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OUTLINE

✤ What is CITIUS!

✤ The LASER and HHG source!

✤ Time resolved spectroscopy!

✤ Applications on solar cells investigations



CITIUS

Interregional Centre of Ultrafast Photonic  
Technology for Spectroscopies 
!
Centro Interregionale di Tecnologie Ultraveloci per la Spettroscopia!
Medregijski center za ultrahitre fotonske tehnologije v spektroskopiji!
!
funded by the Program for Cross-Border Italy-Slovenia Cooperation 2007-2013!
!
http://www.citius-lab.eu

http://www.citius-lab.eu


LIGHT SOURCE PROPERTIES

✤ soft x-rays / EUV;!

✤ monochromatic;!

✤ tunable;!

✤ short independent pulses (less than 100 femtosec) at high repetition rate;!

✤ stable and reproducible.

ULTRAFAST LASER AND  
ITS HIGH ORDER HARMONICS



THE LASER SOURCE
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TO HIGH ORDER HARMONIC !
GENERATION SYSTEM

tunable output wavelengths!
240 nm - 2600 nm!

(more than 5 microJ/pulse)

Commercial Ti:SA laser system, Coherent Inc.!
wavelength l = 800 nm!
FWHM 40 nm!
time duration 40 fs!
rep. rate (1-5) kHz!
3 mJ per pulse



HHG generation process
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including ionization, propagation and recombination, while preserv-
ing the de Broglie-wave quantum nature of the free electron driven 
by the laser field:

x t  = i
0
dt d pd*

x p – A t e–iS p, t, t E t dx p – A t   + c.c.      – – –– – –

where x(t) is the electron displacement, p is the momentum, AL is the 
vector potential of the driving laser field, EL(t') is the applied electric 
field and c.c. denotes the complex conjugate. In equation (2), the first 

factor corresponds to ionization of the atom; that is, a transition from 
a bound state into the continuum. The second factor, e−iS(-p,t,t'), where 
S is the action integral, takes into account how the quantum phase 
of the electron wavefunction evolves over the ~1 fs timescale during 
which the electron resides in the continuum. The final factor repre-
sents the transition from the continuum back to the ground state. 
Physically, the origin of high harmonics is the rapidly spatially and 
temporally modulated electron wavefunction that evolves as an atom 
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Figure 1 | The microscopic single-atom physics of HHG. a, Classical 
schematic of HHG. The electric field of an intense laser extracts an electron 
from an atom through tunnel ionization. The laser field then accelerates the 
electron, with a small fraction of the electron returning back to the ground 
state of the same atom, liberating its excess energy as a high-energy 
photon. b, The quantum nature of HHG. The electron’s wavefunction is 
driven by the laser field, giving rise to quantum interference between the 
bound and free portions, as well as to transverse spreading. The rapidly 
varying time-dependent dipole modulation gives rise to short-wavelength 
radiation (courtesy of I. Christov). c, The total fractional ionization of the 
medium grows stepwise with each laser cycle. The more realistic quantum 
model includes the modification in ionization due to the recolliding electron.
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Figure 2 | Macroscopic phase-matching of HHG in the spatial domain. 
a, Phase-matched signal growth ensures that harmonic emission from 
many atoms over an extended medium (of length Lmedium) adds together 
coherently. b, Tight focusing geometry with associated curved laser and 
X-ray wavefronts. The geometrical Gouy phase shift (ΔφGuoy) results in a 
dynamical phase change between the carrier wave and envelope of the 
laser pulse. In a wave vector picture, the strong intensity gradient leads 
to a radial atomic wave vector Katomic that favours non-collinear phase 
matching before the focus and collinear phase matching after the focus. 
c, Plane-wave propagation in a waveguide or cell minimizes the curvature 
of the laser and HHG wavefront. The result is a well-directed, fully phase-
matched HHG output. The carrier–envelope phase change is absent in 
vacuum. The wave vector picture is also significantly simplified in this 
geometry, in which only near-collinear phase matching is possible.
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An intense femtosecond driving laser 
(visible to IR) pulse intercepts a gas-jet 
(Ar, Ne, Kr,…)

Electrons extracted from the atoms through tunnel 
ionization, gain energy in the (laser) electric field, 
and recombine with the parent atoms by emitting 
harmonics of the driving laser (XUV light or X-
rays)

Efficient generation of harmonics is 
insured by proper phase-matching

T. Popmintchev, M.-C. Chen, P. Arpin, M. M. Murnane and H. C. Kapteyn, Nat. Photonics 4 (2010) 822 
T. Popmintchev et al., Science 336 (2012) 1287



The HHG beamline

REFOCALIZING !
TOROIDAL MIRROR!

CHAMBER

MONOCHROMATOR

GENERATION CHAMBER

GAS CELL (NOBLE GASES)

ALUMINUM !
FILTER

2 possible configurations:!

- “classical” geometry!

- “off-plane” geometry!

(conical gratings)

EXPERIMENTAL!
CHAMBER



HHG PHOTONS

For the nature of the process, only odd harmonics!
of the fundamental laser frequency are produced!

Photons energy range: 15 eV - 70 eV!
Photon flux  > 105 ph/pulse!

repetition rate 5 kHz, temporal duration < 40 fs!
Linear polarization as the driving laser



HHG PHOTONS - l/2

Using l/2 as driving laser field,!
it is possible to generate some even harmonics, !

if referred to the fundamental laser wavelength, l



TIME RESOLVED 
SPECTROSCOPY

TIME RESOLVED OPTICS!
(REFLECTIVITY/ TRANSMISSION EXPERIMENTS)!

!
ULTRAFAST MAGNETISM!

!
TIME RESOLVED PHOTOEMISSION !

(GASES AND SOLIDS)



T.R. PHOTOEMISSION BASICS

✤ Electron dynamics and 
surface photochemistry!

✤ Hot electrons in metals!
✤ Time resolved band 

mapping

A. Damascelli web page http://www.phas.ubc.ca/~quantmat/ARPES.html

http://www.phas.ubc.ca/~quantmat/ARPES.html


PROPERTIES OF HHG LIGHT

C. Grazioli et al., Rev. Sci. Instrum. 85 (2014) 023104
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experiment described in Section III B aimed at demon-
strating the possibility of using CITIUS for studies of
ultra-fast dynamics.

A. Characterization of harmonic pulse duration

The pulse duration of HHG XUV pulses has been mea-
sured by means of an experiment based on LAPE (Laser
Assisted Photoelectric Effect). This technique, described
in detail in [13, 14], is based on the cross correlation of
XUV and IR photons. In essence, the primary photo-
electron spectrum resulting from XUV ionization of a
target gas (Kr, in the case under scrutiny) is modified
if the ionization takes place in the presence of a high-
intensity laser pulse: the absorption and emission of laser
photons gives rise to so-called sidebands in the photo-
electron spectrum. The amplitude of the sidebands as
a function of the delay between the XUV and IR pulses
provides a cross-correlation signal from which one can
extract the duration of XUV pulses.
Our detection set-up was based on a hemispherical elec-
tron spectrometer (VG Scienta, SES-200) [15]. The
choice of Kr for the LAPE experiment was mainly dic-
tated by instrumental reasons. The 15th harmonic (23.22
eV) has sufficient energy to ionize the Kr 4p levels and
is efficiently transmitted by all monochromator gratings
in the OPG configuration, with high-enough resolving
power to fully resolve the 4p3/2 and 4p1/2 photo-electron
lines. Additionally, the high photoionization cross sec-
tion of Kr 4p electrons grants fast acquisition times. The
laser pulse duration was carefully measured using a com-
mercial autocorrelator and set at its minimum value, i.e.,
about 40±2 fs after transport in the experimental cham-
ber. The IR pulse was attenuated down to 80-100 mW in
order to avoid saturation effects. Figure 4 shows a series
of Kr 4p photo-electron spectra (horizontal axis), as a
function of the delay between XUV and IR pulses (verti-
cal axis). The measurements have been performed using
the G200 grating (see Table I). The two main photoelec-
tron peaks, generated by the 4p3/2 and 4p1/2 states, have
kinetic energies of 8.6 and 9.3 eV respectively. The pres-
ence of these peaks is due to a single-photon photoion-
ization process and does not depend on the presence of
the IR pulse. When the two pulses are temporally over-
lapped, two sidebands appear, corresponding to absorp-
tion and emission of one IR photon: these sidebands are
at 7.8 and 10.8 eV for the 4p3/2 state, and at 7.1 and 10.1
eV for the 4p1/2 state. The intensity of each sideband as
a function of the delay is the convolution of the XUV and
IR pulses. The duration of the XUV pulse is obtained by
deconvolving the IR signal from the Gaussian fit of the
measured intensity. The black dots represent the tempo-
ral profile of the sideband at 10.8 eV; the solid line is a
Gaussian fit.
The extracted pulse durations are reported in Table

III. Results clearly demonstrate the possibility to main-
tain a temporal resolution of few tens of femtoseconds

FIG. 4: Kr 4p photo-electron spectra obtained by overlap-
ping the XUV (pump) and IR (probe) beams. In this case,
the XUV beam (15th harmonic of the fundamental) was
monochromatized by the G200 grating (OPG geometry, see
Table 1). The black dots represent the integrated intensity
of the sideband at 10.8 eV, as a function of the pump-probe
delay; the solid line is a Gaussian fit. The pulse duration
is obtained by deconvolving the contribution of the IR pulse
from the measured profile.

after monochromatization using the OPG configuration.

TABLE III: Measured pulse durations of the 15th harmonic
(23.2 eV), transmitted by OPG gratings.

Grating Pulse duration (fs)

G200 23 ± 1.2

G400 35 ± 1.7

G600 35 ± 1.9

B. Ultrafast demagnetization of permalloy

In this section, we report the results of a pump-
probe experiment demonstrating the possibility of us-
ing CITIUS to study the ultra-fast dynamics of selected
chemical species, with a temporal resolution of few tens
of femtoseconds.
The spectral range covered by CITIUS includes the M2,3

thresholds of transition metals (54.25 eV, i.e., the 35th
harmonic of the fundamental, see Table II), making
CITIUS an appealing source for the study of magnetic
materials. As a proof-of-principle application, we mea-
sured the demagnetization of a 100 mm thick permalloy
film (Fe20Ni80), using X-ray resonant magnetic scatter-
ing [16, 17] in pump-probe configuration.
The experiment was performed using the IRMA reflec-
tometer [18]. The instrument permits to precisely adjust
the angles between the sample surface and the incom-
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Cross correlation between HH 15 and fundamental !
Kr 2p

✤ Temporal and spatial 
coherence properties governed 
by the driving laser!

✤ Pulse durations typically 
shorter than that of the driving 
laser!

✤ Cross correlation measurement 
in gas phase (side bands), 
hemispherical electron energy 
spectrometer



EXPERIMENTAL CHAMBER

✤ Fast Entry!

✤ Scienta R3000 chamber: Conventional XPS and 
surface preparation!

✤ Scienta ARTOF chamber: time and angle resolved 
Time of Flight electron analyzer !

✤ Cryogenic manipulator, liquid He closed circuit, 15 K 
on sample (by nov. 2014)



WHAT WILL BE POSSIBLE TO 
DO...
Phorphyrins or phtalocyanines (organic solar cells)!
!
Time resolved investigations of valence band response !
at different light frequencies excitations!
!
Gas phase studies and interface investigation on a noble metal surface

OPA

Visible excitation!
(pump)

Delayed HHG light!
(probe)



orthoNITROPHENOL



CONCLUSIONS

✤ CITIUS: pulsed photon source in the EUV/soft X-rays 
region!

✤ CITIUS: state of art experimental set-up for angle and 
time resolved photoemission spectroscopy and 
conventional surface science!

✤ CITIUS future: open facility for time resolved 
experiments, unique center in Slovenia
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