focalizing lens just before the
generation cell, owing to very different thermal load that can cause lens deformation. A similar
problem affects the nozzle itself: the driving laser beam is (tentatively) focused at the right exit
of the nozzle, but the gaussian beam wings impinge on the nozzle and at high power they can
heat up the borosilicate enough to distort it, worsening the generation condition11 .
So, a proper calibration at full repetition rate is required. The original reference photodiode
was not available anymore, hence we had to calibrate the new AXUV photodiode. This was
achieved passing through the channeltron, whose absolute calibration factor CCEM [photons/s· A]
had once been determined and was still valid12 . In Table 3.4, this absolute conversion factor
is reported, for harmonics seventh to eleventh. Differently from what could be expected, the
secondary electrons emitted per impinging photon do not increase as the photon energy increases,
an effect due to a non monotonic spectral dependence of the CEM efficiency. It is worth stressing
that this factor, as long as we are confident that the channeltron has not deteriorated, can convert
directly the CEM current to photon flux per second.
Hence, for PD calibration we set the Pharos at 200 kHz, PP 100 (meaning 30 µJ/pulse,
60 mW average power: a condition in which both PD and CEM can work properly), with
the Al-150 filter mounted and without changing anything in the configuration between the two
measurements, thus maintaining the really same generation conditions, looking for a wavelengthdependent factor that gives us how many photons per pulse correspond to a certain PD pulse
area. From acquired data we saw that the PD spectra all display a non-zero baseline, about
1.5 · 10−11 V·s high. Since we do not expect much UV stray light at angles different from the
right diffraction ones, we attribute this non-zero baseline to some green scattered light that is
not stopped by the filter; this little amount seems not to depend on the grating angle, hence
we can rigidly translate the whole spectrum downwards, in order to have the baseline aligned
11

A third problem is related to the renewal of the gas inside the generation cell: at high repetition rate, can
we be sure that the gas medium is completely renewed, or there can be saturation effects? Actually, at our
full repetition rate (i.e. 200 kHz), there are 5 µs between successive pulses; assuming a sonic regime for the
expanding gas, each atom travels more then 1 mm between one pulse and the next. This ensures the gas is
completely renewed at each pulse.
12
This procedure is reliable if the CEM has not deteriorated in the meanwhile.
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Table 3.4: Conversion factors computed for the absolute flux calibration. CCEM converts CEM current
into photons per second; FPD→CEM rescales PD spectrum into a dummy CEM one; Al-150
filter transmittivity is also reported. The total correction factor is displayed at the bottom.

H7
CCEM (photons/s·A)
FPD→CEM (V·s/A)
T (%)
Total = C/F · T (photons/s/V·s)

-12

H9

H11

2.5 ·
0.784
5.0

1018

3.4 ·
1.137
15.6

2.3 · 1018
1.889
20.8

6.3 · 1019

1.9 · 1019

5.8 · 1018
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Figure 3.14: Spectrum used for extraction of the factor to convert from PD to CEM signal. The
spectrum has been converted in a fake CEM ampere ordinate scale; for true final conversion
in absolute flux, rescaling for the filter transmission and for the CEM current-to-flux factor
is required. The background color code refers to the three regions where the rescaling factor
FPD→CEM was the same. Pharos settings: 200 kHz, PP 100, meaning 2 kHz at 30 µJpulse.
Inset: raw PD signal, illustrating the baseline shift to be corrected for.

to zero. Now the ratio of the PD spectrum and the CEM one for each harmonic peak can
be computed: the factors are reported in Table 3.4, while in Figure 3.14 the rescaled spectrum
acquired with PD is plotted. Regarding the rescaling, the spectrum has been divided in different
regions related to the three visible harmonics, each with a different rescaling factor13 (as reported
in Table 3.4); the baseline has been rescaled with a factor equal to the one relative to H11, since
from AXUV PD specifications (Figure 3.10) the responsivities in H11 and green light regions
are similar.
Now that all calibration factors are computed, we are able to acquire with the PD a spectrum
at real full repetition rate and to convert the signal to an absolute flux of photons, so that we
get a calibration of the high harmonics generation at full power. In doing so, we must keep in
mind that the PD spectra refer to a photons per pulse quantity, whilst the CEM ones refer to
a photons per second quantity: since the calibration ratio has been computed with spectra at
13

This procedure implicitly assumes that this conversion factor has a slowly varying spectral dependence, so
that we can take several-degrees wide regions with one and the same factor each.
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Figure 3.15: Absolute photon flux for SPRINT150 and SPRINT400 gratings and two energy per pulse
conditions, namely 70 and 30 µJ/pulse.

2 kHz effective repetition rate (200 kHz, PP 100), an additional factor
be introduced. The total rescaling law is therefore:
I (photons/s) =

CCEM

Repetition rate (kHz)
2 kHz

Repetition rate (kHz)
IPD (V· s)
FPD→CEM · T
2 kHz

has to

.

The resulting spectra are displayed in Figure 3.15, for two different gratings (namely SPRINT150
and SPRINT400) and for two different repetition rate conditions14 (PP 1, both at 200 and
100 kHz repetition rate, i.e. 30 and 70 µJ/pulse, respectively). From inspection of these spectra, similar considerations as for low-power CEM spectra can be made: within each spectrum,
the peaks get broader as the photon energy increases, when plotted as a function of energy;
gratings with different grooves density give place to different peak width.
The plot in Figure 3.16 refers to the conversion efficiency of the HHG process as a function of
the driving laser energy, as extracted from spectra acquired with CEM. Varying the polarizing
14

The TReX gratings were not involved in this calibration. Other repetition rate (and energy per pulse)
conditions were not studied acquireing PD spectra, primarily because the aim was to characterize the HHG
output at the highest repetition rate nominally available at the beamline. Furthermore, these measurements had
proved to be very hard to be completed because of thermal effects, and time went over.
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VIS .
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Note that there

is not a monotonic relationship between harmonic order and peak intensity: the curves
relative to H9 and H11 cross the H5 and H7 ones. This is probably linked to the fact
that phase matching can be affected (among many other parameters) by the driving laser
energy per pulse, hence we are favouring some harmonics in a configuration and some
others in another.

beam splitter PVBS2, the driving laser power (and hence the energy per pulse) can be varied,
and it has been measured just before entering the generation chamber. Harmonics spectra have
been subsequently recorded at different energy per pulse conditions; the peak height for specified
harmonics is plotted against driving laser energy. The drop at low laser energy is a signal of the
generation cutoff, involving first the high order harmonics. In the inset, the energy conversion
efficiency is plotted.
Interestingly, thermal load problems do indeed cause losses in generation efficiency: if we
trust the old conversion factor CCEM for obtaining an absolute photon flux CEM spectrum,
we see from Figure 3.17 that in the two different average power conditions the number of
generated photons per pulse drops by about 60%. Of course, the spectra have not been acquired
subsequently, so the alignment was surely not the same, and many other conditions could be
different; still, the difference is severe.
In Figure 3.18, spectra with the PD have been acquired at the same energy per pulse
(70 µJ/pulse) varying the Pulse Picker, hence modifying the total average power of the driving
laser: the result is that the number of XUV photons generated per pulse decreases.
We ascribe all these power-dependent effects partly to thermal lensing and partly to thermal
distortions of the nozzle, which heats up as a consequence of the driving laser wings. We
hypothesize that thermal lensing is not the only player because the efficiency reduction could
not be corrected by only a movement of the nozzle position along the propagation axis15 .
In the next Figure 3.19, the PD signal relative to the ninth harmonic at 100 kHz (70 µJ/pulse)
15

The primary effect of thermal lensing should be a movement of the focus along the axis, and only marginally
a movement in the plane orthogonal to it.
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is plotted as a function of time, during variation of the Pulse Picker. A decrease of the output
signal as the total power increases is confirmed, and a sort of hysteresis is described: if the power
is raised and then lowered, the system does not recover the initial level. This is a signature of
thermal deformations, which either are plastic or would be recovered only in very long times,
owing to the fact that the lens and the nozzle are in high vacuum and can only dissipate
heat through irradiation and conduction through bad conducting materials (CaF2 for the lens,
borosilicate for the nozzle) and the expanding Argon gas.
As a last comment about thermal effects, we mention that performing the full power measurements has been quite hard, since the low photon flux forced us to acquire very long scans
(all night long). For two times, this led us to critical situations, in which after few hours of acquisition the wax used for sticking the nozzle to its holder started melting, and the back Argon
pressure was about to expell the nozzle itself (which would have caused a large amount of gas
to let in, with high risk for the turbomolecular pumps16 ). This fortunately have been prevented
both times, and a new cyanoacrylate glue has been finally adopted.
From Figure 3.19, we understood that in our situation it was not worthy to go beyond PP
5, since the drop in HHG efficiency was too serious; this could be observed also from sample
current in photoemission chamber. For the future, it will be useful to adopt solutions enabling
us to use the Pharos system at its full power: a refrigeration system for the focalizing lens with a
water-cooled circuit and a metallic winding around the nozzle to help heat dissipation are being
implemented.
Another problem we faced is the long term efficiency loss of HHG: if we look at the behaviour
of the H7 and H9 peaks in the long period (from the beginning of this thesis project till now) we
see that a general decrease is evident (Figure 3.20). We do not know what is the origin of this
drop: maybe the small movement we make each time for alignement are not enough to recover
16
Another problem related to nozzle “explosions” is that some wax could evaporate and deposit on sensitive
components. We found that the Al-150 filter had a greysh spot at the position of the beam dump: this could be
the footprint of evaporated wax which could affect the filter transmission.
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in harmonics generation efficiency can be seen. Data displayed are only those acquired
with SPRINT400 grating, with no aluminum filter, with channeltron as a detector.

a big misalignement (as if we were in a “local minimum”); or maybe the high power damages
the coating of the optical components, or even the CEM itself could deteriorate. Indeed, the
first toroidal mirror in monochromator chamber now exhibits an elongated spot, rightly as a
footprint of the laser beam. The deterioration of the coating could also explain why efficiency
with SPRINT150 grating is always larger than efficiency with SPRINT400: the former has been
much less used and stressed than the latter. In the next future, we need to discover whether the
spot is due to an unwanted deposition (which could be removed by an ozone treatment), or an
ablation (in which case a new coating process would be required).

3.3

Spectral and temporal resolution of harmonics

The spectra acquired with the CEM or with the PD present a width which is substantially
dominated by the monochromator induced broadening. For example the 9th harmonic (21.7 eV)
as dispersed with a 400 gr/mm grating appears as wide as 2 nm (Figure 3.7), which would mean
about 800 meV in energy spreading. This value is not realistic, as it can be revealed simply
by acting on the slit width, to which the recorded peak width is related: the measure is due to
artifacts as the real resolution of the photoemission measurements (see below) shows an overall
energy resolution (including electron analyser) smaller than 30 meV.
We decided to perform a photoemission experiment to have a reliable measurement of the actual harmonics bandwidth, which could be inferred from the broadening effects in photoemission
spectra (e.g. from a Fermi level cut fit).
We thus routed the HHG beam towards the SPRINT end station, where a preparation
chamber hosts standard characterization techniques for surface science experiments (LEED,
MBE, an annealing stage, Argon ion sputtering, a stage for Cesium treatments) and the main
experimental chamber hosts a cryogenic four-axes manipulator (with a sample holder equipped
with a filament for local annealing during photoemission), a Scienta SES 2002 Hemispherical
Electron Analyzer, an electron gun for Auger Spectroscopy and a Helium discharge lamp used for
reference spectra (at 21.22 eV with 1 meV bandwidth) and analyzer energy resolution calibration;
a Vectorial Twin Mott detector is also present (see next Chapter for details).
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Figure 3.21: Calculated density of states for the gold valence band. The flat and structure-free region
due to the delocalized s-like bands at very low binding energy is of our interest for space
charge mitigation investigations. From [52].

The space charge problem
When ultrashort UV pulses exceeding 105 photons/pulse impinge on a sample surface, a large
number of photoelectrons are generated. The emitted electron cloud in front of the sample has
the shape of a thin disk, hence the electrons strongly interact with each other: this results in fast
electrons being pushed ahead and slow electrons being retarded, producing an energy-shifted
and momentum-distorted photoemission spectrum when more than one electron per laser shot
is emitted; also effects on spin polarization measurements are reported.[51] This phenomenon is
defined as a space charge effect and it is one of the intrinsic limitations to the maximum energy
resolution.
The typical strategies to mitigate space charge effects in photoemission are the reduction of
the photon flux, or the reduction of photon density on the sample surface by increasing the spot
size; another possibility is the polarization of the sample, either with a negative or positive bias:
in the former case we try to repel all the electrons far away from the surface before a new laser
pulse arrives, while in the latter case we try to keep inside the sample the low energy electrons
which would cause the most severe effects.17
However, these workarounds are far from optimal, as they lead to a reduction of the statistics
of the measurement and introduce some jitter from the bias source. As already stated in Chapter
1, this is a critical problem when dealing with low repetition rate pulsed UV or X-ray sources, like
the present FELs (up to a hundred hertz) and the few kilohertz-range HHG sources. The high
repetition rate operation (up to 200 kHz) of our setup substantially overcomes these problems.
Indeed, high repetition rate operation makes it possible to maintain a high average flux with a
moderate intensity of the individual pulses, mitigating the intrinsic space charge effect.
Our laser source provides constant power (about 20 W) if the regenerative amplifier repetition
17

An applied bias prevents the possibility to acquire a momentum resolved map, since the additional electric
field distorts the electrons path.
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(a)

(b)

Figure 3.22: Energy dispersed curves of an atomically clean poly-crystalline Au surface at T = 40 K,
with a) 16.9 eV photon energy (7th HHG harmonic) and b) 21.7 eV photon energy (9th
HHG harmonic). A wide range of energy per pulse conditions is explored, both varying
the repetition rate and inserting filters. For each spectrum the total electron yield Isample
is also reported as a measure of the average power impinging on the sample. Spectra are
rescaled so as to have the same height of the Fermi step. Note that the structures at about
2.5 eV and 4 eV binding energy have opposed relative intensities in the two panels, due
to different cross sections at different photon energies.

rate is set above 50 kHz. Hence a simple way to reduce the energy per pulse is to increase the
20 W
repetition rate: the theoretical values (meaning Repetition
rate (Hz) = E (J/pulse)) is close to the
actual measured values (see Chapter 2). Due to the high non linearity of the generation processes
(both the SHG and the HHG), the harmonics beam power is not constant. In addition, also the
harmonics energy cutoff severely changes with the energy per pulse of the seeding laser. All this
sets an upper limit to the maximal repetition rate for each harmonics (see also Figure 3.5: the
green markers do not extend into the highest harmonics region).
In order to demonstrate the possibility to mitigate space charge effects, we performed a
session of measurements on an atomically clean surface of poly-crystalline gold (p-Au).18 The
key point is that gold exhibits a flat Density of States (DoS) across the Fermi level, inherited
from the 6s atomic states (see Figure 3.21): the absence of structures enables to perform simple
and powerful fit of the fermian cut, from which it is possible to extract the sample temperature
and the overall experimental resolution of the apparatus, included the space charge induced
effects.
Previous independent measurements gave the analyzer work function ΦA = 4.340 eV and
the p-Au foil work function ΦAu = (4.916 ± 0.005) eV.
Aiming to study the space charge effects, we tuned the HHG generation conditions. In
particular, we choose three different Pharos repetition rates, corresponding to three different
energy per pulse condition for the HHG seeding laser at 515 nm after SHG: 50 kHz, 100 kHz
and 200 kHz, corresponding to about 110 µJ/pulse, 70 µJ/pulse and 30 µJ/pulse, respectively.
Once the repetition rate was fixed, we could modulate further the seeding laser intensity through
insertion of different filters along the beam path: intensity down to 19.9 µJ/pulse at 200 kHz
are reported. Moreover, for each spectrum, the total electron yield is measured by recording the
18

Surface cleanliness is guaranteed by cycles of sputtering and annealing.
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Figure 3.23: Fermi edge of poly-crystalline gold measured at 40 K for different laser repetition rates
(and thus energy per pulse) and photon energies. a) Fermi edge at 16.9 eV (7th harmonic)
measured at 50 kHz, 100 kHz, 200 kHz repetition rate; b) Fermi edge with the same photon
energy, at 200 kHz, varying the energy per pulse of the driving laser; c) Fermi edge at
21.7 eV (9th harmonic) measured at 50 kHz, 100 kHz, 200 kHz repetition rate; d) Fermi
edge with the same photon energy, at 200 kHz, varying the energy per pulse of the driving
laser. For each curve, the energy per pulse of the driving laser and the sample current as
measured through a picoammeter are shown. See Figure 3.24 for details about the FWHM
displayed in panels b) and d).

57

neutralization current drained with a picoammeter (Keithley 6482), which connects the sample
to the electrical ground. In this way, the analysis of the key dependence of the photoemission
spectra (including Fermi edge broadening and shift) on the photon fluence can be investigated.
In Figure 3.22 the angle integrated photoemission spectra obtained with the 7th and the
th
9 harmonics are displayed. For both the harmonics, several repetition rates and attenuations
(resulting in several energy per pulse conditions) are tried: the highest fluences generate spectra
whose features are both shifted and distorted, with very clear effects on steep edges and on the
Fermi cut. As the amount of sample current (and hence of space charge) is reduced, the spectra
shift towards lower kinetic energy and the Fermi edge becomes steeper.
This feature is showed in detail in Figure 3.23. Panel a) shows a zoom of the Fermi edge
on p-Au measured with the 7th harmonic (16.9 eV), changing the repetition rate from 50 kHz
to 200 kHz: the Fermi cut clearly becomes steeper and shifts towards lower kinetic energy as
the seeding laser energy per pulse is reduced. This trend is further investigated in panel b):
we fixed the repetition rate at 200 kHz and reduced the driving laser peak intensity through
an external filter. As we can see, space charge still affects the spectra at maximum fluence,
and it is totally removed when the total electron yield is below 20 pA, corresponding to about
600 photoelectrons per pulse; this value is in line with data reported in literature.[53] In the
same panel, also the results of the fitting procedure are displayed (see next Section for details).
Panels c) and d) show the same investigation performed with the 9th harmonic (21.7 eV): a
similar trend is observed.

Harmonics bandwidth measurement
Once the space charge related effects have been controlled, a reliable measurement of the energy
resolution of the source can be performed by a finer investigation of the Fermi edge of p-Au at
low temperature.
Chosen a harmonic, we acquired a spectrum across the Fermi edge in a condition in which
we are confident that space charge is absent. The finite steepness of the Fermi cut is due
to temperature broadening of the electrons distribution and to the instrumental broadening.
We thus fixed the sample temperature at liquid helium temperature T = 40 K, to reduce the
thermal contribution to the energy broadening (a thermosensitive diode is placed on the cryomanipulator and measured the temperature around T = 15 K: previous calibrations hint that
the actual sample surface was instead at 40 K).
Then, we fitted the curve with a convolution of the Fermi-Dirac distribution function and
a gaussian accounting for all the experimental broadenings. Since the different actors to the
2 +∆E 2 +
broadening are independent, their contributions add in quadrature as FWHM2 = ∆Ean
s
2
∆Eoth , where we have explicited the contributions due to the analyzer, to the photon source and
to other mechanisms that could be present (e.g. the electronics). If the temperature is known
and fixed, the parameters to be optimized are the Fermi energy, the FWHM of the gaussian and
the coefficients of the straight line that fits the data below the Fermi level.
In Figure 3.24 two fits are displayed, for both the 7th (16.9 eV) and the 9th (21.7 eV) harmonics, in conditions where space charge is thought to have a marginal effect on the overall
resolution. The analyzer pass energy is 5 eV and the entrance slit is 0.5 mm for both measurements.
The resulting FWHM is 22 ± 2 meV at 16.9 eV and 28 ± 2 meV at 21.7 eV. We need
to decompose this values into the three stated contributions, in order to extract the actual
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(a)

(b)

Figure 3.24: Fermi edge fit of poly-crystalline gold, with 7th (16.9 eV, left panel) and 9th (21.7 eV,
right panel). The fit curve is a convolution af the Fermi-Dirac distribution with a gaussian incorporating all the broadening sources, namely the analyzer, the source and other
possible terms. If the temperature is kept constant, the parameters to be varied are the
position of the Fermi level, the width of the gaussian and the slope and intercept of the
straight line fitting the flat states below Fermi.

energy bandwidth of the harmonics. According to the relation ∆Ean = (W/2R0 )Ep , where
the dependence on the slit width W = 0.5 mm, the mean hemispheres radius R0 = 200 mm,
and the pass energy Ep = 5 eV are explicited, the expected value of the analyzer resolution
in the configuration of this measurement is 6.25 meV. To this value one should add the term
(α2 /4)Ep , which varies with the maximum electron angle α transmitted by the lenses: this value
depends on the angular spread of the photoelectron beam coming from the sample, which can
vary as a function of the sample roughness and the dimension of the beam spot, yielding a slight
dependence of the analyser resolution on the spot size on the photoemitting surface.
Direct detector resolution measurement had previously been performed by measuring the
Fermi edge at liquid nitrogen temperature with a known source (helium lamp, line He I at
21.22 eV) as a function of the pass energy Ep , yielding ∆Ean = (0.0019 ± 0.0006) · Ep ; since in
our case Ep = 5 eV, the result is ∆Ean = 9.5 ± 3.0 meV, in good agreement with the expected
value, considering the presence of the angular term. This value is negligible with respect to the
total FWHM retrieved by the fit in Figure 3.24. Moreover, we do not think that a relevant
contribution (of the order 10 meV) could arise from other noise sources. Hence, we ascribe the
reported broadening mainly to the photon source and we can pose these values as the upper limit
for the overall energy bandwidth for the 7th and 9th harmonic. Most importantly, in Figure 3.23
panel b) and d), we report the overall energy resolution obtained in presence of space charge,
for both the harmonics at 200 kHz. Even in the worst condition, the overall energy resolution
never exceeds 35 meV. This means that, for future experiments, if the energy and momentum
resolution are not of primary importance, we can work at the highest energy per pulse condition
(thus improving statistics or lowering the acquisition time), and even in that condition we are
quite restrained in source-driven broadening.
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Harmonics duration
Just as it was the case for the harmonics bandwidth, to measure the actual duration of the
harmonics pulse we had to perform a photoemission experiment: at the TReX endstation, we
analyzed a Bismuth Selenide (Bi2 Se3 , provided by HQ Graphene and cleaved in situ) through
Angle Resolved PhotoEmission Spectroscopy (ARPES), both in static and time resolved (trARPES) scheme. It is from the latter pump-probe experiment that we aim to infer the time
duration of the XUV pulse, making use of the fundamental Pharos output (1030 nm) as a pump,
and of the XUV harmonics as a probe: deconvolution of the known pump duration from the
time evolution of the ARPES maps allows to extract the actual time extension of the probe.
Few words about the sample: Bismuth Selenide is a topological insulator, meaning that
it possesses an insulating bulk but conductive surface states, constituting a Dirac cone that
crosses the Fermi level (similar to what is found in graphene). This property makes topological
insulators optimal candidates to be used for our temporal resolution measurement, since optically
pumped electrons in conduction band relax towards the equilibrium Fermi-Dirac distribution in
a relatively long time, of the order of few picoseconds:19 we are thus surely able to resolve the
dynamics of the de-excitation and to extract the probe duration.
The TReX endstation hosts a Specs Phoibos 225 Concentric Hemispherical Analyzer, equipped
with a delay line detector; a six-axes cryogenic manipulator allowed to keep the sample at the
temperature T = 120 K.
First, a static ARPES map has been acquired (Figure 3.25), using the 7th harmonic (16.9 eV)
in s-polarization; the Pharos repetition rate was set to 100 kHz. In order to reduce space charge
effects, the seeding laser pulse has been attenuated until the expected flux was 3 · 108 photons/s.The analyzer pass energy was set to 15 eV and the entrance slit width was 0.5 mm.
Under these conditions, the space charge is minimized and a convenient count rate is achieved,
as can be appreciated from the quality of the ARPES map (which took only about ten minutes
to be acquired).
The pump-probe experiment was performed under the same conditions for what concerns
the probe XUV radiation. For the pump pulse, the fundamental Pharos output was routed to
the photoemission chamber and focused on the sample through a f = 1.5 m focal length lens,
down to a spot size of 300 ± 10 µm. The pump fluence per pulse was set to 150 ± 30 µJ/cm2 .
The spatial overlap of pump and probe pulses was obtained by superimposing the two beams
on a Cerium doped YAG scintillator, that converts XUV radiation into lower frequency light
at nearly 560 nm, and imaging through a CMOS camera. The analyzer parameters were kept
the same as for the static measurement, with the exception of the slit width, which was set to
2 mm, to reduce the acquisition time.
The results of the out of equilibrium experiment are reported in Figure 3.26. In the pumpprobe scan, the step of the delay line was set to 66.67 fs: this value is well below the expected time
resolution, given by the cross correlation between the pump duration of 280±5 fs (independently
measured with an autocorrelator, as described in the previous chapter) and of the probe duration,
which is expected to be a bit shorter than the driving laser pulse duration of 230 ± 5 fs.
The inset of Figure 3.26 shows the differential ARPES map computed by subtracting a
map acquired before excitation (t = −500 fs) from the map acquired at t = 300 fs: by this
procedure, the effect of the pump excitation is evident, as revealed by the predominance of red
19

Optical excitations in a metallic sample would relax on a much shorter time scale, in the range of few to
hundreds of femtoseconds.
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Figure 3.25: Static ARPES experiment performed at the TReX endstation. a) ARPES map acquired
on Bismuth Selenide at T = 120 K, and hν = 16.9 eV (7th harmonic of the 515 nm seeding
laser). The Dirac cone and the fermian cut are clearly appreciated. b) Energy Dispersion
Curve (EDC) profile from integration of the white box drawn on left panel (width in
−1
momentum space: 0.015 Å ).

above the Fermi level (meaning higher population with respect to the ground state before optical
pumping) and of blue below it (meaning electron depletion of the valence band with respect to
the equilibrium state). For each acquired ARPES map, this difference has been computed and a
value has been extracted as the integral of the region of interest (ROI) highlighted by the green
box: this quantity is representative of the hot electrons dynamics during optical excitation and
subsequent de-excitation.
The curve plotted in the main frame of Figure 3.26 has been fitted with a single exponential
decay convoluted to a gaussian representing the pump-probe cross correlation. The free parameters of the fitting curve are the intensity I and time constant τ of the exponential decay, and
the gaussian FWHM σ.
We obtain τ = 2 ± 0.1 ps and σ = 300 ± 30 fs. The time durations for pump and probe sum
in quadrature q
to give the total gaussian broadening of the observed dynamics, thus we can state
2
that σprobe = σ 2 − σpump
. We obtain σprobe = 105 ± 45 fs: this value is reasonable considering
that a non linear process does induce a temporal shortening because effective generation takes
places only in the central portion of each pulse, when the instant power is highest. It is important
to stress that the value we provide constitutes an upper limit for the harmonics duration, since
a non negligible rise time in the tr-ARPES signal measured on Bi2 Se3 is likely to be present.
We also expect the other harmonics to share the same time duration as the 7th , even though we
did not measure it.
Finally, we note that for non chirped gaussian pulses the minimum bandwidth required to
sustain a duration of 105 fs is about 17 meV. By comparing this value with the upper limit of
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Figure 3.26: Electron dynamics acquired in the pump-probe experiment on Bismuth Selenide. Inset:
example of differential ARPES intensity obtained through subtraction of t = −500 fs from
t = 300 fs maps. The color scale spans from positive (red) to negative (blue) values: the
valence band is depleted in favour of the conduction band. The green box highlights the
region of interest that has been integrated for each time step of the delay line to obtain the
decaying signal shown with red dots in the main panel (total acquisition time was about
two hours. The black superimposed line is the fit to the data (see the main text for the
details). The blue curve is the gaussian representing the pump-probe cross-correlation, as
retrieved by the fitting routine.

the energy bandwidth as determined by photoemission measurements, we can conclude that we
are close to the transform-limited condition.

62

Chapter 4

A case study: Fe(1 0 0)/MgO
As a last chapter of this work, here I present preliminary results of spin polarimetry on an epitaxially grown Fe(1 0 0) surface, by means of Mott scattering measurements of the photoemission
yield generated by the HHG source.
The sample was grown by adopting the same protocol developed for the production of the
target surfaces used in the Very Low Energy Electron Diffraction (VLEED) detectors of the
APE-LE (Advanced Photoemission Experiment - Low Energy) beamline ([54], [55], [7]), that
is oxygen passivated thin monocrystalline iron films on MgO(1 0 0). In the SPRINT apparatus
the spin polarization (SP) of the total quantum yield (i.e. the total current of ejected electrons,
without energy selection) can be probed by Mott scattering after acceleration of the photoemitted electrons to large enough energy to interact with the core electrons of a high-Z target via
LS coupling.
The preliminary results of this “commissioning experiment” demonstrate the capability of
SP measurements from surfaces in a pulsed mode, which is preliminary to the exploitation of
the ensemble of the instrumentation for time-resolved surface magnetometry experiments.

4.1

Mott scattering

The SP measurement can be obtained by exploiting either LS scattering at moderate-high electron energies (40 keV - 1 MeV) as it has been exploited in β-decay studies and, later, in surface
SP studies,[56] or by exploiting the exchange scattering at low energies where exchange split
bands determine for example a spin-dependent reflectivity (as in the VLEED detectors).
At SPRINT we have a twin arrangement of Mott detectors, as this kind of detector allows for
absolute calibration and as the secondary yield of photoemission was demonstrated to be highly
surface sensitive. The apparatus is therefore dedicated to time-resolved SP measurements at
energies from threshold photoemission to the XUV. With respect to low energy spin detector,
a Mott scheme possesses the important characteristics that the scattering asymmetry along one
axis is calculated from the signals acquired at the same time by two detectors positioned at
opposite sides with respect to the scattering target. This is of great importance in pulsed source
experiments, where the primary beam has significant shot-to-shot intensity fluctuations. On the
other hand, a higher efficiency VLEED scheme is more advantageous if a stable photon source
is at disposal, as with synchrotron radiation beams.[57]
The working principles of a Mott-scattering-based SP detector are now briefly discussed.
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Figure 4.1: Mott scattering. In the frame of reference of the incoming electron, the positive nucleus
constitutes a current and generates a circular inhomogeneous magnetic field, which acts
as a force on the electrons. The sign of the force depends on the relative orientation
of the magnetic field and of the electron magnetic moment: as an overall effect, spin up
electrons preferentially scatter to the left (as shown in this Figure), while spin down electrons
preferentially scatter to the right.

Given an electron beam (as for example that extracted from a surface in a photoemission experiment) and defined a quantization axis ξ, we can define the spin polarization of the beam along
that axis as
n↓ − n↑
,
(4.1)
Pξ = ↓
n + n↑
where n↑(↓) is the sum over all the electrons of the beam of the up (down) probabilities along
axis ξ. Once three measurements have been performed along three orthogonal directions, the
polarization vector P can be defined as
 
Px

P = Py  .
(4.2)
Pz
The study of the magnitude and of the direction of the polarization vector is the actual core of
spin resolved experiments.
We thus need a mechanism to separate the photoemitted electrons into the two spin components along a known axis. This cannot be simply achieved through an inhomogeneous magnetic
field as it is in the Stern and Gerlach experiment, since the Lorentz force would overwhelm any
spin-dependent effect.1 In 1929, Mott suggested to exploit the scattering of a free electron on
the coulomb field of heavy nuclei. At the heart of this spin-dependendent scattering rests the
spin-orbit coupling, which is a relativistic effect. This is the reason why heavy nuclei are used for
the targets and the electron beam is accelerated in a static electric field up to 0.5 MeV (40 keV
in our setup).
From Figure 4.1 we can grasp the Mott scattering in its essentials, without discussing in
details the theoretical framework. A high energy incoming electron can penetrate deeply inside
the electronic cloud and can ultimately feel the intense coulombic nuclear field; in its own frame
1

In the original experiment, Stern and Gerlach used silver atoms which possess an unpaired 5s electron but
they are overall neutral.
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Figure 4.2: Left: experimental setup to measure the scattering asymmetry A caused by the spin polarization of the incoming electron beam. The electrons elastically scattered into the scattering
angle (120◦ in our setup) to the right and to the left are measured. If the spins of the electrons in the incident beam are polarized perpendicular to the scattering plane, a scattering
asymmetry occurs. Right: a single gold foil allows the measurement of the spin polarization along two orthogonal axes, owing to spin-dependent scattering along left/right and
up/down directions.

of reference, the electron sees the positive nucleus moving, hence feels a circular magnetic field
as generated by current flowing in a straight wire. This magnetic field is inhomogeneous and
decreases as the distance from the source (the nucleus) increases. This gradient acts on the spin
magnetic moment of the electron with a force that is superimposed on the coulombic force that
acts on the charge of the electron.
Given the quantization axis as the axis orthogonal to scattering plane (which is the plane
defined by the incoming and outgoing momentum vectors of the electron), if the magnetic
moment of the electron is up and if the electron passes on the right side of the atom, magnetic
∂
field and magnetic moment are parallel and the force (given as Fz = ∂z
ms · H) pushes the
electron towards increasing field, that is towards the left. If the electron passes on the left side
of the atom, magnetic field and magnetic moment are antiparallel and the force pushes the
electron towards the weaker field, that is towards the left, as well. Altogether, an electron with
magnetic moment up with respect to the scattering plane is then preferentially scattered to the
left, and an electron with magnetic moment down is preferentially scattered to the right.
If two electron counters (as can be simply channeltron detectors) are set in specular positions
with respect to the incoming beam, as shown in Figure 4.2, an asymmetry A in the counts can
be measured:
I right − I left
A = right
.
(4.3)
I
+ I left
From a single gold foil, the spin polarization along two orthogonal axes can be measured
(meaning left/right and up/down, see Figure 4.2, right panel); for complete characterization of
the spin polarization of the incoming beam, another Mott detector has to be installed, orthogonal
to the first one and with one axis in common: in this way, the full 3D vector P can be measured.
The asymmetry is proportional to the degree of spin polarization P through the so called
Sherman function S(θ, E), which depends on the scattering angle, the electron kinetic energy
and the details of the scattering potential:
A = S(θ, E) P
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.

(4.4)

Figure 4.3: Calculated Sherman function for three high kinetic energy electron beam scattering on a
gold film. The angle at which the maximum Sherman function value is located moves along
with the kinetic energy. Taken from [58].

Comparing Equation 4.2 and Equation 4.3 it is clear the interpretation of the Sherman
function as the efficiency of the scattering process; since S is always less than 1 (meaning less
than 100% efficiency), even for a fully polarized beam some electrons can scatter in the wrong
direction.
In Figure 4.3 the Sherman function for three different beam kinetic energies as a function of
the scattering angle is plotted. At Ek = 40 keV the Sherman function has maximum absolute
value at 120◦ : this is the reason behind the geometrical contruction of our setup (as displayed
in Figure 4.2, left).
It is worth stressing that the Mott scattering is superimposed to the much stronger and
spin-independent Rutherford scattering. A parameter often used to quantify the efficiency of a
spin detector is the figure of merit :
 
I
2
;
(4.5)
=
Seff
I0
it depends on the impinging and scattered intensities (I and I0 ) and on the effective Sherman
function, which is affected by, for example, contamination of the target, multiple elastic scattering events, finite angular acceptance of the detectors, and is therefore a number, obtained from
a calibration measurement. For a standard Mott polarimeter  is about 10−4 .
Addressing the problem of errors in spin polarization measurements, it can be demonstrated
that the error in the polarization P can be in general written as
σP = √

1
N0 

,

(4.6)

where N0 is the beam intensity entering the polarimeter and  is the figure of merit. However,
when dealing with pulsed sources (as it is the case for SPRINT laboratory), the beam intensity
is wildly varying from pulse to pulse, resulting in the need to rethink the error evaluation in
a way that can take into account the reduced weight of pulses with few electrons. It can be
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Figure 4.4: Schematic of the sample under study. a) Magnesium oxide substrate, fixed on the sample
holder beneath at 45◦ , so that the epitaxial iron film will grow with the direction [1 0 0]
along the sample holder axis; b) tantalum stripes spot welded to the sample holder and
used to fix the MgO substrate.

calculated [59] that in these experimental conditions one gets
1
σP (np ) = p
np Nep 

,

(4.7)

where, besides the figure of merit, the number of measurement steps np and the average number
of electrons per measurement step Nep are present.
The currently installed Mott polarimeter [60] used for the measurements in this thesis operates at 40 kV, accelerating the electron beam through two concentric hemispherical electrodes.
The target is an 80 nm poly-crystalline gold foil deposited on a Formvar sustain. The detectors,
mounted in a cross configuration as in Figure 4.2, are the so called PIPS, meaning Passivated
Implanted Planar Silicon detectors. These are are p-n junctions strongly reverse-biased: the depletion region is thus larger than the stopping length of the incoming electrons, which therefore
loose all their kinetic energy in creation of electron-hole pairs; the junction field then separates
the carriers and the charge pulse is converted into an analogic voltage signal.
A major issue with this detection scheme is that it only acts as a threshold discriminator:
hence if two electrons enter the PIPS at a time interval shorter than the recovery time of the
junction, they will be counted as one single electron, loosing information about the polarization
of the beam. To overcome this problem, a new electronics for the detection scheme, exploiting
the time integration of the pulse curves, is being implemented.

4.2

Sample growth

We have prepared fresh iron passivated surfaces in situ by following a known protocol.[7] We
used a MgO(1 0 0) crystal as a substrate, since there is only a 3.5% reticular mismatch between
Fe(1 0 0) and MgO(1 0 0) as rotated by 45◦ ,[61] hence we can grow an iron epitaxial film without
much residual strain. The substrate was fixed to the sample holder through two tantalum stripes
spot welded; as shown in the scheme in Figure 4.4 the Magnesium oxide crystal was introduced
in the UHV SPRINT apparatus with the sample axes oriented nominally at 45◦ with respect to
the laboratory horizontal, in order to have the [1 0 0] direction of the epitaxial film parallel to
one of the Mott detectors scattering plane.
After insertion of the substrate inside the UHV preparation chamber, we performed an
annealing through an electron bombardment annealing stage at 700 K for about half an hour.
We then moved to the epitaxial deposition through a Molecular Beam Epitaxy apparatus. After
calibration of a quartz microbalance, the evaporated iron deposition rate was calculated to be
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Figure 4.5: Left: Preparation chamber as photographed from a view-port. a) Manipulator with the
sample holder and the sample fixed; b) nose of the iron crucible for Molecular Beam Epitaxy; c) wobblestick fork for sample transfer; d) quartz microblance; e) Low Energy Electron Diffraction; f) Argon sputter gun; behind, barely visible, the annealing stage and the
Cesium-treatment stage are present. Right: LEED pattern as acquired after the oxygen
treatment and subsequent flash annealing, at 83.5 eV electron energy. A square pattern is
present, though extremely faint (for this reason the image contrast has been post-processed).
The pattern has double spatial frequency with respect to what is expected: this c(2x2) reconstruction is a signature of adsorbates other than atomic oxygen.

3.3 Å/min; thus, after a two hours deposition we expect we grew a nearly 40 nm thick film.
During all the process, the chamber pressure was below 1 · 10−8 mbar.
The sample crystallization protocol implies a thermal annealing in UHV, thus we annealed
the sample for fifteen minutes again at T = 700 K, in order to erase crystalline defects that can
arise during deposition.
The last step in the preparation is the surface passivation by a monolayer oxide as produced
by O2 exposure at 1 · 10−7 mbar for ten minutes, followed by a flash annealing of five minutes at
700 K, which allows the oxygen to reorganize itself on minimum energy sites and to be desorbed
if in excess. Inspection by Low Energy Electron Diffraction (LEED) indicated epitaxial growth
as seen by the LEED diffractogram (see Figure 4.5, right panel). Although this procedure should
lead to a p(1x1) surface, the observation of a c(2x2) reconstruction may indicate that some CO
has been adsorbed,[62] at least in part of the area probed by the LEED electron beam.2

4.3

Spectroscopy and spin polarimetry preliminary results

In this section we report on some spectroscopic and polarimetric results on our Fe(1 0 0)/MgO
surface, as a preliminary demonstration of what can be obtained with our High Harmonics
Generation setup. The sample was hosted on the experimental chamber manipulator. The
2

Other c(2x2)Fe(100) surface reconstructions, like the one due to S, are to be excluded as they are typical
of bulk iron single crystals that contain S as an impurity that can migrate to the surface during annealing, up
to the saturation value corresponding to the c(2x2) surface. Our epitaxial thin film cannot contain significant
impurities, but is exposed to the residual vacuum and therefore could be exposed to a partial pressure of CO.
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Figure 4.6: Two dimensional map acquired raster scanning the manipulator with respect to the harmonic beam. The color scale correspond to the neutralizing current as measured through
a picoammeter. The shape of the substrate is recognizable, together with the tantalum
stripes below and above. This map has been acquired with the 9th harmonic, at 21.7 eV.

Mott polarimeter extraction lens is just above the HHG incoming direction, thus polarimetry
measurements are performed at normal incidence; on the other hand, the Scienta analyzer is
at 65◦ with respect to the HHG beam. This measurement session took place just after a bake
of the UHV chambers: this ensured that the pressure during the entire experiment was below
2 · 10−10 mbar.
The first step is to prepare the photon source: we thus set the Pharos repetition rate at 50 kHz
(we are now not concerned about space charge) at PP 100 and measured a HHG spectrum with
the CEM. After optimization of the driving laser beam on the 9th harmonic peak (21.7 eV,
57.2 nm), we got a peak current of 1.4 nA as measured with the CEM, a value from which
we expect a reasonable harmonic intensity (the correspondence with the photon flux is not
significant, since we are now at PP 100, while the actual photoemission measurements will be
at PP 5: see the discussion on thermal problems in the previous Chapter).
We set the Pharos at PP 5, we removed the CEM and we routed the harmonic beam towards the sample. To understand the spatial range spanned by the sample, we acquired a two
dimensional map with the HHG beam at normal incidence moving the manipulator in a raster
scan while acquiring the neutralization current requested through the picoammeter. The result
is shown in Figure 4.6, where the false colors scale corresponds to the total photoemission yield.
The truncated-square shape of the MgO substrate is clearly visible (see Figure 4.4), together
with the tantalum stripes, thanks to the contrast to the surroundings due to different photoemission cross section.3 Since we only needed to have a rough idea of where to route the beam,
we acquired this fast map with large manipulator steps, obtaining a quite coarse-grained image.
3

Another typical feature which can be recognized is the edge-enhanced photoemission.
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The ultimate resolution attainable is limited by the source footprint itself (200 µm), as the
manipulator stepper motors have the wondrous precision of 0.5 µm. The 200 µm focalization
of the HHG beam is obtained through the toroidal mirror in the refocusing chamber, which has
been projected to exploit a 1:1 magnification (its input and output arms have the same length),
thus ensuring minimum aberration of the footprint; for this reason, it would not be easy to
improve the focalization. On the other hand, similar maps could be acquired with a “pump”
beam, meaning the output of one of the Orpheus OPAs (surely with Orpheus-HP, providing a
UV beam, but also with the visible OPAs, as they have been observed to lead to significant
two photons photoemission). In this case, the best resolution attainable, which is limited by
the focused beam footprint w, depends on the lens focal length f , the wavelength λ and the
incoming beam cross section radius w0 , according to
w'

fλ
.
πw0

(4.8)

With a 1500 mm focal length lens, a 400 nm beam of 4 mm cross section can be focused to
a 190 µm spot. For visible and UV light, there could be possibility to implement a focalizing
system inside the UHV chamber, substantially improving the focalization capability. If one
wants to mantain the possibility to perform pump-probe, the lens has to be positioned however
inside the refocusing chamber, otherwise it would intercept the HHG beam. This means that
the lens should have at least 900 mm focal length: in this condition, a similar 400 nm, 4 mm
cross section beam would be focalized to a 115 µm diameter spot.4
After inspection of the map, we set the manipulator position so that the harmonic beam
footprint was at the center of the iron film. Sample current in that position was about 4 pA
(a value much lower than those reported, for example, in Figure 3.22: this should not be a
surprise since gold has a larger cross section for photoemission at these photon energies, besides
the fact that the general HHG efficiency seems to be lowering in efficiency with time, as stated
commenting Figure 3.20).
Spectra obtained with HHG 9th harmonic are reported in Figure 4.7. The two curves displayed in panel a) have been acquired at pass energy 5 eV and energy step 0.1 eV, and they
refer to two different points of the sample. The structures few electronvolts below the Fermi
level, present in both the curves, derive from the Fe 3d states. In the upper orange curve, a big
contribution from O 2p states is also visible; moreover, the structure at zero binding energy is
a bit higher. Both these features suggest that this spectrum has been acquired from a region
where the oxygen passivation procedure worked fine, while the lower red spectrum from a region
where the procedure was not effective.
To validate this hypothesis, we compared our curves with data, acquired at the beamline
APE-LE at Elettra synchrotron, of the same surface, both in angle resolved maps and in angle
integrated DoS. The data related to clean Fe(1 0 0)/MgO and to Fe(1 0 0)p(1x1)-O/MgO surfaces
are reported in panels b) and c), respectively. Note that in the investigation driven at APE-LE,
they are sure that the proper oxygen passivation has been successful as the LEED pattern shows
a sharp p(1x1) reconstruction. For both the clean and passivated surfaces, an ARPES map is
shown, along with a comparison of the measures at SPRINT with EDCs obtained from angle
integration of the band dispersion map in two different regions, one at Γ point, the other along
4
Of course there is no such a limit to the focalization of the OPA beam in another chamber (e.g. that under
project for time resolved Raman spectroscopy), where a much shorter focal length lens can be installed: in that
case, resolution down to the micron scale is asserted.
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Figure 4.7: a) Two photoemission spectra acquired at SPRINT with the 9th harmonic from two different
points of our Fe(1 0 0)/MgO surface. The binding energy axis has been calculated using the
known value φan = 4.340 eV for the analyzer work function. Contribution from O 2p
and Fe 3d states are highlighted. b) Band dispersion measured at APE-LE (top) from
a clean Fe(1 0 0)/MgO sample; two EDCs (bottom) extracted at two different positions
(delimited by blue and green dashed lines, respectively) along kx (which is the Γ − X
direction is reciprocal space) are shown and compared with our spectrum not showing
oxygen contribution. c) Similar data acquired on the same surface after proper oxygen
passivation (the LEED pattern confirmed a p(1x1) reconstruction). The oxygen states in
the band dispersion map (top) are highlighted in red. The EDC extracted around Γ (blue)
is not satisfying, while the one extracted off-center (green) resembles a bit more our orange
spectrum. The non perfect agreement between EDCs and our spectra could be due to the
fact that in our chamber the sample can have a residual tilt or azimut angle.
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the direction Γ − X (that is, along kx ). First, inspection of the band maps reveals that upon
oxygen passivation very intense states appear near Γ, just below the Fermi level and around 6
eV of binding energy, showing a fair parabolic dispersion (they are highlighted in red in panel
c). These maps have been acquired at 30 eV photon energy, with linear vertical polarization
(which in the geometry of APE-LE allows only to probe odd electronic states): this is the
same geometry also present at SPRINT end-station, although there the slit is parallel to the
laboratory horizontal (the opposite is true at APE-LE).
We first compared the passivated spectrum, panel c). Integration of the bands around Γ
reveals a strong oxygen contribution at about 4.5 eV binding energy, which is not seen in our
spectrum. We then moved the integration window to find a region that could fit better our
curve. A satisfying fit could not be found, but moving away from Γ the peak due to the oxygen
contribution shifts to higher binding energy, closer to what we have. Moreover, in both the
EDCs, a shoulder can be seen at 7.2 eV, which is about the same position of the big bump we
observe at SPRINT. Regarding panel b), the structures within 4 eV below the Fermi level can
be safely attributed to clean iron. An important point to keep in mind is that at SPRINT the
manipulator does not possess a tilt or azimuth regulation, but only the polar one. This means
that we cannot be sure that we were measuring at normal emission, and we should not expect to
see precisely the same shape for the valence band DoS. Nonetheless, we can say that the general
behaviour observed at APE-LE upon oxygen passivation is the same we see.
Now, the measures from APE-LE were acquired before and after the passivation procedure,
so the question is why we observe a similar trend on the already-passivated surface. As it is
unlikely that the chemisorbed oxygen on top of the iron surface is desorbed upon laser-induced
heating, we hypothesize that the red “clean” iron spectrum has been acquired from a region
that did not undergo the correct passivation, for some reason, while the orange passivated iron
spectrum did. This is in line with the occurrence of a c(2x2) reconstruction as seen from the
LEED diffractogram, remembering that the electron beam footprint of the LEED might lead
to integration on several domains. Thus, we probably probed with the LEED a large area,
including regions where oxygen passivation had not been completed and CO adsorption took
place instead.5 For the future, optimization of the procedure is required, especially for what
concerns the temperature and time of annealing.
We performed also a measurement of the spin polarization with a Mott detector oriented in
such a way that the polarization projection along the axes parallel to the sample surface can be
measured. The asymmetry measurements are reported in Figure 4.8. During the measurement,
the signal was about 400 counts per channel per second, in all four channels. Note that since the
two specular PIPS detectors have some unavoidable inequality, a single asymmetry measurement
is not enough: it is necessary to reverse the magnetization direction. In our case we actually need
to rotate by 180◦ the sample about its normal in order to reverse the magnetization with respect
to the scattering plane defined by the two PIPS detectors of the Mott polarimeter.6 Only once
this procedure is accomplished, the asymmetry value can be extracted. From the known effective
Sherman function (Seff = 0.1) we calculate the polarization projection as Phor = 15.1 ± 1.1 along
the horizontal axis and Pvert = 2.5 ± 1.1 along the vertical axis. The errors have been calculated
as the mean standard deviation of the scattered data, since this value was bigger (though slightly)
than what obtained from Equation 4.6.
5
However, what is of our concern now is a proof that photoelectron spectroscopy on relevant samples can be
done. A comparison of the acquisition times with the 21.22 eV radiation from a Helium lamp should be performed.
6
In our setup, the magnetization we are measuring is the spontaneous magnetization of the iron surface. If
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Figure 4.8: Mott scattering data from Fe(1 0 0) surface. a) and b): raw asymmetry data for up-down
and left-right directions. For each direction two series of data are plotted, namely those
relative to the sample straight or reversed; as can be seen, especially from a), the two series
are not opposite to each other, owing to unavoidable asymmetries of the two PIPS involved.
c) and d): the series of data have been translated so that their center is at zero: now the
mean value of each series (indicated by the dashed blue and red lines) is the true value
of asymmetry. Upon division by the effective Sherman function the polarization value is
obtained. Regarding the errors, see the main text.
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As stated before, the easy axis of Fe is along the [1 0 0] direction, thus we expect to measure a
magnetization only along one of the two axes. The presence of a spin polarization also along the
vertical axis is probably due to the non perfect mounting of the MgO substrate on the sample
holder or to some azimuthal angle of the sample holder.
For the sake of completeness, we mention here that complete characterization of the magnetic
state of this Fe film is under project at SPRINT laboratory. In particular, the second Mott
detector (which would enable the measurement of a polarization component orthogonal to the
surface) is under final commissioning; moreover, the new acquisition electronics outlined before
has to be tested and installed also to the Mott used during this thesis project. The core of this
ongoing experimental project is as a first part the study of the spin polarization of the film with
very low photon energy (exploiting the UV OPA), and as a second part the investigation of the
excited states polarization in a pump-probe scheme.

we were instead actively magnetizing the surface, we could keep the sample fixed on the manipulator and instead
invert the magnetizing field.
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Conclusions and perspectives
Having characterized a high repetition rate, moderate photon flux XUV pulsed source like the
HHG line hosted at SPRINT, an enormous perspective for future studies opens up. Some
experiments have already been performed, from external users who came to SPRINT laboratory
exactly for its attractive performances. Till now, the setup has consisted of a pump-probe
scheme with pump pulses provided by Orpheus-F (in the visible and near infrared) or OrpheusHP (in the UV) and probe pulses from the HHG source or from the same Orpheus-HP UV
output. The physical problems addressed so far do not fall into the orbit of magnetism, but were
mainly related to electronic excitations: hot electrons injection from gold or silver nanoparticles,
deposited on top of aluminum-doped zinc oxide (AZO) or cerium oxide, upon absorption of an
optical pulse that excites localized plasmons; deposition of nichel-porphyrin on the Cu(1 0 0)
surface and two-photons photoemission spectroscopy. Other beamtimes of external users are
scheduled for the next future.
The fact that cut-edge experiments are being already performed, when the laboratory is not
yet at its full capabilities, is of great importance since reveals how much such a beamline is
required and answers to concrete needs of research; moreover, it is a confirmation of the great
potentialities in terms of ease of usage and versatility.
Much work has to be done, still. From the HHG source point of view, some development is
under project: the design and installation of a refrigeration circuit for the lens devoted to tight
focusing can make it possible to overcome the thermal problems we faced, and to operate the
Pharos at its full power (maximum repetition rate), thus improving by a factor 5 the statistics.
Moreover, no optimization of the focal length of that lens has been performed: different focal
length lenses have been already purchased and in the next future they will be installed on a
motorized stage and tested. Finally, an attractive development is constituted by the generation
of higher photon energies, which allow to probe inner electronic states (with the advantage of
achieving the significant element sensitivity of sub-valence band states). This cannot be done
in the present setup, but instead needs the Pharos fundamental as a driving laser (remember
the basic relation of HHG cutoff); this also needs a replacement of the optics (mirrors, beam
splitters, dichroic mirror) on the optical table. Preliminary results with the 1030 nm laser in
Neon have already been obtained, showing high energy photons (up to 70 eV), but with very
low efficiency, about two orders of magnitude less than that obtained in the present work.
From the experimental chamber side, the most important improvement at the horizon is the
final correction and installation of the new electronics for both the Mott detectors, which would
allow to completely charaterize the magnetization state of the samples. In the view of ARPES
studies, the manipulator now hosted in the photoemission chamber needs to be revisited, since
it revealed mandatory to have the possibility to rotate the sample, at least with a tilt rotation,
in order to optimize the photoemission angle and to have the possibility to span a reasonable
Brillouin zone region.
Regarding the case study addressed in this thesis, work has to be done. It should be noted
that interesting static measurements of spin polarimetry have been performed varying the photon energy in the UV region (thanks to the Orpheus-HP OPA), revealing an energy dependent in-plane spin polarization. Extension of these measurements to the full three dimensional
polarization vector is required, after the second Mott detector will be installed and the new
electronics persuasively tested. Finally, extension of the study to the dynamic regime (meaning
pump-probe) is scheduled: this would exploit SPRINT potentialities at its most.
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Here we report on a novel narrowband High Harmonic Generation (HHG) light source designed for ultrafast
photoelectron spectroscopy (PES) on solids. Notably, at 16.9 eV photon energy, the harmonics bandwidth
equals 19 meV. This result has been obtained by seeding the HHG process with 230 fs pulses at 515 nm.
The ultimate energy resolution achieved on a polycrystalline Au sample at 40 K is ∼22 meV at 16.9 eV.
These parameters set a new benchmark for narrowband HHG sources, and have been obtained by varying the
repetition rate up to 200 kHz and consequently mitigating the space charge, operating with ≈3·107 electrons/s
and ≈5·108 photons/s. By comparing the harmonics bandwidth and the ultimate energy resolution with a
pulse duration of ∼105 fs (as retrieved from time-resolved experiments on Bismuth Selenide), we demonstrate
a new route for ultrafast space-charge-free PES experiments on solids close to transform-limit conditions.
I.

INTRODUCTION

The expanding quest for studying the physics of complex and quantum materials under non-equilibrium conditions has prompted the development of advanced ultrafast light sources, in order to tailor speciﬁc excited states
and probing their electronic transient properties. By
HHG1–5 light sources, as well as free electron laser (FEL),
it is possible to obtain radiation pulses with photon energies extending from the extreme ultraviolet (EUV) to
hard X-rays, with pulse durations ranging from sub-fs to
sub-ps, and fully polarized light. However, while these
sources are suitable for high peak brilliance experiments,
they show severe limits for ultrafast PES on solids, where
the photon density in the light pulses and the light pulses
repetition rate must be controlled in order to reduce spurious eﬀects.
PES6,7 allows to measure, under perturbative condition, the spectral function resulting from the projection
of the ﬁnal electronic states on the initial states of the
matter. In quantum and strongly correlated materials
the collective excitations and the quasi-particles interactions will aﬀect the self-energy, hence the PES spectral
function, which features unveil the eﬀects of these many
body interactions on the kinetic energy and momentum
of the primary photoelectrons. By measuring the kinetic
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energy and the momentum of the primary electrons, the
PES experiments can be extended to the reciprocal space,
therefore to the measure of the band structure, while another degree of freedom of the photoelectron can be observed by detecting its spin.
In the last two decades angle-resolved (AR) PES and
spin resolved (SP) ARPES have been extended to time
domain in the sub ps regime. These experiments require
stable (in terms of energy, polarization, intensity) pulsed
sources of photons with pulse duration in the range 10100 fs and with a variable peak brilliance and repetition
rate. Hence, the number of photons, for a ﬁxed focal spot
on the sample, has to be such that the space charge effects are minimized, while compensating the limited photoelectron statistics by rising the pulses repetition rate as
high as possible to provide the optimal signal-to-noise ratio.
A conceivable light source for time-resolved photoelectron spectroscopy should respond to the following characteristics: i) provide 103-104 coherent photons per pulse
in the energy range 6 eV-100 eV and with ∼ 100 fs time
duration, in order to exploit favorable photoionization
matrix elements, while covering the full Brillouin zone
of all materials; ii) variable pulse power, pulse duration,
and repetition rate; iii) tunability of the photon energy
in a broad range 8–13 ; iv) repetition rate of several tens of
kHz, up to MHz 14–27 , but compatible with the relaxation
time of the excited states, in order to mitigate thermal
eﬀects on the sample.
In particular, space charge 28–30 can heavily aﬀect the
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FIG. 1. Pump/probe setup: M, mirror; BS, beam splitter; SHG, second-harmonic-generation crystal; Bs, beam stopper; CBs,
cone beam stopper; L, lens; c1, c2, c3, d1, d2, toroidal focusing mirror; G, grating.

primary photoelectron kinetic energy and trajectory,
hence limiting the experimental resolution. This is the
most challenging problem for time resolved PES experiments in the direct and reciprocal space (angle resolved
PES, i.e. ARPES).
Here we report on a novel HHG beamline, that lays
down a new benchmark in terms of repetition rate (up to
200 kHz), photons per pulse (up to 10 6 ), pulse duration
(∼ 100 fs) and an overall energy resolution for time resolved PES of ∼ 22 meV, as measured on polycrystalline
Au at 40 K. The main characteristics of this source are
summarized in Table I. By comparing the parameters
in Table I with those of equivalent setups in the literature 5,14,16,18–20,26,31–34 , the HHG time resolved ARPES
described herewith below meets the state of the art in
the ﬁeld.
The key to allow for bright and narrowband harmonics
generation was pointed out by Wang et al. 35 and others 19,36,37 , and consists in seeding the HHG process by
Ultraviolet (UV) (≈3 eV) photon pulses. Here we extend this concept to the case of Yb-based laser sources,
and seed the HHG process at 2.4 eV (as also reported in
Ref. 27 ). This method allows to obtain harmonics bandwidth of the order ≈20 meV, a value similar to what
currently attainable by cavity-enhanced harmonics generation setups 16,17 . However, in the latter case, the ﬁxed
and high repetition rate (60-88 MHz) puts severe constraints on pump-probe experiments, while Yb-base ampliﬁers allow for a straightforward and wide repetition
rate tuning that allows to limit the pump beam average
power. Although typically operating at a ﬁxed repetition
rate, Ti:Sapphire lasers allow to generate ≈60 meV bandwidth and <60 fs long harmonics for ARPES experiments

with UV-driven HHG at 50 kHz (as reported in Ref. 14 ).
Alternatively, for IR-driven high-harmonics in a hollowﬁber at 30 kHz (as reported in Ref. 26 ), the bandwidth
must be ﬁltered and reduced to allow for 30 meV resolution at the expense of a reduced ﬂux and an increased
pulse duration. Finally, UV-driven HHG from an optical
parametric chirped pulse ampliﬁer (OPCPA) high-power
laser system has been demonstrated in Ref. 33 . This approach joins the advantages of a high repetition rate operation (500 kHz), a high average ﬂux and a high timeresolution (<40 fs) while providing harmonics bandwidth
of ≈110 meV.
II.

HHG SOURCE AND PHOTON BEAM OPTICS

A.

The laser source

The source is a Yb:KGW-based integrated femtosecond laser system (PHAROS, Light Conversion), characterized by a turn-key operation and by high pulse-topulse stability. The system produces ∼300 fs pulses at
1030 nm, with a tunable repetition rate from single-shot
to 1 MHz. The average power is 20 W above 50 kHz. The
maximal energy-per-pulse, equal to 400 µJ, is available
in the 0-50 kHz interval instead. Above these values, the
energy per pulse is determined by the actual repetition
rate setting: 200 µJ/pulse at 100 kHz, 100 µJ/pulse at
200 kHz, 20 µJ/pulse at 1 MHz. Once the fundamental repetition rate is set, the corresponding energy/pulse
is provided. From this condition, and using the lasercavity Pockels cell, a lower repetition rate can be set by
pulse-picking of the pulses; this possibility preserves the
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Parameter

Value

Photon energy (eV)

16.9

Rep. Rate (kHz)

200

∆Eexp (meV)

22

electrons/s

≈3·107

photons/s

≈5·108

∆texp (fs)

300

∆Eprobe (meV)

19

∆tprobe (fs)

105

∆tF T (fs)

96

TABLE I. Time and energy resolution performance: ∆Eexp ,
experimental energy resolution, including optical elements
broadening and analyzer resolution; the electrons and photons
per second are provided for the space charge free condition allowing for the overall energy resolution of 22 meV (9 pA at
16.9 eV and 200 kHz); ∆texp , experimental time resolution,
measured as convolution between pump and probe pulses;
∆Eprobe , harmonic bandwidth, after deconvolution of temperature and analyzer contribution; ∆tprobe probe pulse time
duration; ∆tF T , estimation of Fourier transform pulse duration, obtained considering a time-bandwidth product ≈0.44

energy/pulse and is particularly useful for the optimization of non-linear optical processes, since the same peak
power is available but with a reduced thermal load. The
repetition rate tuning ﬂexibility has direct consequences
on experiments, allowing to ﬁnd the ideal compromise between (probe) signal statistics and (pump-induced) sample heating. The laser source can seed two optical parametric ampliﬁers (OPA), conﬁgured for operation with
40 µJ/pulse or 360 µJ/pulse. They allow for a tunable
output in the range 630-2500 nm and in the range 13504500 nm, which is also equipped with a DFG crystal to
extend the output up to 16 µm.
B.

HHG beamline

The HHG photon beam is propagated to two experimental end-stations designed for PES 31,38 . The beamline is made up of a generation chamber, monochromator, and refocalization chamber, and coupled with OPA
sources for time resolved pump-probe spectroscopy. The
full optical path is reported in Fig. 1.
C.

Harmonic generation

The HHG process is a highly-nonlinear optical eﬀect
emerging when the intensity of the laser light electric ﬁeld
is comparable to the atomic bond strength of a medium,
most often a gas 1 . This eﬀect, known since more than
30 years, leads to the simultaneous generation of a num-

ber of odd harmonics of the seed photon energy, with
almost constant intensity over a wide (plateau) energy
region. It is usually described within the so-called threestep-model: tunnel ionization, free acceleration and recombination (recollision) 39 .
The generation chamber has been designed to work
in the so-called tight-focusing regime 35 , that allows to
reach the 1014 W/cm2 peak power density, required to
drive the HHG process 40,41 , also with a pulse duration
of ∼300 fs.
In order to maintain a good vacuum level without
overloading the main turbomolecular pump, a second
chamber is installed around the gas nozzle, consisting
in a sharp glass tip having 70 µm internal diameter.
This chamber is directly connected via an in-vacuum
feedthrough to a 140 m3 /h primary pump. The only
apertures of the inner chamber towards the main chamber are two adjustable holes for the beam entrance and
exit. This solution allows to routinely apply a gas pressure of several (4-6) bars at the gas nozzle input, while
maintaining a base pressure of ≈ 10−5 mbar in the main
chamber. The gas nozzle is connected to a translation
stage, used to optimize the nozzle position with respect
to the laser beam.
In standard operating conditions, the HHG process is
seeded by the second harmonics of the laser 19,36,37 , at
515 nm. The frequency duplication of the laser radiation at 1030 nm is obtained with a 2 mm thick Beta
Barium Borate (BBO) nonlinear crystal. The conversion
eﬃciency into 515 nm radiation is 50% without beam focusing, so giving 200 µJ/pulse at 50 kHz, 100 µJ/pulse
at 100 kHz and 50 µJ/pulse at 200 kHz after the crystal. Additional energy losses after the second-harmonicgeneration (SHG) crystal, due to the optical elements
along the beam path, reduce the energy per pulse in
the generation chamber to 110 µJ/pulse at 50 kHz, 70
µJ/pulse at 100 kHz and 29 µJ/pulse at 200 kHz.
The beam is then focused on the gas jet with a 10 cm
focal length lens. We estimate the spot-size at the focus
to be 10±2 µm. In order to dump the laser radiation used
for generation, a cone-shaped beam stopper is inserted
between the generation chamber and the monochromator. A hole of 1.5 mm on the vertex of the cone guarantees the complete transmission of the harmonics, while
limiting the seed beam transmission to only ≈1% of the
input power. In this way, a longer lifetime of mirrors and
gratings is expected. The beam dump also introduces
a high vacuum impedance, reducing the pressure rise in
the following vacuum chambers due to the generation
gas. The cone is the only mechanical element introducing a diﬀerential pumping. The pressure increase in the
UHV endstations is only marginally inﬂuenced by the
gas. Usually the pressure in the UHV endstations rises
from the base value of 1-3·10−10 mbar to 5-8·10−10 mbar
when the valves to the refocusing chambers are opened.
This happens irrespectively of the presence of the Ag gas
used for HHG, and mainly depends upon the fact that
the base pressure in the refocusing chambers is slightly
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higher because of the presence of many motorized mirror
actuators.

D.

Monochromator

The spectral selection of a single harmonics is performed by an oﬀ-plane-mount (OPM) grating monochromator. Diﬀerently from the classical diﬀraction, where
the grating grooves (gr) are perpendicular to the incident plane, in the oﬀ-plane geometry the incident plane
is almost parallel to the grooves. The main advantage
of such a conﬁguration is the capability to mitigate the
EUV pulse-front tilt after diﬀraction, therefore providing a lower temporal broadening of the monochromatized pulses42 . Furthermore, the oﬀ-plane mount provides much higher EUV eﬃciency compared to the classical one43 .
The instrument design consists of two toroidal gold
coated mirrors and ﬁve OPM plane gratings (G in Fig. 1).
The beam is collimated by a ﬁrst toroidal mirror (c1) onto
a speciﬁc grating, and subsequently refocused onto one
of the two exit slits by a second toroidal mirror (c2 or c3,
depending on which branch is in use) with identical focal
length, in order to select a single harmonic beam and to
steer it in either the SPRINT (Spin Polarized Research
Instrument in the Nanoscale and Time) or T-ReX (Time
Resolved X-Ray spectroscopy) end-stations 44 . The mirrors are operated at equal grazing angle and unity magniﬁcation, in order to minimize the aberrations at the
output. The selection of a speciﬁc grating determines
which end-station is served, without further adjustments.
The speciﬁcations of mirrors and gratings are reported
in Table II and III, respectively. Considering the mirrors
and gratings reﬂectivity, the entire system transmission,
from the harmonics source to the sample, can be estimated around 46%. The grating parameters have been
designed to introduce a dispersion suﬃcient to isolate
a single harmonics with a slit-width of ∼100 um (adjacent harmonics are separated by 2.4 eV with 1030 nm
seed and 4.8 eV with 515 nm seed). Since the intrinsic
bandwidth of the harmonics is deﬁnitely lower than the
bandwidth transmitted through the monochromator, the
overall energy resolution is limited by the HHG source
itself. Hence, the monochromator is acting as a tunable
ﬁlter that is used to select a single harmonic and ﬁlter
out all the adjacent harmonics.
FIG. 2. HHG spectra as resolved by gratings with 150 gr/mm
and 400 gr/mm at repetition rate of 100 and 200 kHz. All
the spectra have been acquired with Argon as HHG medium,
using a pressure of 4 bar at nozzle entrance. The identiﬁcation of the harmonics is reported. The photon/pulse (photon/second) reported on the Y-axis are measured at the output of the monochromator, after passing the slit with an aperture of 100 µm, using an X-ray photodiode, connected to an
acquisition board. The pulse energy of the driving laser at 515
nm, measured into the generation chamber, is also reported
in each panel.

The use of gratings gives intrinsically a pulse-front tilt
due to diﬀraction, which introduces a temporal broadening. The measure of the EUV divergence allows to estimate this broadening. The beam divergence has been
measured through the knife-edge technique, resulting in
10 mrad for harmonics in the range 16.9 eV (i.e., 7th
harmonic of 515 nm) to 31.2 eV (i.e., 13 th harmonic of
515 nm). The resulting temporal broadening given by
the monochromator because of the pulse-front tilt is in
the range 50-100 fs, typically lower than the expected
duration of the harmonics.
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mirror

Rsag (mm) Rtan (mm) f (mm) AOI (◦ ) coating reﬂectivity (%)

c1, c2, c3

41.9

8600

300

86

gold

88

d1, d2

248

6813

1300

79

gold

70

TABLE II. Toroidal mirror speciﬁcations (Rsag , sagittal radius; Rtan , tangential radius; f , focal length; AOI, angle of incidence;
reﬂectivity is estimated from the mirror speciﬁcations and AOI). c1, c2, c3, toroidal mirrors in the monochromator chamber;
d1, d2, toroidal mirrors in the refocalization chambers.
grating blazing angle blazing energy range AOI ruled area
(gr/mm)

◦

( )

(eV)

150

3.4

200

4.2

400
1200

Bandwidth

reﬂectivity

(mm)

(100 µm slit) (eV)

(%)

5

70x10

0.5@ 20 eV

85

5

70x10

0.5@ 20 eV

85

30-50

5

70x10

1.1@ 40 eV

85

50-100

5

70x10

1.45@ 20 eV

85

(eV)

◦

( )

18

8-30

19

8-30

4.5

36

7

70

TABLE III. Grating speciﬁcation; reﬂectivity is estimated from the grating speciﬁcations and AOI.

E.

Refocusing

The refocusing chamber is equipped with a toroidal
mirror (d1 or d2, depending on which branch is in use;
the speciﬁcation are reported in Table II), which images
the monochromatized EUV beam spot at the slits position onto the sample plane, with 1:1 ratio. A silver
square mirror is placed in the refocusing chamber, to direct the pump beam on the sample (m1 in Fig.1d, Supplementary Material). The pump beam forms a ≈1 degree angle with respect to the EUV probe pulse. The
mirror is mounted on a piezo-mount to set precisely the
pump-probe beam overlap. A second square mirror (m2
in Fig.1d, Supplementary Materials), mounted oﬀ-center
on a stepper motor, can be inserted in the beam path
to send the quasi-collinear pump-probe beams out of the
vacuum chamber (a 3D sketch of the beamline is reported
in Supplementary Material). This possibility is used to
optimize the beams focus (note that the pump beam is focused by a lens with focal length f = 1.5 m, placed before
the entrance window on the refocusing chamber) and to
roughly determine the time-zero condition. To this aim,
the pump beam and the zero-order probe are sent on a
fast photodiode recorded by a 4 GS/s oscilloscope. In
this way, time-zero is pre-determined with a few ps uncertainty and ﬁnally found directly in the photoemission
experiments.

III.

RESULTS

Fig. 2 reports the harmonics spectrum as measured by
low energy gratings (150 and 400 gr/mm). Spectra were
recorded under the same generation conditions, namely,
the HHG process is driven by the SHG of the laser output, in Argon (4 bar at nozzle entrance). The spec-

tra have been measured by scanning the monochromator
with 0.05 degrees steps. The measurement of the photon
ﬂux at the output of the monochromator, after passing
the slit with an aperture of 100 µm, has been performed
with an X-ray photodiode (AXUV63HS1 from OPTODIODE Corp.), connected to an acquisition board. The
conversion between current and number of photons has
been obtained by using an analogue photodiode calibrated at a synchrotron radiation facility. Each point
has been acquired for 5 seconds. The measurements were
performed at full power, at two diﬀerent repetition rates.
The number of photons per second measured in this condition is ≈0.4-1.1·1011 at 100 kHz, and ≈1-6·109 at 200
kHz.
Harmonics generation in Neon with 1030 nm has been
also tested, using a dedicated grating with 1200 gr/mm,
generating up to the 63rd harmonics (not reported), with
a two orders of magnitude lower photon ﬂux.
The EUV focal spot is measured with a Yttrium Aluminium Garnet (YAG) crystal placed at the sample position. The EUV-beam ﬂuorescence is recorded by a
Charge-Coupled Device (CCD) camera. The horizontal
proﬁle of the EUV spot is ﬁtted by a Gaussian function.
The FWHM is 97 µm, as shown in Fig. 3.
The HHG beamline feeds two end-stations optimised
for complementary PES experiments: a) The T-ReX endstation45 , hosting a SPECS electron analyzer equipped
with a Delay Line Detector (DLD), optimized for timeresolved ARPES experiments. The T-ReX end-station
features a six-degrees of freedom motorized cryomanipulator, which hosts the sample during experiments; details
of the experimental setup can be found elsewhere 31 ; b)
the SPRINT end-station, where standard characterization techniques for surface science experiments (LEED,
AES, ion bombardment) and a Scienta SES 2002 electron
energy analyser (EA) are available 38,46 . The experimen-
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FIG. 3. EUV focal spot. a) Focal spot on the YAG screen; b) contour plot of the focal spot; c) 3D proﬁle; d) horizontal proﬁle.
The blue line represents the Gaussian ﬁt.

tal chamber also hosts a Vectorial Twin Mott detector
set-up 47 for the measurement of spin polarization of the
full, or partialized, quantum yield from the sample 38 ,
and a Helium discharge lamp for reference spectra at
21.22 eV with 1 meV bandwidth and analyzer energy
resolution calibration. Selected results obtained in commissioning experiments are reported in the following subsections.

A.

Space Charge Mitigation

When ultrashort UV pulses exceeding 105 photons per
pulse impinge on a sample surface, a large number of
photoelectrons are created. The emitted electron cloud
in front of the sample has the shape of a thin disk, hence
the electrons strongly interact with each other. This results in the fact that fast electrons are pushed ahead and
slow electrons are retarded, producing an energy-shifted
and momentum-distorted photoemission spectrum when
more than one electron per laser shot is emitted48,49 . The
typical strategies to mitigate space charge eﬀects in photoemission are the reduction of the photon ﬂux, or the
reduction of photon density on the sample surface by
increasing the spot size. However, these workarounds
are far from optimal, as they lead to a reduction of the
statistics of the measurement. This is a critical problem
when dealing with low repetition rate pulsed UV or Xray sources, like the present FEL (up to a hundred hertz)
and the few kHz-range HHG sources.

The high repetition rate operation (up to 200 kHz) of
our setup overcomes these problems. Indeed, high repetition rate operation makes it possible to maintain a high
ﬂux with a moderate intensity of the individual pulses,
mitigating space charge.
The laser source used provides constant power (20 W)
above 50 kHz operation. Hence one can reduce the energy per pulse available for HHG by increasing the repetition rate. However, due to the high nonlinearity of
the generation process, the harmonic beam power is not
constant. In addition, also the harmonics energy cutoﬀ
is decreased. This sets an upper limit to the maximal
repetition rate for each harmonics.
In order to demonstrate the possibility to mitigate
space charge eﬀects, we measured the valence band of a
clean surface of a polycrystalline gold foil (Au displays a
ﬂat 6s-like Density of State (DOS) across the Fermi level,
suitable for the estimation of the energy broadening and
shift induced by space charge) while tuning the generation conditions. In particular, we choose three diﬀerent
repetition rates (50 kHz, 100 kHz, 200 kHz), corresponding to three diﬀerent energies per pulse at 515 nm into
the generation chamber (see subsection II C). The energy
per pulse at ﬁxed repetition rate can be also changed by
an external attenuator (we report measurements down to
19.9 µJ at 200 kHz). It allows to analyze the evolution
of the photoemission spectra as a function of the seed
energy-per-pulse at a given repetition rate.
The angle integrated photoemission spectra obtained
with the 7th and the 9th harmonic are displayed in Fig. 4
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photoelectrons per pulse. Panels d) and e) show spectra
measured with the 9th harmonic, where a similar trend
can be observed.
B.

Harmonics Energy Bandwidth

Once the space-charge related eﬀects have been controlled, a reliable measurement of the best attainable energy resolution can be performed by investigating the
Fermi edge of polycrystalline Au at low temperature.
The Fermi edges measured with the 7th harmonic at
16.9 eV and the 9th harmonic at 21.7 eV at the SPRINT
end-station (analyzer pass energy 5 eV, entrance slit 0.5
mm) are displayed in Fig. 5 panel c) and f), respectively. The ﬁtting curve (blue line) is a convolution of
EK −EF

FIG. 4. Angle integrated photoemission spectra of polycrystalline gold foil at T = 40 K, with 16.9 eV photon energy (7th
HHG harmonic, upper panel) and 21.7 eV photon energy (9th
HHG harmonic, lower panel), changing the energy per pulse
of the driving laser from 110 µJ to 19.9 µJ; for each spectrum
the total electron yield (Isample ) is reported as a measure of
the total power impinging on the sample, with the correspondent total power impinging on the HHG gas nozzle. Spectra
are rescaled so as to have the same height of the Fermi step.

as a function of the energy per pulse of the driving laser.
The spectra are measured at a temperature T = 40 K.
For each spectrum, the total electron yield is measured by
recording the drain current with a picoammeter (Keithley 6482), which connects the sample to the electrical
ground. As the amount of space charge is reduced, the
spectra shifts towards lower kinetic energy and the Fermi
edge (E F ) becomes steeper. This feature is showed in detail in Fig. 5. Panel a) shows a zoom of the Fermi edge
on gold measured with the 7th harmonic, changing the
repetition rate from 50 kHz (orange curve) to 200 kHz
(green curve): a strong reduction of the broadening and
the shift of the Fermi step is achieved.
Panel b) shows the spectra measured at 200 kHz upon
further reducing the energy-per-pulse by means of attenuation of the driving laser: some very small space
charge eﬀects are actually still present at maximum ﬂuence (light green curve), and the space charge is totally
removed when the total electron yield is below 20 pA
(blue and black curves), corresponding to around 600

the Fermi function f (EK ) = (e kB T + 1)−1 , with a
Gaussian, accounting for the instrumental resolution, including the source photon bandwidth. While the temperature is ﬁxed and known by independent measurement,
the free parameters of the ﬁt are EF and the FWHM
of the Gaussian itself, and the slope and intercept of
the line mimicking the DOS. The resulting FWHM is
22±2 meV at 16.9 eV and 28±2 meV at 21.7 eV. This
value can be decomposed as the sum in quadrature of the
source and the detector contributions 50 , as well as other
instrumental broadenings (electronic noise): F W HM 2 =
2
2
2
Esource
+ Edetector
+ Eother
According to the formula Edetector = (W/2R0 )Ep (W = 0.5 mm, R0 =
200 mm, E p = 5 eV), the expected value of the detector resolution in the conﬁguration of this measurement is
6.25 meV (to this value one should add the term α2 /4Ep
which accounts for the angular spread α of the electrons
transmitted into the hemispheres) 51 . We have evaluated
directly the detector resolution by measuring the Fermi
edge at liquid nitrogen temperature with a known source
(He I lamp, 21.22 eV) as a function of the Pass Energy,
yielding Edetector = (0.0019 ± 0.0006) × EP ; since in
our case Ep = 5 eV, the result is Edetector = 9.5 ± 3.0
meV, in good agreement with the expected value, considering the presence of the angular term. Such value is
negligible with respect to the total FHWM retrieved by
the ﬁt in Fig. 5, panel c) and f). Hence, we conclude that
the reported values are the upper limit for the overall energy resolution measured with the 7 th and 9 th harmonic.
Most importantly, in Fig. 5, panel b) and e), we report
the overall energy resolution obtained with presence of
space charge, for both the harmonics at 200 kHz. Also in
the worst condition, the overall energy resolution never
exceeds 35 meV.
C.

Harmonics Duration

In this section we report on the results obtained by
ARPES at equilibrium and out-of-equilibrium, using the
EUV high-harmonics as a probe. The experiments have
been performed at the T-ReX end-station equipped with
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FIG. 5. Fermi edge measured at 40 K for diﬀerent laser repetition rates and photon energies. a) Fermi edge at 16.9 eV (7th
harmonic) measured at 50, 100, 200 kHz repetition rate; b) Fermi edge at 16.9 eV, 200 kHz, varying the energy per pulse of
the driving laser; c) 7th harmonic energy bandwidth measurement. Square black dots: experimental data. Solid blue line:
ﬁtting curve used to extract the FWHM; d) Fermi edge at 21.7 eV (9th harmonic) measured at 50, 100, 200 kHz repetition
rate; e) Fermi edge at 21.7 eV, 200 kHz, varying the energy per pulse of the driving laser; f) 9th harmonic energy bandwidth
measurement.
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FIG. 6. ARPES experiment. a) ARPES map acquired on
Bismuth Selenide at T=120 K, and hν=16.9 eV (7th harmonic). b) EDC proﬁle integrated from the white box (0.015
−1
Å wide) drawn on panel a).

a SPECS Phoibos 225 hemispherical electron analyzer,
using the topological insulator Bismuth Selenide (Bi2 Se 3 ,
provided by HQ Graphene) as a reference sample. The
sample temperature was set to T=120 K. Fig. 6a) shows
the ARPES map acquired on the Bi2 Se 3 sample in spolarization, using the 7 th harmonic (hν=16.9 eV) as a

probe. The pass-energy of the analyzer was set to 15 eV
(the entrance-slit width is 0.5 mm), and the repetition
rate of the laser source was 100 kHz (set for reducing
the average pump power). The total acquisition time
was ≈10 minutes, working with ≈3·108 photons/s, corresponding to a regime of moderate-ﬂux. Indeed, the
intensity of the EUV harmonics has been attenuated to
avoid space charge eﬀects by reducing the intensity of the
seeding laser pulse. Under these conditions, space-charge
is minimized, and a reasonable count rate is achieved, as
it is appreciated from the quality of the ARPES map
reported in Fig. 6a). Fig. 6b) shows an energy proﬁle
extracted from the region highlighted in panel a); the
broadening of the proﬁle is due to the large momentum
integration window, chosen to reduce the noise. The outof-equilibrium experiment was performed under the same
experimental conditions, the only diﬀerence being the analyzer slit width, set to 2 mm to reduce the acquisition
time. As a pump, we used the fundamental of the laser
source, at 1030 nm. The beam was focused on the sample through a f=1.5 m focal length lens, down to a spot
size of 300±10 µm. The pump-probe spatial overlap was
set by superimposing the two beams on a Cerium-doped
YAG scintillator, that converts EUV radiation in visible
photons (at ≈560 nm) that are imaged by a complementary metal-oxide semiconductor (CMOS) camera. In the
experiment, the pump ﬂuence was set to 150±30 µJ/cm2 .
The results of the pump-probe experiment are reported in

9
measurements, we can conclude that we are close to the
transform-limit condition.

IV.

FIG. 7. Electron dynamics acquired in the pump-probe experiment. Photoemission intensity has been averaged in the
green box overlaid on the ARPES map reported as inset,
which shows the diﬀerential ARPES intensity collected at the
delay t=300 fs. The black line in the main panel is the ﬁt to
the data (see main text for details). Blue line is the Gaussian
representing the pump-probe cross-correlation, as retrieved
by the ﬁtting routine.

Fig. 7. In the pump-probe scan, the step of the delay-line
was set to 66.67 fs, which is below the expected time resolution. The integration time for data reported in Fig. 7 is
2 hours. The inset of Fig. 7 shows the diﬀerential ARPES
map computed by subtracting a map acquired before excitation (t=-500 fs) from the map acquired at t=+300 fs.
In this way, the eﬀect of the pump excitation is evident.
The trace reported in Fig. 7 shows the electron dynamics extracted by averaging the ARPES intensity in the
green box overlaid to the ARPES map reported as inset.
The electron dynamics has been analyzed with a single
exponential decay convoluted to a Gaussian (reported in
Fig. 7 as a solid blue line) representing the pump-probe
cross correlation. The only free parameters of the ﬁt
(solid black line) are the intensity I and time-constant τ
of the exponential decay, and the Gaussian FWHM, σ.
We obtain τ = 2 ± 0.1 ps and σ = 300 ± 30 fs. The
duration of the pump-pulse has been measured independently with an auto-correlator (APE Berlin PulseCheck)
in the last portion of the pump beam path, and resulted
σpump = 280 ± 5 fs. With this value, we determine an
upper limit for the XUV probe FWHM, after deconvolution of σpump from σ. The result is: σprobe = 105 ± 45 fs,
which is reasonable if we consider the natural pulse shortening obtained both in the SHG process (the FWHM of
the 515 nm seed beam is 230 ± 5 fs, as measured with
the auto-correlator) and in the subsequent HHG process.
The value we provide constitutes an upper limit for the
harmonics duration, since a non-negligible rise-time in
the time-resolved ARPES signal measured on Bi2 Se 3 is
likely present. For Gaussian pulses the minimum bandwidth required to sustain a pulse-duration of 105 fs is
≈17 meV. By comparing this value with the upper limit
of the energy bandwidth as determined by photoemission

CONCLUSIONS

In this work we have addressed a major issue in timeresolved PES by mitigating the space charge eﬀect that
signiﬁcantly depletes the overall energy and momentum
resolutions.
Here we demonstrate that with a remote tuning of the
repetition rate up to 200 kHz, hence reducing the number of photons/pulse (≈5·108 corresponding to ≈3·107
electrons/s), it is possible to perform space-charge free
photoemission with ultrashort EUV (17-31 eV) photon
pulses.
From the momentum-integrated Fermi edge of polycrystalline Au at 40 K we retrieved an ultimate overall energy resolution of ∼22 meV at 16.9 eV. This resolution, close to the HHG pulse bandwidth of 19 meV,
when compared with a photon pulse duration of ∼105 fs,
demonstrates that time resolved PES experiments can be
performed under Fourier transform limit conditions.
As a consequence, the laser source, the high-harmonicgeneration and the photon beam optics, as reported in
this work, open the way to time-resolved PES experiments where the optimal trade-oﬀ between time and energy resolution is achieved, while the full Brillouin zone
of crystalline solids can be accessed and a wide tunability
of the repetition rate is allowed.

SUPPLEMENTARY MATERIAL

See Supplementary Material for a detailed description
of the HHG beamline.
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for Time-Resolved Extreme Ultraviolet and Soft X-Ray Spectroscopy,” J. Anal. Bioanal. Tech. S12:005 (2014), 10.4172/21559872.S12-005.
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and D. Rolles, “High-repetition-rate and high-photon-ﬂux 70 eV
high-harmonic source for coincidence ion imaging of gas-phase
molecules,” Opt. Express 24, 18133–18147 (2016).
5 J. C. Petersen, S. Kaiser, N. Dean, A. Simoncig, H. Y. Liu, A. L.
Cavalieri, C. Cacho, I. C. E. Turcu, E. Springate, F. Frassetto,
L. Poletto, S. S. Dhesi, H. Berger, and A. Cavalleri, “Clocking
the Melting Transition of Charge and Lattice Order in 1T-TaS2
with Ultrafast Extreme-Ultraviolet Angle-Resolved Photoemission Spectroscopy,” Phys. Rev. Lett. 107, 177402 (2011).
6 S. Hufner, Photoemission Spectroscopy. Principles and applications (Springer-Verlag Berlin Heidelberg, 1996).
7 A. Damascelli, “Probing the Electronic Structure of Complex
Systems by ARPES,” Physica Scripta 2004, 61 (2004).
8 G. L. Dakovski, Y. Li, T. Durakiewicz,
and G. Rodriguez, “Tunable ultrafast extreme ultraviolet source
for time and angle-resolved photoemission spectroscopy,”
Review of Scientiﬁc Instruments 81, 073108 (2010),
https://doi.org/10.1063/1.3460267.
9 C. L. Smallwood, C. Jozwiak, W. . Zhang, and A. Lanzara, “An
ultrafast angle-resolved photoemission apparatus for measuring
complex materials,” Review of Scientiﬁc Instruments 83, 123904
(2012), https://doi.org/10.1063/1.4772070.
10 Y. Ishida, T. Togashi, K. Yamamoto, M. Tanaka, T. Kiss,
T. Otsu, Y. Kobayashi, and S. Shin, “Time-resolved photoemission apparatus achieving sub-20-meV energy resolution and high
stability,” Review of Scientiﬁc Instruments 85, 123904 (2014),
https://doi.org/10.1063/1.4903788.
11 A. K. Mills, S. Zhdanovich, F. Boschini, M. Na, M. Schneider,
P. Dosanjh, D. Wong, G. Levy, A. Damascelli, and D. J. Jones,
“Time-resolved femtosecond photoemission spectroscopy using a
60 MHz enhancement cavity XUV source,” 2017 Conference on
Lasers and Electro-Optics (CLEO) STu1I.2 (2017).
12 A. K. Mills, S. Zhdanovich, A. Sheyerman, G. Levy, A. Damascelli, and D. J. Jones, “An XUV source using a femtosecond
enhancement cavity for photoemission spectroscopy,” Proc.SPIE
9512, 95121 (2015).
13 Z. Nie, I. C. E. Turcu, Y. Li, X. Zhang, L. He, J. Tu, Z. Ni,
H. Xu, Y. Chen, X. Ruan, F. Frassetto, P. Miotti, N. Fabris,
L. Poletto, J. Wu, Q. Lu, C. Liu, T. Kampen, Y. Zhai, W. Liu,
C. Cacho, X. Wang, F. Wang, Y. Shi, R. Zhang, and Y. Xu,
“Spin-ARPES EUV Beamline for Ultrafast Materials Research
and Development,” Applied Sciences 9, 370 (2019).
14 J. H. Buss, H. Wang, Y. Xu, J. Maklar, F. Joucken, L. Zeng,
S. Stoll, C. Jozwiak, J. Pepper, Y.-D. Chuang, J. D. Denlinger,
Z. Hussain, A. Lanzara, and R. A. Kaindl, “A setup for extremeultraviolet ultrafast angle-resolved photoelectron spectroscopy at
50 kHz repetition rate,” Review of Scientiﬁc Instruments 90,
023105 (2019), https://doi.org/10.1063/1.5079677.
15 A. Zong, A. Kogar, Y.-Q. Bie, T. Rohwer, C. Lee, E. Baldini, E. Ergeçen, M. B. Yilmaz, B. Freelon, E. J. Sie, H. Zhou,
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Joachim Stöhr and Hans Christoph Siegmann. Magnetism: from fundamentals to nanoscale
dynamics. Vol. 152. Springer Science & Business Media, 2007.

[16]

Elbio Dagotto, Takashi Hotta, and Adriana Moreo. “Colossal magnetoresistant materials:
the key role of phase separation”. In: Physics reports 344.1-3 (2001), pp. 1–153.

[17]

Georg M Müller et al. “Spin polarization in half-metals probed by femtosecond spin excitation”. In: Nature Materials 8.1 (2009), pp. 56–61.

[18]

E Beaurepaire et al. “Ultrafast spin dynamics in ferromagnetic nickel”. In: Physical review
letters 76.22 (1996), p. 4250.

[19]
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