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The Lausanne Centre for
Ultrafast Science (LACUS)

Fundamental and practical challenges facing our society can be addressed by new methods and thus
approached from a new perspective. Examples of present day challenges are energy conversion, biology,
medicine, new materials, etc.

Over the last decade, ultrafast technology has made enormous progress, opening a large variety of new
research fields and applications. Examples include table-top high-harmonic generation sources of vacuum
ultraviolet to soft X-ray radiation that allow new forms of spectroscopy and diffraction, lab-based sources of
ultrashort electron pulses and new sources of intense terahertz radiation, etc. All of these tools have opened
new directions in materials science, chemistry, and biology.

The EPFL has a large community of ultrafast scientists, most of them participating in the NCCR:MUST
(Molecular Ultrafast Science and Technology) and it includes both experimental and theoretical teams from
Chemistry, Physics, Life Sciences, and Engineering, developing new methods as well as using them in various
applications. The complementarity of these various groups in terms of methods, technology and science and
the availability of world-class facilities have led to the creation of the Lausanne Centre for Ultrafast Science, or
LACUS (which means “lake” in Latin). It was launched on June 3, 2016 at the Rolex centre of the EPFL, with
the participation of distinguished international speakers such as Theodor Hänsch (München), Shaul Mukamel
(UC-Irvine), and Villy Sundström (Lund).

The research areas covered by LACUS are very diverse, spanning from fundamental to applied research.
In addition, several EPFL groups have been pioneers in ultrafast science as witnessed by the number of ‘first’
achievements. LACUSpools in the expertise in the development and the use of advancedultrafast laser, X-ray and
electron technology, and associated methods, along with the EPFL theory groups. It also aims at complementing
and strengthening existing Swiss scientific infrastructures. The quickly evolving field of X-ray science with the
advent of free-electron lasers (FEL) calls for the development of new ultrafast laser techniques. LACUS offers an
ideal platform for such developments, while complementing SwissFEL by covering lower photon energies and
offeringmore flexibility in terms of pulse duration, repetition, flux, as well as allowing complementary experiments
using ultrashort pulses of Electrons.

Oneof themissionsof LACUS is to enable cutting-edgeultrafast scienceand technologyand their applications
by means of world class experimental set-ups that are out of reach of the resources of a single group. LACUS
provides to the EPFL community frontier electron and light sources of various pulse duration, going from the
THz range to the vacuum ultraviolet and the soft X-ray range. It also envisions unusual combinations of tools:
e.g. THz pump/XUV probe or IR pump/XUV, photons with electron pulses, photons and scanning tunnelling
microscopy (STM), etc.

The present edition of CHIMIA samples a selection of articles showing the capabilities of LACUS such as:
the new Harmonium facility for ultrafast photoelectron spectroscopy of gases, liquid solutions and solids (time-
and angle-resolved photoelectron spectroscopy or tr-ARPES), the swissFEL facility, the deep-UV spectroscopy
capabilities at the LOUVRE lab, the sum-frequency methods to probe interfacial structure and dynamics, the
femtosecond laser machining of materials and theoretical methods. These papers exemplify the capabilities of
the methods by recent results of studies on molecules, solid materials and proteins. This selection of articles is
far from exhaustive as LACUS includes several other groups, such as, unique in Switzerland, those developing
and using ultrafast electron diffraction and microscopy (F. Carbone and U. Lorenz), in addition to the groups
using pulsed Terahertz and optical domain radiation for probing the charge carrier dynamics in solar materials
(J. E. Moser and A. Hagfeldt), ARPES (H. Dil), frequency combs (T. Kippenberg) and theory (U. Röthlisberger).

In summary, LACUS represents a truly interdisciplinary centre dedicated to the development of newmethods
of ultrafast science methods and techniques and their applications in chemistry, photonics, materials science,
and engineering. It also bridges the lab-based activities in X-ray science with those at the Paul-Scherrer-Institut
using the Swiss Light Source synchrotron or soon, the swissFEL free electron laser. Finally, LACUS is open to
the Swiss ultrafast science community within the NCCR: MUST and beyond.

Professor Majed Chergui
Laboratoire de Spectroscopie Ultrarapide (LSU) http://lsu.epfl.ch/ and
Lausanne Centre for Ultrafast Science (LACUS) http://lacus.epfl.ch/
Ecole Polytechnique Fédérale de Lausanne
ISIC, FSB, Station 6
CH-1015 Lausanne, Switzerland
E-mail: Majed.Chergui@epfl.ch

The Editorial Board of CHIMIA expresses its deep gratitude to Prof. Majed Chergui for organizing this fascinating
issue on LACUS, introducing a pioneering facility at EPFL, enabling cutting-edge, interdisciplinary science open
to the Swiss ultrafast science community.

Majed Chergui
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Harmonium: An Ultrafast Vacuum
Ultraviolet Facility

Christopher A. Arrell*a, José Ojedaa, Luca Longettia, Alberto Crepaldib, Silvan Rothb, Gianmarco
Gattib, Andrew Clarkc, Frank van Mourika, Marcel Drabbelsc, Marco Grionib, and Majed Cherguia

Abstract: Harmonium is a vacuum ultraviolet (VUV) photon source built within the Lausanne Centre for Ultrafast
Science (LACUS). Utilising high harmonic generation, photons from 20–110 eV are available to conduct steady-
state or ultrafast photoelectron and photoion spectroscopies (PES and PIS). A pulse preserving monochromator
provides either high energy resolution (70 meV) or high temporal resolution (40 fs). Three endstations have been
commissioned for: a) PES of liquids; b) angular resolved PES (ARPES) of solids and; c) coincidence PES and PIS
of gas phase molecules or clusters. The source has several key advantages: high repetition rate (up to 15 kHz)
and high photon flux (1011 photons per second at 38 eV). The capabilities of the facility complement the Swiss
ultrafast and X-ray community (SwissFEL, SLS, NCCRMUST, etc.) helping to maintain Switzerland’s leading role
in ultrafast science in the world.
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1. Introduction

During the last decades the abilities of
ultrafast sciencehave increaseddramatical-
ly. Early techniques, while still providing
a plethora of information to physicists and
chemists, are often unable to follow struc-
tural dynamics as they remain sensitive to
valence electrons which are usually delo-
calized over the molecule. Ultrafast tech-
niques using higher photon energies have
been developed using synchrotron sourc-
es,[1] free electron lasers[2] and lab-based
lasers.[3] These advanced techniques have
allowed ultrafast structural dynamics to be
followed by accessing inner-shell and core
level electrons, but are limited by either:
temporal resolution, beam-time access or
choice of photon energies (and resolution)
available. To increase the range of tools
available to scientists, the Harmonium
ultrafast vacuum ultraviolet facility has

been constructed within the Lausanne
Centre for Ultrafast Science (LACUS) at
EPFL.

The standard technique for ultrafast
measurements is pump-probe where a
pumppulse perturbs the system and a probe
pulse follows the evolution of the system
back to equilibrium. The photon energies
of Harmonium are ideal for photoelectron
and photoion spectroscopy (PES and PIS)
and as such three endstations have been
constructed for PES of liquids, and solids
called ASTRA, and of clusters and helium
droplets (CD) (Fig. 1). PES has the advan-
tage of directly mapping the electron states
of a system and is not blind to ‘dark states’
as can be the case for all-optical spectros-
copies. Furthermore, with sufficiently high
photon energies, inner-shell and core lev-
els are accessible giving access to element
specific bands and hence chemical markers
of a system.

The Harmonium facility is a large
source built over the past five years. It in-
corporates three amplified laser systems,
a VUV source and three endstations. It is
over twenty metres long and involves four
different research groups from the chem-
istry and physics institutes of EPFL. A
schematic of the system is given in Fig. 2
and a description of the photon source and
capabilities of the endstations is given in
the following sections.

2. Light Source

2.1 Vacuum Ultraviolet Probe
As Harmonium has multiple users, var-

ious probe configurations are required. For
example a high temporal resolution (sub-
50 fs) is required to follow the dynamics of
molecular systems, high energy resolution
(sub-100 meV) to follow electronic band

Fig. 1. View of the
VUV source cham-
bers of Harmonium.
Behind the photo-
grapher are the laser
sources, to the far
left of the picture the
Liquid endstation
and behind the lab
wall the Solid and CD
endstations.
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preferential to have a similarly sized fo-
cus to reduce photoelectron contributions
from gasmolecules (see section 3.3), while
a larger focal spot is desired for theARPES
and CD to reduce space charge effects and
to better match the collection volume for
their respective detectors. A gold-coated
ellipsoidalmirror (ZeissAG) is used for the
Liquid phase endstation to reduce the ~100
µm source size to ~ 25 µm with a 2000
mm entrance arm and a 500 mm exit arm
(6.0° angle of incidence). For the ASTRA
and CD endstations toroidal mirrors are
used in a 2f–2f configuration, providing
a ~100 µm focus. Given the large endsta-
tion footprint, the entrance/exit arm of the
mirror for ASTRA is 5100 mm (4.5° angle
of incidence) and 3900 mm (4.0° angle of
incidence) for the CDmirror. To ensure the
full beam is collected the carbon-coated
mirrors (Pilz Optics) dimensions are 440 ×
60 × 50 mm3. Pointing control of the VUV
spot to accurately position and optimise
the respective foci is critical. To achieve
this the ellipsoidal mirror uses a six-axis
hexapod positioner (SpaceFab, PI GmbH)
while the toroidal mirrors have actuators
on the three principle mirror axes (Alca
Technology Srl). Precise alignment of
the VUV focus is achieved in all cases
by imaging the VUV focus on a YAG:Ce
crystal.

2.2 Optical Pump
To minimise disruption when switch-

ing between endstations and given the dif-
ferent temporal/energy resolution require-
ments of the optical pump laser systems,
two separated laser systems have been in-
stalled to provide the optical pump.

For the Liquid station where typical-
ly higher temporal resolution is required
(<50 fs) and a pump in the UV to visible
range is desirable, a booster stage has been
constructed for the principal laser system
driving the HHG. A fraction (~10%) of
the uncompressed 6 kHz output of the re-
generative amplifier is subsequently dou-
ble passed in a home-built cryogenically
cooled Ti-Sapphire multi-pass amplifier to
provide 12 W at 6 kHz to pump an optical
parametric amplifier (OPA) dedicated to
the Liquid endstation.

A separate regenerative amplifier
(Coherent Astrella) producing 6 W at 6
kHz, pumps an OPA providing the optical
pump (200 nm – 12 µm) for eitherASTRA
or the CD endstation. This oscillator of the
Astrella is electronically synchronised
to the oscillator seeding the principal re-
generative amplifier of the system. There
is typically a sub-100 fs jitter in-between
the two outputs, which is acceptable for
the trARPRES and CD measurements.
Furthermore provision is provided to pump
with the intrinsically synchronised pump
arm for the Liquid endstation if required.

the monochromator is shown in Fig. 4 and
a full report of the system is given in ref.
[6]. For photon energies up to 40 eV, argon
was used as the generation medium in the
HHG process and neon was used for ener-
gies up to 110 eV, typically providing 1 ×
1011 photons/second (measured at Liquid
endstation target) at 30–40 eV and 2 × 108

photons/second (measured at Liquid end-
station target) between 50–100 eV.

The optics of the monochromator im-
ages the effective entrance slit of the in-
strument to the exit slit in a 1:1 configura-
tion. As it is not feasible to use an entrance
slit as this would be close to the fundamen-
tal IR focus, the VUV source spot is used
which is imaged to a variable exit slit of
the monochromater. Typically the VUV
source diameter is 100 µm FWHM, but is
however highly dependent upon the focal
parameters of the fundamental laser and
phase matching. The control of the VUV
source spot size including the divergence
of the VUV gives further control over the
temporal response of the system and will
be the subject of a future publication.

The VUV focal requirements differ
for the Liquid endstation as compared to
those required forASTRA and the CD end-
stations. For the former, due to the small
diameter (~25 µm) of the liquid jet it is

dispersion, a high photon (100 eV) energy
to access Auger states or a photon energy
below 21 eV to avoid ionisation from he-
lium.

By using an intense laser pulse to tun-
nel ionise a target (typically a noble gas)
high harmonic generation (HHG) produc-
es a spectrum extending into the VUV.
HHG intrinsically yields a spectrum of
harmonics (Fig. 3) extending over many
10’s of eV with a short pulse structure,[4]
which requires subsequent monochroma-
tisation for PES.

To maintain flexibility, a grating-based
monochromator design was chosen in col-
laboration with CNR-IFN in Padova. The
design, with the grooves running parallel
to the VUV propagation direction, limits
the temporal broadening introduced by a
path length difference from the grating. In
so doing and by using a collimated VUV
beam, the number of grooves illuminated
is controlled and hence also the temporal
broadening of the pulse. This technique is
reviewed in ref. [5].

To provide either high energy (~70
meV) or high temporal resolution (~40
fs) over the full energy range accessible
by Harmonium (30–110 eV) one of four
different gratings with different groove
densities can be used. The performance of

Fig. 2. Schematic of the Harmonium facility. The laser systems are shown in red, the purple line
represents the VUV source and monochromatisation, the orange line the Liquid endstation, the
green the Solid endstation and the blue the CD endstation. The beam path of the lasers is omitted
for clarity.

Fig. 3. A spectrum
of VUV produced by
Harmonium.
The HHG yields a
spectrum that re-
quired monochroma-
tisation.
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key to understanding biological processes
and Harmonium is an ideal tool to advance
this research.

3.2 Cluster and Droplet Endstation
The evolution of molecular systems

is governed by the potential energy land-
scape describing the interactions between
its constituents and the dynamics taking
place on this potential energy landscape.
For isolated molecules, both aspects can
nowadays be investigated in great detail
and precision. The situation is much more
complex for molecules in solution, due to
environmental interactions. Studying the
effect of microsolvation can form a link be-
tween isolated systems and solution phase
samples, as it allows for a systematic sep-
aration of environmental interactions from
intrinsic sample effects.

An endstation for microsolvation stud-
ies based on time-resolved photoelectron
spectroscopy (trPES) is currently un-
der construction at Harmonium (Fig. 6).
Size-controlled clusters or nanodroplets
containing a single solute molecule are
formed using a combination of molec-
ular beam and pickup techniques. The
energy redistribution in the system after
photoexcitation of the solute will be ex-
plored using trPES. The VUV radiation
provided by Harmonium allows probing
of energy levels all the way down to the
ground state of the system. The detection
system of the setup is based on a double
imaging photoelectron photoion coinci-
dence (i2-PEPICO) spectrometer. Upon
photoionisation of an analyte in a time-re-
solved pump-probe process, photoelec-
trons and photoions are extracted in oppo-
site directions by electric fields in a double
velocity map imaging (VMI) configuration
and detected in coincidence on two-dimen-
sional spatial detectors with a high time
resolution. The i2-PEPICO technique[17–19]
allows for an extremely detailed, multi-

inner shell to study both the electronic and
structure dynamics following charge trans-
fer by measuring both the valence and in-
ner-shell dynamics.

Recent work at the Liquid endstation
has focused on several areas. As LPES is
a relatively new technique,[12] methods for
trLPES are still under development.[9,13–15]
Importantly to aid the progress we have
recently identified and characterized the
laser-assisted photoelectric effect (LAPE)
from liquids, a strong field process oc-
curring within the cross-correlation of
the pump and probe fields.[16] Following
this development, we have been able to
utilise the high temporal resolution to fol-
low the sub-100 fs reduction dynamics of
[Fe(CN)

6
]3– following a photoinduced li-

gand-to-metal charge transfer (LMCT).
An important feature of Harmonium

that contrasts with higher photon energy
sources (e.g. synchrotrons and free electron
lasers) is that LPES at Harmonium is sensi-
tive to the surface of the liquid jet. Owing
to the photon energy range of Harmonium
(20–110 eV) the inelastic mean free path
of the photoelectron gives sensitivity to the
surface or near surface in contrast to the
bulk sensitivity of UPS and XPS. The sig-
nificance is clear, interfacial chemistry is

3. Endstations

3.1 Liquid Endstation
Formany photochemistry processes the

solvent has a large effect on the energetics
and temporal outcomes of photoexcitation.
Therefore, to fully apply time-resolved
techniques to chemistry, these techniques
need to be implemented in solution. For
these reasons we have developed an end-
station at Harmonium to conduct time-re-
solved liquid photoelectron spectroscopy
(trLPES).

LPES was first introduced by Siegbahn
and co-workers in 1973,[7] but it was not
until the development of the liquid micro-
jet technology by Faubel and co-workers
in 1988[8] that the technique became more
widely implemented. The Faubel design
uses a small glass capillary (20 µm in
diameter) to inject a continuous flow of
liquid in vacuum. When the velocity is
sufficiently high (30 ms–1) a region of lam-
inar flow is formed extending for several
millimetres. This region provides a liquid–
vacuum interface where photoelectrons
can be directly collected from the liquid.
This technique combined with cryo-pump-
ing and a specialist electron spectrometer
design[9] allows photoelectron spectra to
be collected from a range of different sol-
vents and respective solutes. The LPES
spectrum of NaI in an aqueous solution is
shown in Fig. 5, along with a pure water
spectrum. Due to electrokinetic charging it
is not possible to measure a PES from pure
water and a small concentration of salt is
added, here 25 mM NaCl, see ref. [10] for
more details. This data, taken at 83 eV,
exploits the high photon energy available
from Harmonium to access the inner-shell
I 4d shell, a first for a VUV source based
on HHG. The spectra contain contributions
from both the liquid jet and surrounding
evaporated gas. The relative binding ener-
gies of gas and liquid phase are separated
by ~1.5 eV allowing the gas contributions
to be subtracted if required. Examples of
this can be found in ref. [11].

Work is currently underway at Har-
monium to utilize this ability to access the

Fig. 4. Grating
response of
the Harmonium
monochromator.
Depending on the
selected grating (and
hence groove density)
either high temporal
resolution or high
energy resolution is
provided. Figure from
ref. [6].

Fig. 5. Photoelectron spectra of water and an aqueous solution of NaI. Measured with photon
energy of 83 eV.
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spectrometer providing 0.05 Å–1 momen-
tum resolution.

Fig. 7 summarizes a time-resolved
ARPES (trARPES) study of Bi

2
Se

3
, a lay-

ered compound from the family of topo-
logical insulators.[31,32] The stacking of the
layers is visualized in Fig. 7a. These ma-
terials are promising candidates for future
nanotechnology applications such as quan-
tum computing,[33] spintronics,[34,35] high
performance field effect transistors[36] and
flexible electrodes in solar cells.[37] These
effects rely on the excitation of electrons
from the ground state into unoccupied part
of the materials bandstructure.

Therefore, Harmoniumwith itsARPES
endstation is ideal to follow the dynamics
of such excitation. The curve shown in
Fig. 7 shows the population dynamics of
the electronic states above the Fermi level
(E

F
) following an optical pump (800 nm).

The ARPES spectrum shows the conduc-
tion band minimum slightly below the
E

F
, while the top of the valance band is at

–0.4 eV. In between the two bands is the
topologically protected surface state. The
first spectrum shows the bandstructure at
the point of the highest excitation. With
increasing time between the pump and the
probe pulse, relaxation processes lead to a
continuous relaxation of the states popu-
lated above E

F
. The second and the third

image show the bandstructure 4 ps and
8 ps after the maximum excitation. With
the addition of the dedicated optical pump-
ing arm for the ASTRA and CD endsta-
tions providing a pump between 200 nm –
12 μm inter-band transitions can be excited
resonantly and studied.

4. Conclusions

We believe the Harmonium facility
represents a significant benefit to the ul-
trafast community within Switzerland.
The range of endstations covers samples
from gas phase molecules through to clus-
ters, liquids and solids providing a level
of functionality more commonly found
at a national level such as Artemis in the
UK.[38] The ASTRA endstation also has
the capability to probe molecules on sur-
faces. Through our associate membership
of LaserLab and collaborative networks
within Switzerland (e.g. NCCR MUST)
the source is also available for external
users, either to use the current endstations
or to bring their own experiment. With the
current opening of SwissFEL, Harmonium
is operational at an opportune moment to
act as a testing ground and complementa-
ry source to the larger ultrafast facilities
where beamtime access is limited.

Received: April 25, 2017

lecting cluster/droplet sizes will allow a
clear picture of solvent-induced dynamics
to be established.

3.3 Solid Phase Endstation
A detailed description of the solid

phase endstation can be found in the ar-
ticle ‘Time-resolved ARPES at LACUS:
Band Structure and Ultrafast Electron
Dynamics of Solids’ in the same issue
of this journal,[29] a summary is present-
ed in the following. Angular Resolved
Photoelectron Spectroscopy (ARPES) is a
powerful tool to investigate the electronic
structure of a solid.[30] Making use of the
photoelectric effect, electrons are emit-
ted from the illuminated sample surface
into vacuum. The conservation of ener-
gy and momentum parallel to the surface
during the emission process allows us to
trace back the electron to its initial state
inside the solid. Combining the ASTRA
ARPES endstation with the capabilities of
Harmonium to probe ultrafast phenomena
provides new insight into the electronic
bandstructure, which are not possible with
conventional photoelectron spectroscopy.
By means of pump-probe techniques, elec-
trons can be excited (pumped) from below
the Fermi level into the unoccupied part of
band-structure, and their subsequent relax-
ation followed by aVUV probe. Other than
two-photon photoemission experiments
where the probe consists of two times the
frequency doubled or tripled fundamental
(2 × 3.1 eV or 2 × 4.6 eV), HHG photons
up to several tens of eV, allow us to probe
larger areas of the k-space e.g. the entire
Brillouin zone of a material. Typically for
such processes a high energy resolution
(below 100 meV) and a good momentum
resolution (better than 0.1 Å-1) is required.
Harmonium is optimised for these require-
ments with the variable grating configura-
tion of the monochromator providing ~75
meV energy resolution and the focusing
parameters combined with the ARPES

plexed view into excited state dynamical
processes. Photoinduced fragmentations
can be readily identified by time-of-flight
measurements and, by recording electrons
and ion fragments in coincidence, photo-
electron spectra for each photofragment
can be recorded. Coincidence detection al-
so gives angular distributions of both pho-
toelectrons and photofragments, allowing
near-laboratory frame photoelectron angu-
lar distributions to be recorded,[20] which
serve as an extremely effective probe of
the symmetry of the electronic states be-
ing ionized.[21] Utilizing each of these var-
ious sources of information in 2-PEPICO
makes it possible to disentangle different
contributions to the dynamics, a necessity
when considering systems with multiple
relaxation channels.[22]

A prototypical example for such stud-
ies is theDNAbase adenine. Experimental
and theoretical studies on gas-phase ad-
enine have identified several efficient
non-radiative decay processes proceeding
via conical intersections[23–25] that allow
for a fast conversion of the electronic en-
ergy to heat. It is hypothesized that this
influences adenine’s biological role as
a DNA base by serving as a protective
mechanism for DNA from solar UV light.
However, there is still debate whether the
same behaviour is exhibited once adenine
is hydrogen-bonded and base-stacked in
solution with DNA.[26,27] Previous studies
showed a marked decrease in the 1L

b
(ππ*)

excited electronic state lifetime induced
by a superfluid helium solvent.[28] This
was tentatively attributed to a lowering of
the potential energy barrier blocking ac-
cess to a conical intersection. The degree
of change is significant given that super-
fluid helium is ostensibly an extremely
non-perturbative solvent. Aqueous envi-
ronments would induce markedly larger
changes, so much so that individual con-
tributions are prone to be washed out in
bulk phase. Controlling solvation by se-

Fig. 6. The ASTRA
endstation of
Harmonium of
trARPES, beams
enter the chamber
from the left.
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Fig. 7. Time-resolved ARPES study of Bi2Se3measured at Harmonium.
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Time-resolved ARPES at LACUS: Band
Structure and Ultrafast Electron Dynamics
of Solids
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Abstract: The manipulation of the electronic properties of solids by light is an exciting goal, which requires
knowledge of the electronic structure with energy, momentum and temporal resolution. Time- and angle-resolved
photoemission spectroscopy (tr-ARPES) is the most direct probe of the effects of an optical excitation on the
band structure of a material. In particular, tr-ARPES in the extreme ultraviolet (VUV) range gives access to the
ultrafast dynamics over the entire Brillouin zone. VUV tr-ARPES experiments can now be performed at the ASTRA
(ARPES Spectrometer for Time-Resolved Applications) end station of Harmonium, at LACUS. Its capabilities are
illustrated by measurements of the ultrafast electronic response of ZrSiTe, a novel topological semimetal char-
acterized by linearly dispersing states located at the Brillouin zone boundary.

Keywords: Angle-resolved photo emission spectroscopy (ARPES) · LACUS · ZrSiTe

Angle-resolved photoemission spec-
troscopy (ARPES) is a powerful probe of
the electronic structure of solids.[1] It yields
the energy-momentum band dispersion,
and provides fundamental microscopic
information on the electronic correlations
and electron-lattice interactions that shape
the properties of interesting materials.[2]
Moreover, in pump-probe experiments it
gives access to the electron dynamics in the
time domain.[3] In ARPES, the dispersion
of the electronic states E(k) is encoded in
the angular dependence of the kinetic en-
ergy E

kin
of the photoelectrons, through the

equations that express the conservation of
energy and momentum:

EB = hν − Ekin − φWF ; (

k =
1

h̄
2meEkin sin θ .

(1)

(2)

E
B
and m

e
are the electron binding en-

ergy and mass, hν is the photon energy, φ
WF

is the material’s work function, and θ the
emission angle with respect to the sample’s
surface normal. k|| = (k

x
; k

y
) is the surface

projection of the electron’s momentum
which, unlike the third component k

z
, is

conserved in the photoemission process.
Parallel momentum conservation, and a

large surface sensitivity, makes ARPES an
ideal technique to study the band structure
of surfaces and, more generally, of two-
dimensional (2D) materials.[4,5] ARPES ex-
periments were for instance instrumental to
verify theoretical predictions of linearly dis-

persing electronic states (Dirac cones) at the
Fermi level (E

F
) of graphene. These peculiar

states are solutions of the Dirac equation[6]
with the speed of light being replaced by the
Fermi velocity v

F
≈ 0:003 c.[7,8] The linear

crossing of the bands, without the formation
of energy gaps, reflects the symmetry of the
graphene honeycomb lattice (Fig. 1(a)),
where the rhombic unit cell contains two
nonequivalent carbon atoms C

A
and C

B
.[4]

The according reciprocal space picture is
shown in Fig. 1(b). ARPES measurements
reveal the linearly dispersing Dirac cones
at the K and K’ corners of the hexagonal
Brillouin zone (BZ), as shown in the inset.
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Fig. 1. (a) Real space sketch of graphene. The unit cell (central rhomb) contains two carbon atoms
CA, and CB, one from each sublattice. (b) Corresponding reciprocal space picture with the first
Brillouin zone (BZ) in the center. The electronic band structure around EF consists of six double
cones touching at the K and K’ points of the BZ. ARPES measurement of a p-doped graphene
sample showing a branch of one of the Dirac cones.
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of the HHG pulses was estimated from
the total experimental broadening of the
Fermi-Dirac distribution in low tempera-
ture experiments to be < 100 meV. This
energy broadening corresponds well to
the temporal duration of 240 fs, measured
for the grating used in this work (900 gr/
mm).[49]TheUHVphotoemission chamber
is also equipped with a monochromatized
Gammadata VUV5000 He electron cyclo-
tron resonance (ECR) source, providing
high-brilliance He Iα (21.2 eV) and He
IIα (40.8 eV) emission lines. This source
is used in high-energy resolution static
ARPES measurements to determine the
band structure prior to the tr-ARPES ex-
periments. The pump at 800 nm was H
polarized and the fluence on the sample
surface was ≈ 0.5mJcm–1. High quality
single crystals of ZrSiTe were produced by
the chemical vapor transport method and
cleaved in situ to expose atomically clean
surfaces.

In the followingwe present preliminary
results on the novel topological semimetal
ZrSiTe, which illustrate the capabilities of
ASTRA for studies of the equilibrium and
the ultrafast electron dynamics of solids.
The crystal structure of ZrSiTe (Fig. 2(a))
belongs to the tetragonal P4/nmm space
group,[52] with lattice parameters a = 3.7
Å and c = 9.5 Å.[54] It results from the or-
dered stacking of Te (brown), Zr (green)
and Si (blue) planes in quintuple layers.
The weak van der Waals interaction be-
tween two adjacent Te layers determines
the most favorable cleavage plane. Fig.
2(b) shows the corresponding 3D BZ with
the high-symmetry points, and the SBZ for
the (001) cleavage surface.

ZrSiTe and its sister compounds ZrSiS
and ZrSiSe have recently attracted consid-
erable attention as members of the novel
topological family of nodal line Dirac
semimetals (NSMs).[50–52,55,56] The hall-
mark of these materials is schematically
illustrated in Fig. 2(c). In 2D and 3D Dirac
semimetals, such as graphene and Cd

3
As

2
,

the linear dispersion gives rise to point-
like Fermi surfaces, in correspondence of
the Dirac points, DP (top). By contrast, in
NSMs the linearly dispersing states cross
not only at isolated points, but along a con-
tinuous line in reciprocal space. Hence, for
a suitable doping level, the Fermi surface
is formed by a closed line resulting from
the crossing of the inverted valence (green)
and conduction (yellow) bands (bottom).
The presence of a nodal line of Dirac
points has important consequences on the
transport properties, such as the emergence
of a large non-saturating magnetoresis-
tance.[51,55,56]

Fig. 3 presents an overview of the band
structure of ZrSiTe obtained by means of
static ARPES. Fig. 3(a) shows the Fermi
surface measured with the He I emission

ics of quasi-free standing single-layer[38,39]
and bilayer[40] graphene could only be ex-
plored using high harmonics generation
(HHG) in a gas. Those studies have clari-
fied the complex relaxation mechanisms
including scattering with electrons, with
hot phonons[41] and with lattice defects.[38]
They also showed that multiple hot elec-
trons can be generated in the unoccupied
part of the Dirac cone as a result of charge
carrier multiplication, an effect of great in-
terest in the perspective of an efficient con-
version of light into electrical current.[42]

The capability of tr-ARPES in the ex-
treme ultraviolet (VUV) photon energy
range, to map the out-of-equilibrium elec-
tron dynamics over the entire BZ is of
pivotal importance for many interesting
systems, such as the transition metal di-
chalcogenides[43,44] and perovskites.[45–47]
It is also crucial to resolve the antinodal
excitations in the cuprate high-tempera-
ture superconductors.[48] However, owing
to the technical difficulty of achieving
high flux and stable harmonic generation,
only a few VUV tr-ARPES instruments
are operational worldwide. In this article
we present the results of the first ARPES
and tr-ARPES experiments carried out
at ASTRA (ARPES Spectrometer for
Time-Resolved Applications) end station
of Harmonium,[49] at the Lausanne centre
for ultrafast science (LACUS), EPFL. We
show that the large momentum range made
accessible by the HHG source allows us to
determine the dispersion of the spin-orbit
split Dirac particles at the zone boundary
of the novel nodal line Dirac semimetal
ZrSiTe.[50–52] We also show preliminary
data on the ultrafast out-of-equilibrium
dynamics in this material.

A detailed description of the laser
source and of the HHG setup can be found
in ref. [49] and in the accompanying ar-
ticle ‘Harmonium: An Ultrafast Vacuum
Ultraviolet Facility’[53] in this issue. In the
following we provide more technical in-
formation about the ASTRA end station.
In the present study we have employed
the 17th to 21st harmonics generated in ar-
gon, covering the 26–33 eV photon energy
range. The linear polarization of the HHG
can be switched between vertical (V) and
horizontal (H), which allows us to take ad-
vantage of polarization-dependent matrix
elements in the photoemission process, as
shown later. The HHG probe beam is fo-
cused on the surface of the sample, placed
in an ultrahigh vacuum (UHV) environ-
ment, to a spot size smaller than 100 x
100 µm2 . Photoelectrons are collected and
analyzed by a Specs Phoibos 150 electro-
static hemispherical analyzer, with an an-
gular resolution ∆θ = 0.3° and an energy
resolution that can be varied between ∆E
= 10 meV for static ARPES and 120 meV
for tr-ARPES experiments. The bandwidth

The concept of Dirac fermions, as low
energy quasiparticle excitations in sol-
ids, extends far beyond graphene. Spin-
polarized Dirac particles have been ob-
served at the surface of topological insula-
tors (TIs).[9]Three-dimensional (3D) Dirac
particles have been discovered in bulk
crystals, where the linear dispersion in all
three momentum directions is topological-
ly protected by the presence of rotational
symmetries.[10,11] The interest in these nov-
el states of quantum matter is not purely
academic. It also stems from the prospect
of achieving defect-tolerant spin currents
in the former,[12] and ultrahigh mobilities
in the latter.[11] Besides the transport prop-
erties, the linear dispersion of the 2D and
3D Dirac particles accounts also for some
unconventional optical properties.[13,14]
Light-harvesting[15] and optically induced
spin-[16] and valley-polarized[17,18] excita-
tions are amongst the perspectives opened
by the capability of manipulating the band
structure by an optical excitation.

ARPES has recently experienced a
fast development towards experiments
enabling simultaneous energy, momen-
tum and temporal resolution. The goal is
to track transient changes of the electronic
population induced by an optical excita-
tion. Time-resolved ARPES (tr-ARPES)
requires pulsed laser sources providing
ultrashort pulses with duration ≈ 100 fs
(1 fs = 10–15 s). The temporal evolution of
the band structure is mapped in a strobo-
scopic pump-probe experimental scheme,
by varying the difference in optical path
between the two pulses. The optical ex-
citation (pump) often exploits the funda-
mental wavelength of the laser, whereas
the photon energy of the probe pulse must
be larger than the work function φ

WF
. The

possibility of optically generating spin cur-
rents in the surface Dirac particle of TIs
has also motivated tr-ARPES studies,[19–33]
also with spin resolution[34–37] aimed at un-
derstanding the out-of-equilibrium scatter-
ing mechanisms.

The momentum window of an ARPES
measurement is determined by the photon
energy. According to Eqn. (2) the largest
accessible electron wave vector k

max
(for E

B
= 0; θ = 90°) is proportional to ℎ𝑣𝑣 − 𝜙𝜙�� .
For low photon energies (5.9–6.3 eV) cor-
responding to the 4th harmonic generated in
non-linear crystals, and for typical values
φ
WF

4–5 eV, this yields k
max

< 0.6 Å–1. Yet
smaller values are obtained for more realis-
tic emission angles (θ

max
≈ 60°). In TIs, the

Dirac cone is located at the center of the
surface-projected Brillouin zone (SBZ),
and the relatively small Fermi wavevector
(k

F
≈ 0.2° Å–1) is well within this window.

By contrast, the Dirac cones of graphene
(Fig. 1) are centered at k

F
= 1.7 Å–1, which

requires photon energies larger than hν ≥
16 eV. Therefore the hot carrier dynam-
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the SBZ boundary. Notice that the intensi-
ties at symmetric points on opposite sides
of Χ in the first and second SBZs are not
identical, even if these points are formally
equivalent, because the ARPES signal is
modulated by k-dependent matrix element.
Fig. 3(b–d) show the corresponding band
dispersion along Μ − Χ − Μ (light blue
line in Fig. 3(a)), measured with the He I
line (a) and with HHG photons at 33 eV
(c,d), respectively. Interestingly, the data
reveal that also this band disperses linearly
over a wide energy range of almost 2 eV.
Switching the light polarization from hori-

loids of Fig. 2(c) the two contours are not
simply concentric circles. Nevertheless our
observations are in good agreement with a
recent investigation of the band structure
of ZrSiTe,[52] where these states were also
attributed to the nodal line Dirac particles.

The two Fermi surface contours do not
merge along the four equivalent Γ − Χ di-
rections, where hybridization opens small
energy gaps. Their touching points corre-
spond to the region of high intensity, at (k

x
= 0.15 Å–1, k

y
= 0.55 Å–1). An additional

state originating from this point, and indi-
cated by a blue arrow, disperses towards

line ΓΧ = 0.85 Å–1. We identify several
features, in particular two states, indicated
by red arrows, forming diamond-like con-
tours centered at Γ. The origin of these
two states can be understood by consider-
ing the cartoon at the bottom of Fig. 2(c).
Owing to a slight doping E

F
intersects the

band structure far from the nodal line (red),
which breaks up into two distinct contours
(blue dashed lines). The inner one derives
from the conduction band and the outer
one from the valence band. Since the real
bands are more complex than the parabo-

(a) (b)
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Fig. 2. (a) Crystal structure of ZrSiTe. The unit cell consists in the ordered stacking of Te (brown), Zr (green) and Si (blue) planes in quintuple layers.
(b) Bulk Brillouin zone and the projected Brillouin zone on the (001) surface (SBZ), subject of our study. The high symmetry points are indicated, as
well. (c) Schematics of the band dispersion in a 2D or 3D Dirac semimetal (top) and in a nodal line Dirac semimetal (bottom). In the former the Dirac
Fermions form a point-like Fermi surface (DP) while in the latter the linearly dispersing states form a close-contour nodal line.
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surveys of the equilibrium band structure
can be performed with a high-brilliance
monochromatized He source. They are
supplemented by measurements that ex-
ploit the energy- and polarization tunabili-
ty of the HHG laser-based source.We have
also shown that the large-energy photons
generated by Harmonium enable mapping
the out-of-equilibrium dynamics in mo-
mentum regions precluded to conventional
low photon energy tr-ARPES. Further in-
vestigations of the relaxation dynamics of
ZrSITe will follow, with the aim to exploit
circularly polarized pump pulses to opti-
cally induce an asymmetric charge popu-
lation both in the bulk and surface Dirac
particles.
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and 500 fs before the arrival of the pump
pulse. Blue and red indicate a reduction
and, respectively, an increase of intensity.
Interestingly, the optical excitation mainly
affects the surface state, whereas intensity
changes in the bulk states are below our
present sensitivity. Fig. 4(d,e) shows the
temporal evolution of the intensity aver-
aged inside the two regions defined by
red and blue rectangles in panel (b). The
dynamics is fast and after 1 ps the sys-
tem is back to equilibrium. This indicates
the presence of a very efficient relaxation
mechanism, which might go beyond the
simple electron–phonon coupling. Further
experiments will be necessary to elucidate
it, in particular by tracking the dispersion
over larger regions of the SBZ. Finally,
Fig. 4(f) provides a hint of the fact that
the optical excitation might not be simply
described in terms of an increased elec-
tronic temperature. Energy distribution
curves were integrated over a 0.2 Å–1 wide
momentum window centered at k

F
, for

negative (black) and positive (green) delay
times. The depletion area below E

F
exceeds

the positive increase above E
F
. This obser-

vation suggests that the rapid diffusion of
the optically excited carriers may yield an
asymmetric distribution of hot electrons
and holes.[25,33] Further experiments are in
progress to clarify this point.

In summary, we have shown that the
ASTRA setup enables static and VUV
time-resolved ARPES studies of solids.
We illustrated its present performances
with data collected on the novel Dirac
semimetal compound ZrSiTe. Detailed

zontal (c) to vertical (d) provides a clearer
picture of the dispersion of the Dirac cone,
which is split in two, very likely under the
action of spin-orbit coupling. In a centro-
symmetric structure no spin splitting is
possible in the bulk states. Therefore the
lifting of the spin degeneracy suggests that
the state at Χhas a surface character.[57]This
is confirmed by ab initio fully relativistic
calculations.[52] We stress again that these
spinsplit surface Dirac particles are only
visible near Χ, at ky = 0.85 Å–1. Such a mo-
mentum region is precluded to tr-ARPES
measurements with low-energy photons,
as achieved by 4th harmonic generation,
which can only probe the momentum re-
gion inside the dashed black circle centered
at Γ (kmax

≈ 0.57Å–1). Hence, a comparison
between the out-of-equilibrium dynamics
of the bulk nodal line Dirac particles and
the spin-split surface Dirac particles in
ZrSiTe requires VUV tr-ARPES.

During the commissioning phase of
ASTRA we have performed preliminary
tr-ARPES measurements of ZrSiTe in the
region where both the bulk and surface
states are present. Fig. 4(a,b) show the
band dispersion for k

y
= 0.65 Å–1, along

the green dashed line in Fig. 3(a). The in-
tensity contrast in the VUV measurement
at 27 eV (b) helps to identify the contri-
butions of the various electronic states. In
particular, we attribute the intense shallow
band just below E

F
to the surface state. The

other weak spectral features arise from the
bulk bands. Fig. 4(c) shows the differen-
tial ARPES image, obtained as a differ-
ence between data collected 100 fs after
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Aqueous Nanoscale Systems

Sylvie Roke*

Abstract: In the past five years the Laboratory for fundamental BioPhotonics (LBP) has worked on developing new
technology that can access the molecular structure and nanoscale properties of buried aqueous interfaces and
aqueous solutions. Using these methods a better understanding of the important role that water plays in (nano-
scale and interfacial) processes can be obtained. These processes include the long-range interaction of ions with
water, structural and charge anomalies of the hydrophobic/aqueous interface, the formation and stabilization
of amphiphilic aqueous droplet interfaces, the formation and molecular properties of the electric double layer,
as well as membrane structure and hydration. The result of our work on these themes is summarized for this
special issue article.
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Introduction

Water. No substance on earth is so in-
timately linked to our well-being. Without
it, we die. On a more scientific level, with-
out water, membranes – the structures that
provide the architecture of our cells and
organelles – cannot function. Charges and
charged groups cannot be dissolved, self-
assembly cannot occur, and proteins can-
not fold. Apart from the intimate link with
life, water also shapes the earth and our
climate. Our landscape is formed by slow
eroding/dissolving processes of rocks in
river and sea water; aerosols and rain drops
provide a means of transport of water. Our
society depends on products that all relate
to water and aqueous systems, such as food
products, medicine, and consumergoods.

Inmost of the abovementioned systems
it is the interfacial region (of themembrane,
the droplet, or the particle) that determines
much of the physical, chemical, biologi-
cal, and geological properties.[1,2] Interfa-
cial water is often considered in one of two
ways: As a background, describable by a
single parameter, or simply omitted.[3,4]Al-
ternatively, it is studied in great detail in an

environment or condition that is precisely
defined but so oversimplified that it has not
much to do with the real world. Aqueous
interfaces are mostly studied in vacuo, or
as a planar water/air interface.[5,6]

However, interfacial water occurs on
different length scales, from sub-nano-
meter to micron sized (corrugations, or-
ganelles, membranes, liposomes), and is
often buried inside another solid or liquid
environment that is not at all comparable to
vacuum or air. This absence of molecular
knowledge of realistic interfaces is due to
a lack of tools that can access buried nano-
or microscopic interfaces in liquids and
solids.

In thepastyears,wehaveobtainedabet-
ter understanding of the important role that
water plays in interfacial processes, such
as the long-range interaction of ions with
water, structural and charge anomalies of
the hydrophobic/aqueous interface, the
formation and stabilization of amphiphi-
lic aqueous interfaces, the formation and
molecular properties of the electric double
layer, as well as membrane structure and
hydration. We have achieved these new in-
sights by developing methods that can ac-
cess molecular and nanoscale properties of
aqueous systems and interfaces more accu-
rately, as well as probing multiple time and
length scales simultaneously. In what fol-
lows we will first outline our strategy, and
then consider the above mentioned pro-
cesses in more detail. Finally, we highlight
several differences between nanoscopic
and macroscopic aqueous interfaces.

Probes for Nanoscopic Aqueous
Systems

Probing aqueous systems on different
length scales requires methods that cover
different length scales, such as linear and
nonlinear light scattering measurements:

dynamic light scattering (~mm,s), fem-
tosecond (fs) second harmonic scattering
(sensitive to nanoscale information from
the scattering pattern), vibrational sum
frequency scattering (spectral information,
with sub-ps dynamical information and
nanoscale information from the scattering
pattern), and multiphoton imaging (with a
~200 nm resolution and 500 µm field of
view; and µs acquisition times). A large
part of our research effort has been aimed
at developing those methods.We have also
developed the necessary nonlinear optical
models and theories that allow us to access
detailed molecular level information about
interfacial processes. Fig. 1 shows an illus-
tration of the experimental methods with
energy level schemes for second harmonic
(SH) and sum frequency (SF) generation.
In both methods the production of a coher-
ent SH or SF photon only occurs when
non-centrosymmetric molecules are spa-
tially distributed in a non-centrosymmetric
way. This allows one to selectively probe
various specific structures, such as po-
lar fibrils (e.g. microtubules or collagen),
aqueous interfaces, electric field induced
orientation of water molecules or the con-
formation of moleculargroups.

In conjunctionwith the opticalmethods
we use a nanoparticle/droplet platform that
allows probing solid and liquid interfaces
around micron or nanoscale particles/
droplets in solution. Nanodroplets have
a surface to volume ratio that is ~4 orders
of magnitude larger than that of a planar
macroscopic interface. Thus, by using na-
no-interfaces we can dramatically increase
the efficiency and accuracy of an interface
measurement. Furthermore, preparation
procedures can be done entirely in the bulk
phase, and require a small sample volume
of typically ~50–100 microliter. This al-
lows for a dramatic reduction of impurity
issues and unwanted oxidation induced by
ambient air. It also reduces restrictions for
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values from different surface models. In
contrast to other methods, no mean-field
assumptions about the interfacial structure
are needed. The portable table top method
can be applied to any type of particle in any
liquid or solid medium.

In addition, the principles of nonlinear
light scatteringcanbe transferred tomicros-
copy, allowing for high-throughput wide
field multiphoton microscopy.[24–26] Our
approach relies on reducing the repetition
rate of the femtosecond laser pulse train
(from the GHz range), while optimizing
the pulse energy, so that the throughput can
be optimized.As the number of emitted SH
photons scales quadratically with the pulse
energy and linearly with the repetition rate,
and the lower repetition rate ensures a re-
duced heat load of the aqueous system, a
higher signal to noise level is achieved,[24]
and photodamage effects are reduced sig-
nificantly in living systems (allowing us
to increase the dwell time by a factor of
~106[26]). Fig. 3 shows the improvement
in throughput compared to scanning con-
focal second harmonic imaging. Single
living mammalian neurons can now be
imaged with second harmonic generation
on the sub-cellular level with sub-second
acquisition times,[24] and the translational
and rotational diffusing of particles can be
measured inside living cells with single
shot (5 microseconds)accuracy.[25]

Aqueous Systems

To advance our molecular level un-
derstanding of complex aqueous systems
we have studied several phenomena that
capture essential elements of biochemical
processes. Organized in order of increasing
complexity these are: aqueous electrolyte
solutions, hydrophobic aqueous interfac-
es, charged amphiphilic interfaces, elec-
tric double layer and hydrophobicity, and
membrane interfaces.

Aqueous electrolyte solutions form the
matrix of life. Ions interact with water in

tional levels, Fig. 1b). This has led to in-
strumentation with an increased through-
put by three orders of magnitude.[15] The
enhancement enables the probing of the
orientational ordering of water at nano-
scopic aqueous interfaces on millisecond
time scales.

The technological developments go
handinhandwith theoreticalwork:Wehave
published a series of papers laying down
fundamental scattering theorems[16–20] that
can be combined with molecular dynamics
simulations.[21,22] Our models are available
as freeware.

One recent example that stands out is
the measurement of unique values of the
surface potential from angle resolved po-
larimetric SHS.[23] The method is illustrat-
ed in Fig. 2. Fig. 2 shows two SH scattering
patterns of 100 nm diameter liposomes in
dilute aqueous solution. The two indepen-
dent scattering patterns are recorded with
the optical fields polarized in different
directions. The patterns can be described
by an optical model that uses the surface
potential as one of two fit parameters.
The obtained surface potential values are
plotted in the right panel and compared to

optical probes as the scattering experiments
can be performedwith the incoming beams
in transmission geometry as opposed to
more complex reflection schemes. In addi-
tion, although many of the nanoscopic sys-
tems studied can be considered as model
systems, they also occur in living systems
with important biological functions (think
of lipid droplets and liposomes).

In what follows, some exiting advance-
ments that were achieved in the Roke lab
at EPFL are outlined, first regarding ex-
perimental and theoreticalmethoddevelop-
ment, and then regarding the advancements
in understanding the molecular architec-
ture of aqueous systems.

Method Development

We have laid a technological founda-
tion by developing time- and frequency
resolved femtosecond (fs) vibrational sum
frequency scattering (SFS), a combination
of light scattering and nonlinear spectros-
copy in aqueous solutions (see refs [7–11],
as illustrated in Fig. 1a). Thanks to the
symmetry selection rules for second-order
nonlinear optical processes, SFS allows to
measure the molecular surface structure,
morphology and chirality of nano- and
microscopic objects in solution. A variety
of systems, such as polymer particles in a
solid matrix,[9] particles in solution,[12] oil
droplets in water,[7]water droplets,[13] a mi-
cro-jet[11]and liposomes[14] in aqueous solu-
tion were characterized, often with surpris-
ing outcomes.Nanoscale curved interfaces
do not always behave in the same way as
extended planar interfaces.

More recently, we have developed a
new instrumental approach for fs-second
harmonic scattering (SHS, a non-resonant
form of SFS, employing two identical fre-
quencies, and addressing the electronic
states of a molecule rather than the vibra-

Fig. 1. Illustration of methods. (a). Sum frequency scattering. Sketch of the beam geometry and
energy level scheme. A combined IR and Raman transition occurs, which is only allowed in a
non-centrosymmetric environment. (b) Photo (Alain Herzog, EPFL) of the second harmonic micro-
scope and energy level scheme for non-resonant second harmonic generation. This process is
elastic and has the same symmetry selection rules as sum frequency generation.

Fig. 2. Surface poten-
tial measurements.
(a). SHS patterns of
liposomes in two
different polarization
combinations. Using
the framework of refs
[19,23], the two scat-
tering patterns can be
described theoreti-
cally using the surface
potential and the
surface susceptibility
as sole unknowns.
The procedure allows
for the extraction of
unique surface poten-
tial values.
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ference between the surface and the bulk
of the electrolyte solution.[27]The observed
phenomena offer unique insights into
the nanoscale properties of liquid water
and electrolyte solutions that is explored
further in studies that involve both theo-
ry[22,28,29] and experiment.[30]

In a second set of experiments we ad-
dressed the question: “Does water inter-
act differently with positive or negatively
charged ions?” This question is motivated
by the observation that in biological sys-
tems interfaces are generally negatively
charged or charge neutral. In addition,
hydrophobic interfaces carry an apparent
negative charge. This suggests that there is
a difference between the hydration and sur-
face structure of cations and anions. Com-
bining Raman hydration shell spectro-
scopy with SHS and SFS to investigate the
molecular interactions with water in so-
lution and at oil nanodroplet/water inter-
faces, we mapped the interaction of tetra-
phenyl ions with water. The chosen ions,
sketched in Fig. 5a, that are either cationic,
with anAs+ ion as the core of the molecule
or anionic, with a B– ion as the core of the
molecule have virtually identical sizes,
structures and polarizabilities. As such,
the electrostatics of the interaction with
water and an aqueous interface should be
identical. The spectroscopic data, how-
ever, shows remarkable differences, as can
be seen in Fig. 5b. Comparing molecular
structures and the vibrational signatures
of the hydrogen bonding in the spectra,
we derived that the solvation of anions is
slightly more energetically favorable than
the solvation of cations. This difference
is caused by the different interactions at
work. Water–ion interactions can either be
dipole-charge interactions, or comprised
of hydrogen bonds between the ions and
the water molecules. The first interactions
have a different orientation, depending on
the charge sign of the ion, while the hydro-
gen bonds are always directed in the same
way, with the hydrogen donor of a water
molecule directed towards the phenyl ring
of the molecular ion. As such, for a nega-
tive ion both interactions will be coopera-
tive, while for the cation they will be anti-
cooperative, leading to a slightly less fa-
vorable solvation energy of the anion over
the cation. At the interface, this results in
the cations being more readily solvated by
the oil phase.

Hydrophobic aqueous interfaces are
key to understanding interactions between
water and macromolecular systems and
can be prepared by dispersing pure hy-
drophobic oil nanodroplets in water[31–35]
or water droplets in oil.[13] Electrokinetic
mobility measurements show that hydro-
phobic droplets in water are negatively
charged and that the charge increases dra-
matically when the pH of the solution is

ic length scales, we have started to probe fs
nanoscale structural correlations in liquid
water and electrolyte solutions. We found,
surprisingly, that electrolytes induce long-
range structural perturbations that appear
at micromolar concentrations, equivalent
to ion–ion separations of ~77 hydration
shells. Two examples of these experiments
are shown in Fig. 4. The change in the rela-
tive SHS intensity is caused by a response
of the water–water hydrogen-bond interac-
tions to the combined electric field of the
ions in the solutions. It can be seen that
the experiment is particularly sensitive to
quantum effects. In addition, the observed
changes in the SHS response correlate with
measurable changes in the free energy dif-

many ways, changing dipole orientation,
inducing charge transfer, and distorting the
hydrogen-bonding network. These effects
have been studied in experiments prob-
ing e.g. vibrational dynamics, dielectric
responses, infrared and Raman signatures
and computer simulations. All these stud-
ies have shown that ion–water interactions
are short-range affecting the structure of
water in the first, second and at most the
third hydration shell. However, such exper-
iments and simulations are biased towards
detecting short-range perturbations. Using
the unique sensitivity of the fs-SHS instru-
mentation and the property of nonlinear
light scattering experiments to be uniquely
sensitive to tiny perturbations on nanoscop-

Fig. 3. Measured second harmonic imaging throughput. Measured Michelson contrast in images
recorded from the same position of the same 100 nm BaTiO3 particle sample in four different
systems: wide-field (200 kHz, gated detection as proposed here, blue and red curves, using
different camera settings), a scanning microscope (Leica TCS SP5 with 1028 nm, 88 MHz, 190 fs
laser pulses illumination, a 1.2 NA 20x water immersion objective, a scanning rate of 1000 Hz/line,
image size of 256 x 256 pixels, and collecting NA of 0.9), and a wide-field 1 kHz geometry with a
normal CCD camera. The used pulse power and repetition rate are given in the legend. The inset
shows an image of the nanoparticle sample corresponding to the red data point with the largest
contrast.

Fig. 4. Electrolytes in water: Left: fs-SHS data of aqueous solutions, showing changes in the
orientational order at concentrations <10 µM. Right: Large differences are observed between light
and heavy water indicating the importance of nuclear quantumeffects.
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that indicate the opposite are known.[40–42]
These effects have not been quantified,
however.Wehave started to do thiswith our
multiscale toolbox and find that the nano-
meter length scale and the hydrophobic-
ity of the cations is crucial in determining
whether the ions only influence the water
structure in the interfacial region or also
the surface itself.[43] In addition, the ability
to determine the average value of the sur-
face potential is a great help.[23,44]

Membrane interfaces: Lipid droplets
and liposomes. The interfacial environ-
ment of membranes is crucial for transport,
signaling and the function of organelles.
This comprises the molecular structure of
the lipids aswell as the hydratingwater.We
have developed a lipid droplet-like system
comprised of oil droplets surrounded by a
lipid monolayer that both mimics the natu-
rally occurring adiposomes and at the same
time presents a tunable, large surface to
volume ratio (but small volume) system for
molecular studies of membrane systems
(Fig. 6).[45,46] These droplets were used to
study the membrane structure of liposomes
in solution and it was found, surprisingly,
that the inner and outer leaflets of lipo-
somes have identical numbers of lipids.
The significant difference in area (~15%,
which was always assumed to be filled
with lipids) is filled upwith hydratingwater
molecules.[14] Specific head group interac-
tions may cause transmembrane asymme-
tries to occur. In addition surface potentials
of liposomes were determined, and it was
concluded that the commonly employed
mean field model cannot be used to de-
scribe the electrostatic properties of these
interfaces.[23] Instead charge condensation
plays a very important role.[44]

rection. For the positive ones these interac-
tions are anti-cooperative, similar to what
is illustrated in Fig. 5a. This finding is in
clear contrast to the general understanding
of amphiphilic interfaces.[38] Furthermore,
planar interfaces and nanoscopic interfaces
made of the same chemicals do not display
the same chemistry[36] when charges are
involved,[34,39] which justifies the need for
considering different length scales.

The electric double layer is a layer
that surrounds any aqueous charged in-
terface and is thus a determining factor in
interface stability and nearly all forms of
biochemical change. Although the layer
is usually modelled with a mean field con-
tinuummodel (meaning that all ions behave
as point charges and that water is a passive
dielectric), a plethora of specific effects

increased.[31–33] This unusual behavior is
commonly explained by the presence of
hydroxyl ions at the interface. We observe,
however, no pH dependent accumulation
of OH– at the interface[33] and can explic-
itly exclude surface active impurities as the
major driving force for charge accumula-
tion.[32] By analyzing our data with nonlin-
ear light scattering theory in combination
with molecular dynamics simulations that
include charge transfer effects, we suggest
that rather than ionic adsorption, charge
transfer between water molecules is re-
sponsible for the observed phenomenon.[31]

Charged amphiphilic interfaces are
aqueous interfaces that contain both hydro-
phobic and hydrophilic groups. We have
prepared droplets inwater that contain vari-
ous amphiphilic molecules, such as neutral
and ionic surfactants, as well as phospho-
lipids. Bymeasuring themolecular compo-
sition of the droplet oil surface, the surface
amphiphiles and the adjacent water as well
as the interfacial charge, we obtain infor-
mation of different length scales that can be
combined in a unified interfacial structural
picture. With this approach we found that
long chain alkane (>C

8
) oil droplets mini-

mize their interfacial free energy with sur-
face oilmolecules that lie flat on the surface
of the oil droplets.[21,36] Positively and neg-
atively charged ionic amphiphiles interact
remarkably different with hydrophobic/
water interfaces.[37] Studies of the interfa-
cial structure of sodium dodecylsulfate and
dodecyltrimethylammonium, showed dis-
tinct behaviors for negatively charged am-
phiphiles and positively charged ones. The
negatively charged amphiphiles are more
hydrophilic than the positively charged
ones, as the dipole-charge interaction be-
tween the negative amphiphile and the wa-
ter and the hydrogen bonding of water with
the head group are pointing in the same di-

Fig. 5. Charge asymmetric behavior of water. a) Cartoons illustrating the solvation of molecular
tetraphenyl ions that have a virtually identical chemical structure and polarizability but a different
charge. For the anions hydrogen bonds and dipole–charge interactions can be optimized with
water oriented in the same direction. For cations each interaction energy minimum requires a
different water orientation. b) SFS spectra of the molecular anion (black) and the molecular cation
(red) on an oil nanodroplet in water. The spectral region below 2960 cm–1 represents the
vibrational modes of the oil, while the spectral region above 2960 cm–1 displays the structure
of the molecular ions, which are seen to be remarkably different.

Fig. 6. Liposome transmembrane asymmetry. a) SFS spectra of ~50 nm radius DPPS (blue), DOPC
(green), and DPPC (red) liposomes in D2O, probed in the P−O stretch region together with an SFS
spectrum of hexadecane oil droplets covered with a DPPCmonolayer (top trace). The SFS data
are offset vertically for clarity. It can be seen that, in contrast to the oil droplet covered with lipids,
there is no detectable transmembrane asymmetry of lipids. b) SHS patterns of the same liposomes
in pure H2O. The scattering pattern originates from the overall transmembrane asymmetry in the
orientational distribution of water molecules around the lipids (as illustrated in the cartoons).
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Conclusions

In summary nonlinear light scatter-
ing and imaging experiments offer a great
multidimensional toolbox to investigate
aqueous nanoscale systems and interfaces.
Future studies aimed at characterizing wa-
ter droplets, and their supercooling/freez-
ing behavior are possible. More complex
membrane and lipid droplet studies can be
investigated as well as more fundamental
energy transfer processes (by for example
implementing a pump beam). With a size-
able amount of information available on the
interfacial structure of nanoscale droplet
systems it becomes possible to more accu-
rately determine the physics and chemistry
behind the difference in nanoscopic and
macroscopic systems. The unprecedented
sensitivity of second harmonic scatter-
ing to the orientational order of water is
a great tool to investigate the active role
water plays in stabilizing interfaces and so-
lutions. It will be used in the future to fur-
ther investigate biological systems as well
as other fundamental surface processes.
Especially the ability to determine surface
potentials has great applications in biol-
ogy, chemistry, and physics. In addition,
many chemical reactions depend on it, for
example the transfer of electrons across
a surface. A combination with imaging
also has promising applications, as many
membrane processes depend on surface
potentials (for example (action) poten-
tials).
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Several Semiclassical Approaches to
Time-resolved Spectroscopy

Jiří Vaníček*

Abstract: Ultrafast spectroscopy allows molecular dynamics to be resolved on the femtosecond time scale.
Whereas such short time scales obviously pose many experimental challenges, they provide an opportunity for
semiclassical methods, which are naturally suited for short time dynamics. Here we review several semiclassi-
cal approaches for evaluating vibrationally resolved electronic pump-probe spectra, starting with the simplest,
‘phase averaging’ or ‘dephasing representation’. We continue by discussing several methods developed in our
group that allow increasing the efficiency (the cellular dephasing representation) and accuracy (cellular dephas-
ing representation with a prefactor) and end with the Gaussian dephasing representation, which, despite its
semiclassical origins, converges to the exact quantum result. The merits as well as shortcomings of the different
approaches are demonstrated on time-resolved stimulated emission spectra of NCO and pyrazine.

Keywords: Dephasing representation · Fidelity amplitude · Phase averaging · Semiclassical approximation ·
Time correlation function · Time-resolved stimulated emission

1. Introduction

High time resolution (such as 10–12 s
or even 10–15 s) is important for under-
standing physical and chemical processes
induced by the interactions of molecules
with light; indeed, the femtosecond time
resolution has been the main challenge
of ultrafast spectroscopy for almost three
decades. In contrast to the experimental
difficulties, one expects that the short time
scales should simplify theoretical simula-
tions by requiring shorter propagation of
the molecular wavepacket. Yet, whenever
nuclear quantum effects play an essential
role, even short-time simulations of the
time-dependent Schrödinger equation are
difficult because of their exponential scal-
ing with the number of degrees of freedom.

To make such calculations practical, it
is necessary to develop approximate dy-
namical methods, which are feasible with
the computational resources available and,

at the same time, sufficiently accurate to
answer the questions of interest. In the case
of continuous-wave spectroscopy, where
the light is not pulsed, but its coupling to
the molecular motion is moderately weak
so that the first-order time-dependent per-
turbation theory is valid, a very useful pic-
ture of molecule–light interaction in terms
of wavepacket autocorrelation functions
has been developed already in the 1970s
and 1980s, especially by Heller,[1] who
also suggested a very simple semiclassical
approximation,[2] now called the thawed
Gaussian approximation, to evaluate vari-
ous types of electronic spectra.

In the field of ultrafast spectroscopy,
one must invoke higher orders of the time-
dependent perturbation theory, a reward
for this effort being an even richer variety
of phenomena. A systematic analysis of
correlation functions and response func-
tions contributing to various types of time-
resolved spectra has been developed in the
1980s and 1990s, and is summarized in a
comprehensive book[3] by Mukamel, who
also proposed a very simple semiclassical
method, called phase averaging,[4] allow-
ing the evaluation of various types of time-
resolved spectra.

In this article, we review several recent-
ly developed semiclassical methods for
evaluating time-resolved electronic spec-
tra that can be thought of as extensions of
Mukamel’s phase averaging. Starting from
an alternative presentation of linear spec-
troscopy that makes the analogy to nonlin-
ear spectroscopy obvious, we describe the
phase averaging, the dephasing representa-
tion and its several variants that can make
the method more efficient, more accurate,
and sometimes even exact.

2. Time-dependent Approach to
Spectroscopy

2.1 Linear Spectra: Autocorrelation
Function vs. Fidelity Amplitude

In the time-dependent approach to
spectroscopy, pioneered by Heller,[1] the
linear electronic absorption spectrum
σ (ω) of a molecule can be computed as
the Fourier transform

(1)

of the wavepacket autocorrelation function

(2)

of an initial state ψ〉 ≡  0,0〉 given by the
vibrational ground state of the electronic
ground state potential energy surface,
moving on the excited state potential en-
ergy surface described by the Hamiltonian
operator 1Ĥ . Here µ

01
is the transition di-

pole moment between the ground and ex-
cited electronic states, ω is the frequency
of the electromagnetic radiation, and E

0,0
denotes the zero point vibrational energy
in the ground electronic state. Eqn. (1) as-
sumes the validity of the electric dipole
approximation (requiring the wavelength
of the electromagnetic field to be much
larger than the size of the molecule), the
first-order time-dependent perturbation
theory(restricting the strength of the elec-
tromagnetic field), Condon approxima-
tion (requiring the transition dipole to be
independent of the nuclear coordinates),
and low temperature approximation (im-
plying that only the ground vibrational
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(5)

of the wavepacket correlation func-
tion[6,20,21]

(6)

where τ is the time delay between the
pump and probe pulses, t denotes the time
elapsed after the probe pulse, and

(7)

stands for the initial state evolved for
the delay time τ with the excited state
Hamiltonian and subsequently for time
t with either the ground or excited state
Hamiltonian (j = 0, 1).

As written, the correlation function
f(t,τ) from Eqn. (6) has an immediate in-
terpretation as a quantum fidelity ampli-
tude between states ψ

0
(t,τ) and ψ

1
(t,τ).

This fidelity amplitude now corresponds
to evolutions for time t + τ of the same
initial state ψ with two Hamiltonians, one
Hamiltonian being time-independent and
equal to 1Ĥ , the other becoming time-de-
pendent and given by 1Ĥ until time τ, and
by 0Ĥ at later times. Note that the correla-
tion function f(t,τ) can be also interpreted
as a correlation function (4) from linear
spectroscopy, but applied to a nonstation-
ary initial state 𝑒𝑒𝑒𝑒𝑒𝑒(−𝑖𝑖𝑖𝑖𝐻𝐻/ℏ) 𝜓𝜓ñ prepared
by the pump pulse.[6,7]

3. Several Semiclassical
Approaches to Time-resolved
Electronic Spectra

Correlation functions C(t), f(t), or
f(t,τ) can of course be evaluated exactly
quantum mechanically, but this requires
the exact solution of the time-dependent
Schrödinger equation, which can be pro-
hibitively expensive in many dimensions.
A nice feature of electronic spectra, and
ultrafast spectra in particular, is their
short-time nature, which offers itself to
approximative treatment of dynamics.
Semiclassical approximation provides
a perfect candidate since it is typically
exact for short times while its accuracy
deteriorates at longer times. As the sim-
plest starting point, Heller originally
used a single Gaussian as an ansatz for
the wavefunction, which is exact in up to
quadratic potentials and yields the thawed
Gaussian approximation in general po-
tentials.[2] Alternatively, one may employ
multiple trajectory-based methods such
as the frozen Gaussian approximation,[22]
initial value representation,[23,24] or their

0
( , ) Re ( , ) i tf t e dt

1 0( , ) ( , ) | ( , ) ,f t t t

1
ˆ ˆ/ /| ( , ) : |jiH t iH

j t e e 1
ˆ /iH1e 1 |

applications: Outside of electronic spec-
troscopy,[6–12] it has proved useful, e.g. in
NMR spin echo experiments[13] and theo-
ries of quantum computation,[5] decoher-
ence,[5] and inelastic neutron scattering.[14]
In chemical physics, the fidelity amplitude
was also used as a measure of the dynami-
cal importance of diabatic,[15] nonadiabat-
ic,[16] or spin-orbit couplings,[17] and of the
accuracy of quantum molecular dynamics
on an approximate potential energy sur-
face.[18,19]

2.2 Time-resolved Electronic
Spectra

In the case of nonlinear spectra, the
autocorrelation picture is no longer valid,
yet, as we now show, the more general pic-
ture using fidelity amplitude remains ap-
plicable. A wide variety of nonlinear time-
resolved spectra belong to the pump-probe
scheme, in which an ultrashort pump pulse
prepares a nonstationary nuclear wave-
packet in an excited electronic state, and
another ultrashort pulse probes the dynam-
ics of this wavepacket after a certain time
delay τ. There are many possible experi-
mental setups depending on the polariza-
tion and mutual orientation of the pump
and probe laser beams and on the direction
in which the signal is detected,[3] but for the
sake of clarity we will only consider time-
resolved stimulated emission (TRSE) here
(see Fig. 1 (b)).

Besides the assumptions used for linear
spectra, a simplified picture of TRSE takes
advantage of the nonoverlapping pulses
approximation (i.e. the pump and probe
pulses can be treated independently) and
the ultrashort pulse approximation, which
assumes that both the pump and probe
pulses are short compared to the nuclear
time scale but long on the electronic time
scale.

Assuming, for simplicity and as be-
fore, the zero temperature approximation,
electric dipole approximation, and time-
dependent perturbation theory (of which
the third order is now required), the dif-
ferential TRSE spectrum at frequency ω
and time delay τ can be computed as the
Fourier transform

state 0,0〉 of the ground surface be occu-
pied initially).

The beauty of Eqns. (1) and (2) lies in
their simple interpretation (see also Fig. 1
(a)): theabsorptionofaphotonof frequency
ω instantaneously promotes the stationary
vibrational ground state of the ground sur-
face to the excited potential energy surface,
where this, now nonstationary state starts
moving under the influence of the excited
state Hamiltonian alone. In particular, the
explicit form of the electromagnetic field
does not play any role and the linear ab-
sorption spectrum is determined solely by
the field-free dynamics of the wavepacket
ψ (t) on the excited surface. Indeed, this is
the content of the linear response theory,
which is here equivalent to the first-order
time-dependent perturbation theory.

Note that since ψ〉 ≡  0,0〉 is an ei-
genstate of 0Ĥ , the spectrum can be also
written as

(3)

where

(4)

is a correlation function, called the fidelity
amplitude,[5] between two states ψ

0
(t) and

ψ
1
(t), both starting from the same initial

state ψ , but one evolved with 0Ĥ and the
other with 1Ĥ . As the name suggests, the
fidelity amplitude measures the similarity
between the quantum evolutions on the
ground and excited surfaces. This alterna-
tive expression for an electronic spectrum
is not a mathematical curiosity; indeed, it
is the direct outcome of the derivation of
the spectrum using the first-order time-de-
pendent perturbation theory, and it is only
due to the additional assumption thatψ is a
vibrational ground state (oranother eigen-
state) of 0Ĥ that one obtains the much bet-
ter known expression (1) for the spectrum
in terms of the wavepacket autocorrelation
function (2).

The less often used correlation func-
tion (4) has, nonetheless, many important

2
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Fig. 1. Schematic representation of physical processes underlying two types of vibrationally re-
solved electronic spectra. (a) Linear absorption. (b) Time-resolved stimulated emission.
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and Filinov filtering[33–35] used for other
semiclassical methods. In the cellular de-
phasing representation (CDR),[21,36] the
initial conditions are grouped into cells of
neighboring trajectories, and contributions
of all trajectories within a cell are evalu-
ated approximately analytically using the
information collected along the central
trajectory of the cell. This leads only to a
minormodification of the numerical algo-
rithm (12), which becomes

(13)

where A
CDR

(x
0
,τ,t) is a prefactor[36] captur-

ing the contribution of neighboring trajec-
tories and ρ

IWT
is the inverse Weierstrass

transform of ρ
W
(in other words, it is the

expansion coefficient of ρ
W
in a basis of

phase space Gaussians).[36]
Fig. 2 shows that in a two-dimensional

model of NCO,[21] which is only slightly
anharmonic, the cellular dephasing repre-
sentation based on a single trajectory can
yield a time-resolved stimulated emission
spectrum that agrees very closely with the
fully converged dephasing representation
(using over sixteen thousand trajectories).

Although the dephasing representation
is exact for displaced harmonic oscilla-
tors[3] and remarkably accurate in chaotic
systems,[26] its efficiency, of course, does
not come for free. Due to its relation to the
semiclassical perturbation approximation,
the dephasing representation breaks down
even for only quadratic perturbations en-
counteredalreadyinharmonicsystemswith
different force constants. Unfortunately,
these are important in so-called ‘silent
modes’ in electronic spectroscopy, which
are modes that are not vibrationally ex-
cited by the electronic excitation; if there

0

IWT 0

( , , )/
CDR CDR ( )

( ,, ) i S x t

x
f t A e

(11)

and the trajectory x
t’
follows the excited

state Hamiltonian H
1
for 0 < t' < τ and the

average Hamiltonian H for t' > τ. (From
now on, for brevity we shall only present
expressions for the TRSE spectra, and no
more for linear absorption spectra.)

Expression (10) immediately suggests
a numerical recipe for its evaluation: 1)
sample initial conditions x

0
from the phase

space density ρ
W
(x

0
), 2) run classical tra-

jectories with these initial conditions, 3)
evaluate the phase (11) due to the differ-
ence of the potential energies along each
of these trajectories, and 4) average over
these trajectories. In a more compactform,
this recipe can be expressed as

(12)

where 〈A(x
0
)〉ρ(x0) denotes, more generally,

an average of an observable A(x
0
) over ini-

tial conditions x
0
sampled from the density

ρ(x
0
).
There are many ways to derive the

dephasing representation: it can be ob-
tained,[26,27] e.g. by linearizing the semi-
classical propagator, which is a procedure
inspired by the semiclassical perturbation
theory.[29,30] Shi and Geva[12] derived the
same approximation (but referred to it as the
linearized semiclassical initial value repre-
sentation) without invoking the semiclassi-
cal propagator – by linearizing directly the
path integral quantum propagator. Among
the appeals of the dephasing representation
is the ease with which it is numerically eval-
uated: We have shown[31] that the expected
number of trajectories required for conver-
gence of the dephasing representation is
independent of dimensionality, time, and
nature of the dynamics, and depends explic-
itly only on the magnitude of the correlation
function one wants to simulate.

3.2 Increasing the Efficiency and
Accuracy: Cellular Dephasing
Representation with a Prefactor

Unlike other semiclassical methods,
which typically require a Hessian of the
potential energy and thousands or millions
of trajectories for convergence, the dephas-
ing representation only needs the energy
gradient, and about hundred to thousand
trajectories for full convergence. This ex-
traordinary efficiency of the dephasing
representation makes it a promising candi-
date for on-the-fly ab initio evaluation of
time-resolved spectra.

Yet, for large systems, even a thousand
trajectories may be too much to ask for,
and hence we have attempted to reduce the
number of trajectories by so-called cellu-
larization, inspired by cellular dynamics[32]

0
'( , , ) ' ( ),

t

tS x t dt V x
t

t
t

+
D = Dò

0

W 0

( , , )/
DR ( )
( , ) ,i S x t

x
f t e

combination giving the Herman-Kluk
propagator,[25] but these methods become
quickly expensive since they require
both the Hessian of the potential energy
surface and very large numbers of tra-
jectories for convergence. Here we will
review several variants of an alternative,
very simple semiclassical approximation,
called phase averaging, dephasing repre-
sentation, or Wigner averaged classical
limit, which require only the gradient of
the potential energy, a rather small num-
ber of trajectories for convergence, and
take advantage of the specific form of the
correlation functions corresponding to
electronic spectra.

3.1 Phase-averaging/Dephasing
Representation

A remarkably simple approximation
for the correlation function (or fidelity am-
plitude) f(t) is given by the so-called phase
averaging, dephasing representation, or
Wigner averaged classical limit[3,4,7–12,26,27]:

(8)

where D is the number of degrees of free-
dom, ρ

W
(x

0
) is theWigner phase-space rep-

resentation of the initial state ψ and

(9)

is the action due to the difference ∆V :=
V

1
– V

0
between the two potential energy

surfaces along the classical trajectory x
t

≡ (q
t
, p

t
) driven by the average[3,4,20,28]

Hamiltonian H≡ (H
0
+ H

1
)/2.

In the original phase averaging,[4] the
weight function in Eqn. (8) was a classi-
cal density ρ(x

0
), and three options for

the Hamiltonian used for driving the tra-
jectories were considered: besides H, one
could use H

1
(suitable for absorption spec-

tra) or H
0
(suitable for emission spectra).

Replacement of the classical density with
the more accurate Wigner function gave
rise to the name ‘Wigner averaged classi-
cal limit’.[10,11]The name ‘dephasing repre-
sentation’, on the other hand, suggests that
the overlap of ψ

0
and ψ

1
in this approxima-

tion decays only due to dephasing, i.e. a de-
structive interference,whereas the classical
overlap is assumed to be constant and fixed
at 1.Thedephasing representationbecomes
applicable to ultrafast spectra after an ap-
propriate generalization of the fidelity am-
plitude. In the case of TRSE spectra (Eqns.
(5) and (6)), the fidelity amplitude can be
approximated as

(10)

where the action difference is given by
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DR 0 W 0( ) ( ) ,i S x tDf t h dx x e
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Fig. 2. Time-resolved stimulated emission
spectrum of a collinear model of NCO from ref.
[21] for a delay time τ = 500 a.u. ≈12 fs. The
spectrum obtained with the cellular dephasing
representation (CDR) using a single trajectory
(!) is in remarkable agreement with the fully
converged spectrum obtained with the original
dephasing representation (DR, computed using
N = 16384 trajectories), which, in turn, repro-
duces the main qualitative features of the exact
quantum spectrum. (Adapted from ref. [21].)
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dent Schrödinger equations (17), and fi-
nally, the fidelity amplitude is evaluated as

(19)

Note that if the Gaussian basis g
α
(t,τ)

is large enough, the Gaussian dephasing
representation is not a semiclassical ap-
proximation; indeed, it should converge to
the exact quantum answer as the Gaussian
basis approaches completeness. (Beware,
however, of various numerical issues due
to nonorthogonality of the basis, etc.[37–40])

Fig. 4 demonstrates the accuracy of
the Gaussian dephasing representation
on the time-resolved stimulated emission
spectrum of pyrazine, showing that the
Gaussian dephasing representation with
576 basis functions yields a correlation
function and spectrum which are basically
indistinguishable from the exact quantum
analogs, unlike the fully converged de-
phasing representation, which does con-
tain a semiclassical error.

As for the computational cost of the
Gaussian dephasing representation, the
number of trajectories required is much
smaller than in typical semiclassical meth-
ods, and can be even smaller than in the
original dephasing representation since in
the GDR, the trajectories carry with them
Gaussian basis functions, which play a
smoothing role similar to the cells in the
cellular dephasing representation. The
most expensive part per trajectory of the
GDR is the evaluation of the Hamiltonian
matrix elements Hαβ: using, e.g. a local
harmonic approximation for the poten-
tial requires the Hessian of the potential
energy, but one can often get away only
with a linear expansion that only neces-
sitates the gradient, which is already
needed for propagating the trajectories.
The final contribution to the cost is solv-
ing the time-dependent Schrödinger equa-
tion, which scales as O(N3), i.e. cubically
with the number of trajectories, which is

†
GDR 1 0( ) ( , ) , ( , ).f t t t tc S c

3.3 Making the Dephasing
Representation Exact: Gaussian
Dephasing Representation

An alternative approach for improving
the accuracy of the dephasing representa-
tion replaces the swarm of N independent
semiclassical trajectories with a swarm of
N ‘communicating’ Gaussian basis func-
tions moving along corresponding classi-
cal trajectories. This trick is closely relat-
ed to the basic idea employed in multiple
spawning,[37] variational Gaussian wave-
packets,[38] coupled coherent states, and
multiconfigurational Ehrenfest method.[39]
In particular, the states |ψ

j
(t,τ)〉 are expand-

ed as

(16)

where gα(t,τ)〉 is a Gaussian wavepacket
whose center moves along the classical tra-
jectory ofH

1
until the delay time τ andwith

the average Hamiltonian H from then on.
The expansion coefficients c

j,α
(t,τ) satisfy

the time-dependent Schrödinger equation

(17)

where H
j
is the Hamiltonian matrix, S is

the overlap matrix, and D the nonadiabatic
coupling matrix defined by their matrix el-
ements in the Gaussian basis:

(18)

In the Gaussian dephasing representa-
tion (GDR),[40] one runs classical trajec-
tories as in the original dephasing repre-
sentation, but uses them only to guide the
Gaussian basis functions g

α
(t,τ). The time

dependence of the expansion coefficients
c
j,α
are obtained by solving the time-depen-
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are many such ‘boring’ modes, the dephas-
ing representation breaks down completely
due to an artificially fast decay of the cor-
relation function. Zambrano and Ozorio de
Almeida proposed[28] a simple recipe for
partially correcting this inaccuracy by in-
cluding a (different) prefactor A

DRP
(x

0
,τ,t)

in the dephasing representation, resulting
in the dephasing representation with a
prefactor (DRP):

(14)

It turns out that the two prefactors in
Eqns (13) and (14) can be easily combined,
yielding the cellular dephasing represen-
tation with a prefactor (CDRP),[36] which
may be both more accurate and more ef-
ficient than the original dephasing repre-
sentation:

(15)

Indeed, Fig. 3 shows on the time-
resolved stimulated emission of pyrazine
that the cellular dephasing representation
with a prefactor is not only more accurate
but also requires fewer trajectories for
convergence than does the original de-
phasing representation. (Note, however,
that this property is not universal, and that
in strongly chaotic systems, such as the
quartic oscillator, the original dephasing
representation can converge faster than the
CDRP, since a few chaotic trajectories can
result in large prefactors that require many
well-behaved trajectories to compensate
this blowup in the final result.[36]) Even if
the number of trajectories is reduced by the
cellularization, the cost of each trajectory
increases significantly since the prefactors
A

CDR
and A

DRP
require the evaluation of the

Hessian or even the third derivatives of the
potential energy, unlike the dephasing rep-
resentation for which the force is all that
is needed.
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Fig. 3. Time-resolved stimulated emission in the pyrazine S0/S1 model from ref. [36]. Initial state is the ground state of the S0 surface and the delay
time between pump and probe pulses is τ = 2×103 a.u. ≈48 fs. Comparison of the exact quantum result, the original dephasing representation (DR),
and the cellular DR with a prefactor (CDRP). (a) Time correlation function (already multiplied by a damping function indicated by a dash-dotted line).
(b) Corresponding spectrum. (c) Convergence error (relative L2 norm error) of the damped correlation function as a function of the number of trajec-
tories N. (Adapted from ref. [36].)
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much worse than the linear O(N) scaling
of the dephasing representation, whose N
trajectories are independent. On the other
hand, and in particular in on-the-fly ab ini-
tio applications, the cost of the electronic
structure, especially the Hessian, becomes
easily so high that the cubic scaling of the
solution of the Schrödinger equation may
still be negligible if the number of trajec-
tories is below a few hundred.

4. Conclusions and Outlook

All methods that we have discussed so
far express correlation functions needed in
time-resolved spectra calculations in terms
of interfering contributions from classi-
cal trajectories. This common feature of
all the discussed methods makes possible
their implementation together with an on-
the-fly ab initio evaluation of electronic
structure, possibly turning them into an
automated and almost ‘black box’ tool for
analyzing ultrafast spectra without the ne-
cessity of a tedious construction of global
or semi-global potential energy surfaces.

The accuracy of the approximate meth-
ods, can be, of course, improved in other
ways than using Gaussian basis methods.
Recently,[41] we have described an arbi-
trary-order expansion of the Feynman path
integral representation of the correlation
functions (4) or (6), of which the first-order
expansion yields the dephasing represen-
tation, while the zeroth-order expansion
gives the static classical limit,[10] which it-
self is very useful. It turns out that already
the second order expansion would correct
most of the shortcomings of the dephasing
representation in typical chemical systems
(which are neither exactly harmonic, nor
chaotic); unfortunately, the most straight-
forward implementation is very inefficient.

Another important aspect of ultrafast
spectra not captured by the methods re-
viewed here is the common presence of
nonadiabatic and spin-orbit couplings
between various electronic states contrib-
uting to the spectra, which give rise to in-
ternal conversion or intersystem crossings
between various states. If weak, these pro-
cesses lead only to the broadening of the
spectra, but, if strong, they can completely
change the spectral line shapes. To address
this issue, we have generalized the dephas-
ing representation to the setting of coupled
electronic states and obtained themultiple-
surface dephasing representation[42] that
can capture the major consequences of the
nonadiabatic or spin-orbit couplings on ul-
trafast electronic spectra. This method can
and has been combined with an on-the-fly
ab initio evaluation of energies, forces, and
nonadiabatic couplings.

Besides the efficiency and ease of on-
the-fly evaluation of electronic structure,
the trajectory-based methods for evalua-
ting ultrafast spectra have another advan-
tage, probably the most important of all.
Theyprovide an intuitive picture of the dy-
namics, which is much easier to decipher
than, e.g. a 30-dimensional wavefunction
in the case of pyrazine. While the simpler
picture of course does not have to be quan-
titatively correct 100% of the time, we
have been time and again surprised by the
qualitative correctness of the semiclassical
result.
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Fig. 4. Time-resolved stimulated emission in
the same pyrazine S0/S1model as in Fig. 3.
Comparison of the exact quantum result, the
original dephasing representation (DR), and
the Gaussian DR (GDR) based on 576 trajec-
tories only. (a) Time correlation function. (b)
Corresponding spectrum obtained as a Fourier
transform of the correlation function multiplied
with a damping function indicated in panel (a)
by a gray dash-double-dotted line. (Adapted
from ref. [40].)
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Abstract:We describe the facilities for ultraviolet studies in the femtosecond to nanosecond time domain. These
facilities consist of: i) a set-up for deep-ultraviolet spectroscopy in the 260–380 nm range in both pump and probe
pulses for transient absorption/reflectivity or two-dimensional spectroscopy studies; ii) a set-up for ultrafast
fluorescence measurements with detection down to 300 nm. The capabilities of these set-ups are demonstrated
by examples on molecular systems, biosystems, nanoparticles and solid materials.

Keywords: Absorption · Charge carriers dynamics · Charge transfer · Deep-UV · Energy relaxation ·
Fluorescence · Materials · Molecules · Proteins · Reflectivity · Solvation dynamics · Two-dimensional spectros-
copy · Ultrafast · Ultraviolet

1. Introduction

Driven by the need to describe non-
equilibrium phenomena, steady-state spec-
troscopic tools for the investigation of
equilibrium structures continue to be trans-
lated into their time-domain analogues
in the femtosecond-picosecond regime.
During the past three decades, the growing
toolbox of ultrafast spectroscopies has suc-
cessfully established the fields of femto-
chemistry and femto-biology,[1–6] with a
remarkable ability to unravel in real time
the structural and relaxation dynamics of
electronic and vibrational excited states of
molecules, proteins and materials. Pulsed
coherent sources from X-rays to terahertz
radiation have allowed researchers to in-
vestigate ultrafast dynamics via the asso-
ciated light–matter interactions and gain
access to electronic, spin and structural
changes from the site-specific atomic to
the supra-molecular scale.[7]

At the LSUwithin the Lausanne Centre
for Ultrafast Science (LACUS), we have
concentrated part of our research efforts
on the 250–400 nm spectral range, i.e. the
ultraviolet (UV) to deep-UV region. There
are several reasons for targeting this range:

i) the absorption bands of amino-acid res-
idues such as tryptophan (Trp), tyrosine
(Tyr) and phenylalanine (Phe), and of
nucleobases such as guanine, cytosine,
adenine, etc. lie in this region; ii) the lat-
ter is also where several small molecules,
organic or inorganic, absorb strongly; iii)
it corresponds to the bandgap of semicon-
ductors transition metal oxides (TMO).
The latter has attracted much interest in
the past twenty years due to their appli-
cations in solar energy conversion and in
catalysis. While these systems have been
investigated in the THz,[8,9] infrared[10] and
visible[11–14] regions there have never been
studies with deep-UV continuum probes,
which can cover the region both above and
below the band gap.

The development of ultrafast UV
spectroscopic tools has resulted in the
LOUVRE (Lots Of UV Radiation for your
Experiments) laboratory: a unique univer-
sity-based facility that comprises various
techniques for investigating a wide range
of liquid and solid samples. In this article,
we present this toolbox of methods and
discuss its capabilities by highlighting
some of our most recent results. We hope
to illustrate the rich contributions of ultra-
fast UV spectroscopy to a wide range of re-
search fields such as biology, coordination
chemistry and materials science.

2. Experimental Techniques and
Set-ups

The LOUVRE consists of two main
set-ups: (1) an ultra-stable, high repetition
rate femtosecond laser source for tuneable
deep-UV pump and broadband UV con-

tinuum probe pulses that are employed in
transient absorption (TA) measurements
(Fig. 1) or two-dimensional (2D) spectros-
copy, and; (2) a high repetition rate, high
time-resolution fluorescence up-conver-
sion set-up for ultrafast emission meas-
urements (Fig. 2). Each of these set-ups
has its characteristic advantages and offers
highly flexible experimental target stations
dedicated to different sample types. Most
importantly, these two approaches are fully
complementary.

In most ultrafast spectroscopic meas-
urements, a first (pump) pulse triggers a
photophysical or photochemical process
by excitation of the sample, while a second
(probe) pulse, whose time delay is tuneable
with respect to the pump pulse, using op-
tical delay lines, is used to interrogate the
system. In broadband transient absorption
(TA), the probe pulse monitors the ab-
sorption change of the sample induced by
the pump. In the simplest case, the signal
(Fig. 1) consists of an induced transpar-
ency or ground state bleach (GSB), due
to the fact that the ground state has been
depopulated, an excited state absorption
(ESA) or a stimulated emission (SE).
Since the latter and the GSB imply more
photons reaching the detector, they have
equal signs, while the ESA has an oppo-
site sign (Fig. 1c).

In fluorescence up-conversion (Fig.
2a), the second (gate) pulse does not inter-
fere with the sample but it opens a gate at
a given time delay in a nonlinear medium
which permits the detection of the spon-
taneous fluorescence, by mixing the gate
pulse with the fluorescence and detecting
the sum (up-) or difference (down-) fre-
quency of the two.
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nonlinear signal.[19,20] The main technical
challenge of this method is the generation
of phase-locked, temporally compressed
pulses, required to perform a clean FT of
the nonlinear signal without distorting the
two-dimensional maps. Despite these chal-
lenges, the access to phase information and
thus to vibrational and electronic coher-
ences makes it a particularly rewarding ap-
proach.[21–25] However, as UV absorption
bands of chromophores are often broad,
covering their entire profile of typically
50 nm requires a ~3 fs pulse at 300 nm,
which is quite challenging. The second ap-
proach is usually referred to as 2DUV TA,
and it uses a single tuneable narrowband
pump pulse to sequentially acquire TA
spectra with a broadband UV continuum
probe. Whilst lacking phase information,
this technique neither requires transform
limited pulses nor their phase control. Its
main advantages are a much simpler and
more robust set-up at the cost of a reduced
time resolution. However, the latter is not

shapes, such that their temporal evolution
can be used to study the interaction be-
tween a system and its environment, e.g. a
solute inside a solvent.

The interest in 2DUV spectroscopy is
obvious for the study of the structure and
dynamics of biosystems with a complex
molecular architecture.[6,16,17] Extending
nonlinear optical spectroscopy techniques
into the UV region is a particularly chal-
lenging technological task, which orig-
inates from the increased requirements
regarding phase- and dispersion-control at
short wavelengths. Nevertheless, through-
out the past decade impressive progress
has been made, which is presented in the
excellent review by Cannizzo.[18]There are
two approaches to this type of spectrosco-
py: the Fourier transform (FT or coherent)
one and the transient absorption (or inco-
herent) one. In the former, the excitation
frequency is resolved by varying the delay
between two ultrashort pump pulses and
performing the FT of the time-dependent

2.1 Two-dimensional UV
Spectroscopy

In the past twenty years, there has been
a drive aimed at extending the methods of
multidimensional Fourier transform NMR
spectroscopy into the shorter wavelength
range.[4,5,15] This was achieved first in the
infrared,[6] then in the visible region.[3]
The aim of such developments is to reveal
correlations and interactions between the
vibrational or electronic dipoles probed
as cross-peaks in a two-dimensional map,
which typically plots the probe frequency
as a function of the excitation frequency.
In this way, one may obtain information on
electron and/or energy transfer processes
and conformational changes encoded in
the electronic dipole couplings. This is il-
lustrated in Fig. 3, where the idealized case
of two coupled electronic transitions and
the associated two-dimensional spectrum
is explained. In addition, homogeneous
and inhomogeneous contributions can be
extracted from the two-dimensional line

Fig. 1. Schematic illustration of a transient absorption (TA) experiment. (a) typical pump-probe arrangement, where a UV-pump pulse interacts with a
sample and the transmitted intensity of a broadband Visible- or UV-probe pulse is measured using a detector (a photomultiplier, PMT, for example).
(b) processes contributing to the idealised TA spectrum displayed in (c). When a UV-pump transfers population from a ground state (S0) to an excited
state (S1), the absorption corresponding to the S0–S1 transition is reduced. This leads to a negative ground state bleach (GSB) feature in the transient
absorption spectrum. Analogously, excited state absorption (ESA) and stimulated emission (SE) may take place from the transiently populated state S1.

Fig. 2. Schematic illustration of a fluorescence up-conversion (FlUC) experiment. (a) A simplified experimental set-up, where a UV-pump induces
fluorescence in a sample. The corresponding energy level scheme is displayed in (b). The emission is collected and focused into a nonlinear medium,
where it interacts with a gating pulse. The up-converted signal is then detected by a photomultiplier (PMT) or a CCD camera. (c) Principle of a
fluorescence time-gating: at t=0 the pump pulse (purple) excites the sample and triggers a spontaneous fluorescence of the sample with a given
time profile (green trace). This fluorescence is mixed within the gate pulse (orange) whose time delay with respect to the pump is tuneable. At each
time delay the sum frequency of the fluorescence with the gate pulse yields the up-converted light (blue arrows) whose time profile reflects that of
the fluorescence.
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20 kHz.[27]As a result, absorbance changes
<1 mOD can be resolved after compara-
tively short measurement times.

The flexibility of this set-up is exempli-
fied by the large diversity of systems and
processes we investigated. Here, the use of
flow cells or wire-guided liquid jet allows
the investigation of liquid samples, while a
transient reflectivity configuration enables
the study of single crystals.

2.2 Time-resolved Fluorescence
Femtosecond fluorescence up-conver-

sion (FlUC) spectroscopy is a widely used
technique for studying intramolecular
electronic relaxation processes, vibration-
al cooling and solvation dynamics of mo-
lecular systems. It is especially used when
the fluorescence decay times are less than a
few ps, a time scale that cannot be resolved
with detectors such as multichannel plates
or streak cameras cannot resolve the decay.
This approach represents a simplification
compared to TA because the sample inter-
acts with the excitation pulse only (Fig.
2). The operating principle of our set-up
is shown in Fig. 5. The fluorescence is col-
lected by wide-angle optics and focused
onto a nonlinear sum-frequency (SF) crys-
tal in which it is mixed with the gate pulse,
whose time delay with respect to the pump
pulse is controlled by an optical delay
stage. The intensity of the sum-frequency
(up-converted) light is then recorded as a
function of delay time between pump and
gate pulses. With reflective optics to mini-

cluding its third and second harmonic)
or to generate a white-light continuum
probe for visible TA. For the detection,
a fibre-coupled imaging spectrograph is
used in conjunction with a fast, double-ar-
ray multichannel detector. This allows
shot-to-shot recording of the probe pulse
spectrum together with a reference beam
at an exceptional data-acquisition rate of

a stringent requirement, especially in bio-
logical systems where interactions be-
tween chromophores can be long-range
and therefore, occur over rather long time
scales.

The latter approach was implemented
at the LOUVRE lab. Despite not being a
single-shot technique, due to the required
pump frequency scan, we circumvent long
data acquisition times through the use of
an ultra-stable, high repetition rate femto-
second UV pulse source. The associated
broadband TA set-up (Fig. 4) accommo-
dates probe pulse configurations both in
the visible and deep-UV regions and has
been described in detail elsewhere.[26,27]
It delivers broadband visible femtosecond
pump pulses (520–740 nm bandwidth,
15 µJ per pulse) that can be used as such
or be frequency doubled to generate deep-
UV narrowband (1.5 nm) pump pulses
via second harmonic generation (SHG)
in different β-barium borate (BBO) crys-
tals. For the probe, a so-called achromatic
doubling scheme is employed,[28] where
broadband phase matching is achieved by
spatially chirping the beam before tightly
focussing it into a thin BBO crystal. This
routinely provides pulses with bandwidths
>100 nm in the deep-UV. This configura-
tion represents the optimal conditions for
pump-probe 2DUV spectroscopy with
an instrument response function (IRF) of
150 fs. Nevertheless, improved time res-
olution down to 50 fs has been achieved
by narrowing the visible NOPA output
spectrum or by separately compressing
the visible pump pulses before SHG.[29]
In addition, part of the 800 nm output
can be used as a pre-pulse or pump (in-

Fig. 3. Principle of multidimensional spectroscopies. (a) Energy level scheme of two coupled
oscillators and (b) relative two-dimensional map of the differential transmission signal. In (a) solid
red arrows correspond to a ground-state bleach (GSB), dashed red arrows to stimulated emission
(SE) and blue arrows to excited state absorption (ESA). In (b) red signals are positive, blue signals
are negative. Homogeneous broadening (HB) and inhomogeneous broadening (IB) are highlighted
in the peak along the diagonal. Figure reproduced from ref. [62].

Fig. 4. Optical beamline (a) and performance of the probe pulse generation via achromatic
doubling (AD) displayed in (b). The pump pulse generation via tuneable narrowband doubling is
shown in (c). The probe pulses (dark blue line) are focussed via a parabolic mirror (PM) into the
sample flow cell (FC) and the transmitted intensity is collected via a fibre-coupled (F) spectro-
graph. The pump pulses from the NOPA (orange line) are optically chopped by a chopper (C) and fre-
quency doubled via a tuneable BBO (light blue line). The remaining visible light is filtered via dichroic
mirrors (DM) and focussed on the sample via a spherical mirror (SM). Reproduced from ref. [26].
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20 to 30 ps for Trp14 and 110 to 140 ps for
Trp7.[43–45] These have been attributed to
FRET to the heme.[33,45] Using our 2DUV
set-up, we revealed that in ferric myoglob-
ins MbCN and metMb,[39] Trp14 undergoes
a hitherto unsuspected partial electron
transfer to the heme, while relaxation of the
more distant Trp7 is indeed due to FRET to
the heme (Fig. 6). The electron transferred
from Trp14 ends up on the iron atom form-
ing a ferrous porphyrin. We then extend-
ed these studies to the case of the ferrous
(unligated) deoxy form,[40] and found the
same Trp14-to-heme electron transfer, this
time leading to the formation of a low-va-
lence porphyrin anion radical. More recent
(unpublished) work on ligated ferrousMbs
reveals the same pattern of Trp-to-heme
electron transfer. In ref. [40], we suggested
that the pathway for the electron transfer
proceeds via the leucine 69 (Leu69) and va-
line 68 (Val68) residues, which are in van
der Waals contact with each other, while
Leu69 is in van der Waals contact with
Trp14. In a recent theoretical modelling of
the Trp-heme electron transfer Suess et al.
confirmed our hypothesis.[46] The above
results of a Trp-mediated electron transfer
competing with FRET are especially im-
portant for the fundamental understanding
of electron transfer in biological systems,
but also show a limitation of Trp as a spec-
troscopic ruler in FRET studies of protein
dynamics. Indeed, evidence that FRET is
taking place requires not only the decay of
the donor fluorescence, but also the detec-
tion of the acceptor luminescence, a crite-
rion that is often overlooked in studies of
protein dynamics.

3.2 Coordination Chemistry
Transition metal complexes possess

different types of states such as: met-
al-to-ligand charge transfer (MLCT), met-
al centred (MC), ligand centred (LC) and
ligand-to-metal charge transfer (LMCT).
The MLCT state is often the lowest di-
pole-allowed electronic transition. These
complexes are involved in several appli-
cations such as solar cells, OLEDs, mo-
lecular electronics, biology, magnetic data
storage, etc., for which the understanding
of the underlying ultrafast photophysics is
essential.

Fluorescence up-conversion is ideal in
this respect and as an example we show
here the case of the cascade of electronic
states in an iridium complex, Ir(ppy)

3
, up-

on 266 nm excitation of its high-lying li-
gand-centred (LC) electronic state.[47] The
luminescence of Ir(ppy)

3
in DMSO upon

266 nm excitation of its LC state is shown
in Fig. 7 as a function of wavelength and
time delay. The LC fluorescence, centred at
330 nm, decays in 70 ± 10 fs, which is sig-
nificantly shorter than the lifetime of ppy
ligands in solution (∼1 ns).[48] The LC state

redox states.A single Trp residue, which is
located very close to the heme and known
to undergo very efficient energy transfer
to it, makes Cyt c an ideal model system
to study the photodynamics of this pro-
tein class in its two different redox states.
Indeed, we showed, using time-resolved
fluorescence, that excited Trp decays[36]
with a much shorter time constant (350 fs)
in the ferrous state than in the ferric case
(770 fs). This implies a more efficient en-
ergy transfer in the former case, whichmay
be due to the significantly different rela-
tive orientations and distances between the
Trp and the heme groups in the two redox
states, which is supported by computations
and (CD) measurements.[41,42] Exciting
the heme did not show a response of the
Trp contrary to what we had observed in
bacteriorhodopsin.[34,35] This result is sur-
prising and it calls for further investigation
as the Trp decay times reflect a strong in-
teraction with the heme. In addition, the
much shorter Trp decay times in Cyt c are
to be contrasted to the case of myoglobins,
which we discuss hereafter.

Myoglobin (Mb) belongs to the fam-
ily of heme proteins and consists of 153
amino acids and an active iron porphyrin
(heme) centre. It contains two tryptophan
residues: Trp7 and Trp14, which are located
in the α-helix A with respective distances
of 21.2 Å and 15.2 Å (centre to centre) to
the heme group. In both the ferrous (Fe2+)
and the ferric state (Fe3+), the metal atom
can bind a variety of diatomic ligands (in-
cluding O

2
, CO, NO and CN), which de-

termines its function. Photoexcitation of
the Trp residues in Mb leads to its fluores-
cence, with much shortened decay times
compared to the isolated case (ca. 3 ns):

mize frequency dispersion effects after the
sample, a time resolution of 100–130 fs
can be reached.[30] To accomplish a broad-
band detection, the up-converted signal, at
fixed time delay, is detected with a spec-
trograph equipped with a charge coupled
device (CCD) camera, and the SF crystal
is rotated during the integration time at a
constant angular speed to cover the spec-
tral range of interest. The peculiarity of
our set-up lies in the fact that it extends
from the IR (between 1 and 2 µm)[31] to the
UV[30] (above 300 nm) spectral domains.

3. Research Highlights

3.1 Biological Systems
UV-chromophores are site-specific

probes of their local environment.[32] This
is especially the case for tryptophan (Trp),
whose absorption and emission bands are
centred at about 280 nm and 360 nm, re-
spectively. For example, as part of a donor–
acceptor pair undergoing Fluorescence
Resonance Energy Transfer (FRET), its
fluorescence decay is routinely used to
determine the geometrical arrangement
of the chromophore pair with nm resolu-
tion.[33] In addition to its capacity to act as
a probe for energy and transfer processes,
Trp is also a sensor of local electric fields
inside a protein.[34,35] In this spirit, we
have applied our UV-spectroscopy tools
to probe the energy and charge transfer
processes in hemoproteins, such as horse
heart cytochrome c (Cyt c)[36,37] and myo-
globins.[38–40]

In refs [36] and [37] we investigated the
interaction between the heme and a single
Trp residue in Cyt c in its ferric and ferrous

Fig. 5. Schematics of the time-gated fluorescence up-conversion experimental set-up. After
excitation of the sample (S), spontaneous emission is collected and focused by two parabolic
mirrors onto a sum-frequency (SF) crystal. The broad emission spectrum is then time-gated by
the delayed pulses, throughout the continuous rotation of the SF crystal. After spatial filtering of
scattered light, the up-converted signal is dispersed by a grating inside of a monochromator and
finally detected by a liquid nitrogen cooled, UV-enhanced CCD camera. For the sake of clarity, the
SFG process and the signal filtering parts are shown from the top and form the side. Reproduced
from ref. [30].
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then decays to the manifold of close-lying
spin-mixed MLCT and MC states which
undergo an ultrafast (<10 fs) intramolecu-
lar electronic-vibrational relaxation, lead-
ing to population of the high vibrational
levels of the lowest 3MLCT state, whose
population rises in 70 fs. We are therefore
able to observe the departure, the interme-
diate steps, and the arrival of the relaxation
cascade that spans more than 1.6 eV, from
the 1LC state to the lowest 3MLCT state,
yielding the long-lived luminescence of the
molecule. These results represent the first
measurement of the complete relaxation

time over an entire cascade of electronic
states in a polyatomic molecule. The most
remarkable result is that intramolecular
electronic relaxation proceeds at sub-vi-
brational time scales (<10 fs) over a large
energy gap. This was already hinted at in
our previous studies on organic and inor-
ganic molecular complexes,[49,50] but the
occurrence of LC emission in the present
case provides a ‘clock’ of the relaxation
dynamics. Such ultrafast electronic ‘cool-
ing’ does not mean that the molecule is
‘cold’ in absolute terms. The excess elec-
tronic energy is impulsively converted into

low frequency vibrational modes of the
molecule, which are often optically silent
ones. The most outstanding outcome of
these studies is that electronic ‘cooling’ of
large energy gaps occurs at sub-vibration-
al time scales. This issue calls for further
investigations with methods at even higher
time resolution, eventually going into the
attosecond regime.

3.3 Materials Science: Transition
Metal Oxides

2DUVTA spectroscopy offers new per-
spectives in the field of materials science,
shedding light on the elusive physics of
strongly interacting and correlated quan-
tum systems. Using this non-equilibrium
spectroscopic approach, one can aim at:
1) discovering new hidden or metastable
high-energy excitations in a given materi-
al; 2) revealing how the low-energy excita-
tions affect specific high-energy collective
modes (e.g. excitons…) of the system. In
this respect, ultrafast broadband UV spec-
troscopy becomes a superior tool for un-
ravelling complex phenomena in TMOs, a
class of materials in which a plethora of
effects emerges due to the non-trivial in-
terplay between low- and high-energy de-
grees of freedom.

Anatase TiO
2
is a prototypical TMO

used in a number of applications (e.g. pho-
tocatalysis, photovoltaics, etc.). Recently,
the application of equilibrium spectrosco-
pies and many-body perturbation theory
calculations revealed that the absorption
threshold of this material is dominated
by strongly bound direct excitons rising
over the continuum of indirect interband
transitions.[51] These excitons are con-
fined on a two-dimensional (2D) plane
of the three-dimensional crystal lattice
and remain stable at room temperature
in the case of single crystals. However,
in all applications, highly defective sam-
ples (e.g. nanoparticles, NPs) are used at
room temperature and ambient pressure.
One may therefore question the existence
of these excitons for the actual systems
used in technology. Indeed, the equilib-
rium absorption spectrum of colloidal
anatase TiO

2
NPs does not show obvious

signatures of excitonic transitions, and is
rather featureless (see black dotted trace
in Fig. 8a). A powerful approach to ad-
dress the existence of excitonic transitions
in a material is to interrogate the system
out-of-equilibrium via ultrafast broadband
optical spectroscopy. Typically, the exciton
line shapes can be identified through the
pump-induced transparency of the exciton-
ic peak, referred to as ‘exciton bleaching’.
To clearly observe this effect in colloidal
solutions of anatase TiO

2
NPs, ultrafast TA

UV spectroscopy is a superior technique
because it subtracts the scattered light and
provides a better contrast for resolving

Fig. 6. 2DUV transient
absorption of myo-
globins revealed that
while Trp-7 decays
via FRET to the heme,
Trp14 undergoes
electron transfer with
a yield of ca. 50%
while the rest decays
by FRET (see refs
[39,40]).

Fig. 7. Absorption spectrum of fac-tris(2-phenylpyridine)-iridium(iii) or Ir(ppy)3 in a DMSO solvent
and time zero fluorescence spectrum (black) upon excitation of the LC band at 266 nm. The red
trace represents the steady-state fluorescence spectrum of the ppy ligand and the blue trace
the steady-state absorption spectrum. The inset compares the cross-correlation (red Gaussian),
which is the Raman signal of the solvent, with the time profile measured on the emission at 340
nm. Reproduced from ref. [47].
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1 ps relaxation of the solvent cage around
the aqueous electron[58,59] but the strong
absorption (in TA) or PE signal of the sol-
vated electron have hindered the observa-
tion of concurrent dynamics of the solute.
Fluorescence of the CTTS states would
provide a direct measurement of the elec-
tron departure to the solvent since photons
are emitted during the time the ground and
the excited (CTTS) state wave functions of
the solute overlap.We reported for the first
time the observation of CTTS fluorescence
using deep-UV FlUC in the case of aque-
ous I–.[60]

The fluorescence spectrum of aqueous
iodide, measured upon excitation at 266
nm, is shown in Fig. 9. An emission span-
ning from the UV (approx. 300 nm) to the
visible region (approx. 670 nm) appears
promptly at time zero. Its decay is strongly
wavelength-dependent going from ca. 60
fs at λ <330 nm to ∼50 fs at 650 nm. These
results reveal the very large inhomogeneity
of the excited centres with each iodide hav-
ing a somewhat different solvent shell at
t=0. The starting solvent configuration will
determine the subsequent dynamics where
the solvent accommodates to the excited
species giving rise to very different Stokes
shifts spanning over 1 eV. The redder the
emission, the larger the Stokes shift and,
therefore, the more stable the configura-
tion, which is reflected in a longer decay
time. The various time scales, in particular
in the redder part of the spectrum could
not be observed by TA or other methods
because the signal of the solvated electron
overshadows these dynamics.

4. Conclusions

The present contribution reported on
the applications of ultrafast deep UV spec-
troscopies, either in transient absorption,
reflectivity, and in fluorescence. The avail-
ability of high performance set-ups allows
the study of a wide range of systems, for
which prominent deep-UV bands are pres-
ent. The examples of biological systems
and transition metal oxides presented here
underscore the importance of covering
this spectral range. In the case of transition
metal oxides, the ability to excite either the
first excitons or higher into the conduction
band allows for a distinction between the
dynamics of excitons as opposed to that
of free carriers. Concerning molecular
systems, several studies are now possi-
ble for which the photoinduced processes
are excitation wavelength dependent, e.g.
the recently investigated case of aqueous
[Fe(CN)

6
]4–.[61] Developments are under-

going aimed at time-resolved deep-UV
circular dichroism, which can be applied
to studies of chirality or conformation-
al changes in proteins. Finally, pushing

ety of quantum phenomena in complex ox-
ides. Extensions of this technique involve
the study of direct excitons in ZnO,[52] the
mapping of the charge dynamics across the
charge-transfer gap in NiO,[53] and the un-
ravelling of spin polarons in LaSrMnO

4
.[54]

3.4 Solvation Dynamics
The first step of an intermolecular

charge transfer (CT) reaction (e.g. electron
or proton transfer) between a donor and
an acceptor in solution is a charge transfer
to the solvent. Charge-transfer-to-solvent
(CTTS) states, which are quasi-bound
states of the solute–solvent system with no
equivalent for the isolated ions, are ideal
objects to investigate this first step. CTTS
states are common in the case of aqueous
halides and, since the latter lack internal
(nuclear) degrees of freedom, the CTTS
dynamics is entirely dependent on the
structure andmotion of the solvent species.
CTTS states are therefore ideal probes of
electronic solvation dynamics upon elec-
tronic excitation of a solute.

Ultrafast TA and photoemission (PE)
spectroscopies have been employed to ob-
serve the early-time dynamics of aqueous
CTTS states.[55–59] It has been shown that
in water, the electron is detached from the
iodide in ∼0.2 ps followed by an approx.

possibly hidden features. By applying this
technique on single crystals (in reflectiv-
ity mode) and nanoparticles (in transmis-
sion mode), the excitonic species could be
clearly revealed (Fig. 8).[51] Fig. 8b shows
the results of transient reflectivity meas-
urements of single crystals after convert-
ing them to absorption changes. The data is
dependent on the crystal orientation, show-
ing that the first peak is dominant along the
a-axis, while the second band is dominant
along the c-axis. More details are found in
ref. [51]. These results show that the ex-
citons are very robust against defects, an
aspect that has strong consequences in the
field of applied research, since the excitons
can store the incoming energy in the form
of light and guide it at the nanoscale in a
selective way.

These measurements have helped clar-
ify the single-particle and many-body ef-
fects leading to the exciton bleach and to
track the ultrafast intra-band electron dy-
namics.[29] So far, they had also been elu-
sive to experimental probes and become
accessible only when the broadband probe
is tuned to cover a broad UV spectral range
between 280 and 360 nm.

These first results demonstrate the
power and versatility of ultrafast 2DUV
spectroscopy for the investigation of a vari-

Fig. 8. (a) Normalized
transient absorp-
tion (ΔA) spectra
at room temperature
of a colloidal solution
of anatase TiO2 NPs
at a fixed time-delay
of 1 ps and for dif-
ferent pump photon
energies (indicated
in the figure). Each
trace is normalized
with respect to the
minimum of the main
feature at 3.88 eV.
For comparison, the
black trace shows the
inverted steady-state
absorption spectrum.
(b) ΔA spectra (con-
verted from transient
reflectivity meas-
urements) of room
temperature anatase
TiO2 single crystals
along the a- and
c-axis at a fixed time
delay of 1 ps. For this
experiment, the pump
photon energy is 4.40
eV. Reproduced from
ref. [51].
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Ultrafast Laser to Tailor Material
Properties: An Enabling Tool in Advanced
Three-dimensional Micromanufacturing

Yves Bellouard*

Abstract: The progress made in ultrafast laser technology towards high repetition rate systems have opened
new opportunities in micromanufacturing. Non-linear absorption phenomena triggered by femtosecond pulses
interacting with transparent materials allowmaterial properties to be tailored locally and in three dimensions, with
resolution beyond the diffraction limits and at rate compatible with fabrication process requirements. In this short
article, we illustrate the potential of this technology for manufacturing, and more specifically micro-engineering,
with a few examples taken from our own research and beyond.

Keywords: Micro-engineering · Ultrafast laser

Introduction: Femtosecond Laser
Processing on Dielectrics

Tightly focused femtosecond laser
pulses of ultrashort duration (10–13–10–15 s)
applied to transparent substrates trigger
non-linear absorption phenomena such as
multiphoton processes, ionizing the fo-
cal volume, creating a plasma that once
recombining with the material structure
lead to a locally modified structure. This
laser–matter interaction, complex and di-
verse, differs from one material system to
another.[1–8]

Among the various dielectric sub-
strates, fused silica combines an ensemble
of unique characteristics that make it,
when exposed to femtosecond laser radia-
tion, a particularly interesting candidate
for multifunctional integration in mono-
lithic substrates.

In these materials, one can locally in-
crease the refractive index,[9,10] enhance the
etching rate,[11] introduce sub-wavelength
patterns[12] with associated form birefrin-
gence,[13,14] create voids[15] or change the
thermal properties of fused silica.[16] By
scanning the laser through the specimen
volume,[17] one can distribute, combine
and organize these material modifications
to form complex patterns to be used for in-
stance as waveguides or fluidic channels.

The basic working principle of the fem-
tosecond laser direct-writing process is il-
lustrated in Fig. 1.

Three-dimensional Micromachining

Using a two-step process that combines
laser exposure and chemcial etching, com-
plex parts with three-dimensional (3D)
geometries can be efficiently produced. As
will be seen later on, the chemical step has
a beneficial effect on the mechanical prop-
erties of the fabricated microstructures by
enhancing the surface quality and reducing
the occurrence of possible micro-cracks.
The steps toward micromachining of 3D
parts are further described below and illus-
trated in Fig. 1:

Step 1: The material is selectively ex-
posed by rasterizing a pattern according to
a technique described in ref. [17]. As an
illustration of the laser systems used in
the examples presented in this paper, we
used mainly ytterbium-based lasers oper-
ating around 1030 nm with typical pulse
duration around 270-fs and repetition rates
ranging from 400 to 800 kHz or above.
Average power is typically in the range of
a few to hundreds of milliwatts with pulse
energies of a few tens of nano-Joules.
Microscope objectives with moderate NA
(typically around 0.4 to 0.6 NA) are often
used. Writing speeds (that vary depending
on the type of pattern) range from a few
tens of microns per seconds to tens of mm
per seconds. Higher writing speeds have
been reported[18] and essentially depend

Fig. 1. Illustration of the processing steps for three-dimensional manufacturing using ultra-fast
lasers,[17] illustrated here in the case of a micro-channel microfabrication. Step 1: The material is
locally exposed to femtosecond laser irradiation, for instance, by locally moving the substrate
under the laser beam or, by scanning the laser beam on a static substrate. The inner structure of
the material is modified, but no ablation is taking place. As the process is non-linear, the laser
light is locally absorbed only at the focal point. Modifications can therefore be three-dimensional
and can occur anywhere within the volume of the glass and under the surface in particular. The
nature of the structural changes induced by the laser can be diverse, ranging from continuously
modified zones to self-organized patterns such as nanogratings. Furthermore, and as another
consequence of the non-linearity of the interaction, the modified zone can be smaller than the
spot-size itself and therefore, beyond the diffraction limit. Step 2: To remove material, the laser
exposed region is etched away for instance with hydrofluoric (HF) acid in the case of silica. This
second step is omitted when the laser modified zones are directly used for their properties (such
as in the case of waveguides).
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for identifying micro-algae[35,36] (illustrated
in Fig. 3). The main advantage compared to
other technology is that it is single monolith,
optically transparent for a broad optical spec-
trum and compact.

Other examples of devices combining
waveguides and channels can be found for
instance in refs [37,38].

Micromechanics

Femtosecond lasers provide a way to
carve out any shape from a glass material
as long as the acid can penetrate through
the laser exposed regions. One can there-
fore make fluidic structures as described
above, but also flexures – a deformable
element used in precision mechanics, by
defining thin-beam-like structures that can
deform elastically. Based on this principle,
all-optical mechanical sensor[39] where the
flexures and the waveguides are all part of
the same material can be made. There, the
structure withstands stress in excess of 500
MPa. Stress in excess of 2 GPa can even be
reached in a single flexure.[40,41] The me-
chanical performance is strongly affected
by the etching rate.

Controlled Stress State

The femtosecond laser–matter interac-
tion in the non-ablative regime induces lo-

at 1550 nm, as reported by several authors.
Complex optical devices can be formed by
carefully combiningwaveguides splitting or
separating them.[26,27,29]

Combining Laser-affected Zones of
Different Kinds to Form Integrated
Devices

An interesting aspect of this manufac-
turing technique is the fact that the same
laser can produce more than one type of
microstructure having different functions.
In particular, waveguides and microstruc-
tures can be combined to form integrated
devices such as optomechanical and opto-
fluidics devices. As the same laser is used
to produce all the features, such devices
are intrinsically accurate as each element
is produced at the same time.

Optofluidic Devices

To fabricate an optofluidic device, one
needs to carefully control the etching process
so that waveguides are preserved.[33,34]Using
the technology platform introduced before,
one can create a variety of small optofluidics
instruments, for example where light propa-
gating in waveguides is used to interrogate
cells passing through a fluidic channel. The
example below illustrates a fluidicmicrochip

on the strategy used to stir the beam or to
move the specimen under it.

Step 2: After laser-exposure, the part
is etched in a low-concentration hydroflu-
oric bath. Concentrations between 2.5%
and 5% are typically used.With these con-
centrations, the etching rate enhancement
is 60–120 times faster[17] in the exposed
region compared to the pristine material.
This may result in a total etching time
that can vary from a few tens of minutes
to several hours, depending on the com-
plexity of the patterns. Noticeably, the la-
ser polarization has a strong effect on the
etching efficiency.[19] Recent work[20] has
shown that KOH also provides an efficient
and more selective means for structuring
laser-exposed patterns with the aspect ra-
tio exceeding thousand in certain cases.
However, the etching mechanisms are dif-
ferent and lead to different surface mor-
phologies. The two methods can eventu-
ally be combined, taking advantage of the
characteristics of both.[21]

The mechanism leading to an etching
rate enhancement is complex and not fully
understood, but seems to be mainly driven
by the localized densification and porosity
introduced in the material as well as the
presence of stress that is known to have an
effect on the etching rate.[22]

Fig. 2 illustrates a monolithic three-
dimensional flexure cross-pivot[23] entirely
manufactured out of glass. Such flexures
have superior performances compared to
more traditional flexures like the notch
hinge: the stiffness contrast between the
pivot axis and the other degrees of free-
dom is significantly higher and better
defined, making it a true one-degree of
freedom pivot. As the figure shows, these
cross-pivots can themselves be combined
in more complex structures, e.g. mechani-
cal guidance like the Hoecken mechanism
illustrated below. This example illustrates
how the process described above can be
used to ‘print’ three-dimensional parts.

Waveguide Writing

Waveguide writing has been one of the
most studied applications of femtosecond
laser processing of dielectrics and numer-
ous examples can be found in the literature
(a few references are provided for fused sil-
ica as well as other glass.[9,10,24–31] The topic
has recently been reviewed in ref. [31]. The
volume locally hit by the femtosecond laser
experiences a slight increase of refractive
index (highest reported Δn are in the or-
der of ~0.5×10–3). The laser affected zone
(LAZ) shape and size can be determined us-
ing either a refractive index map technique
or more recently a novel technique based
on Scanning Thermal Imaging.[32] Losses
in waveguides can be less than 0.4 dB/cm

Fig. 2. Scanning Electron Microscope image (top left) and microscope image (top right) of a
cross-pivot hinge as part of a mechanism. The images show the three crossed beams and the
rounded corners at the location where the beams are connected to the main body. Note the high
aspect ratio of the micromachining process. A monolithic glass Hoecken linear guidance (left) and
a sequence of merged images to illustrate the function of the mechanism (right). The end point,
i.e. where the linear motion is produced, is the cross in the upper part. The mechanism is activat-
ed by moving the rectangular window (left side of the images) along a circle. The linearity is within
±0.5 µm over a displacement of 600 µm. Figure taken from ref. [23].
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fromthe lowest to thehighestpulseenergies
and for pulse energies below ~200 fs,[54]
the first type of modification (Regime I)
corresponds to a localized densification.
This laser-induced densification mecha-
nism appears to be different than densifi-
cation induced by mechanical means as in-
dicated by Raman observations.[32] While
common features are observed such as
the narrowing and shift of the main band,
femtosecond laser-induced densification
is characterized by an increase of the D2-
peak amplitude, suggesting the formation
of silica tetrahedral rings of lower order.

At higher pulse energy levels, one ob-
serves intriguing self-organization phe-
nomena consisting of nanoplanes forming
parallel one to another,[12] the so-called
Regime II. Contrary to the lower pulse
energy regime, these nanostructures, due
to their periodicity, induce phenomena of
form birefringence (i.e. a periodic modu-
lation of the refractive index[13,14]) that is
also characterized by a localized increase
of volume. As shown in ref. [55], these
nanoplanes contain porous materials into
which the presence of molecular oxygen

elements. This define is completely trans-
parent to light. The electrodes consist of
an indium-tin-oxide simply deposited on
the material.

Thanks to the three-dimensional capa-
bilities of micro-manufacturing process,
new types of actuating principles that
could not be easily implemented at the mi-
croscale are studied. Illustrations are for
instance dielectrophoretic actuators[46] that
benefit from a three-dimensional electrode
design that is able to generate a electro-
static field gradient.

The Structure of Laser-affected
Zones in Silica

The structural changes causing the
change of properties, like the increased
refractive index or the localized enhanced
etching rate have been analyzed using mul-
tiple spectroscopy techniques (see for in-
stance refs [26,47–50] including Raman[51]
as well as with indirect methods.[52,53] So
far, it is generally admitted that two main
types of modifications are found. Starting

calized volume changes in the material. As
a consequence, these density changes gen-
erate stress in the material that can be con-
trolled both in intensity and direction.[42]
By carefully arranging these stressed
zones, one can create wave plates[43] or use
it for deforming the material locally like
for instance for adjusting the position of
an element.[44]

Micro-actuators and
Optomechanical Sensors

The same process can also be used for
manufacturing devices like micro-actua-
tors. An illustration of a comb-array linear
actuator is illustrated in Fig. 4.[45] Here,
the high-aspect ratio of the micromachin-
ing technique is used to achieve large ac-
tuation forces by creating a difference of
electrical potential between parallel plates
arranged in a comb. The gap being shorter
on one side than on the other, a net force
pulling the structure in one direction is
generated. The pull-back force is provided
by the stored elastic energy in the guiding

Fig. 4. Left: Working principle for a comb-array electrostatic glass actuator. Right: Scanning electron microscope close-up views of the fabricated
comb-array actuator (adapted from ref. [45], © American Institute of Physics).

100μm

Fig. 3. Left: Channel and waveguides written in the bulk of glass (adapted from ref. [34], © SPIE). Center: Examples of wavelets signals obtained for
specific algae species. Right: Images captured on the fly by a microscope camera overlooking the fluidic channel (center and right images taken
from ref. [35], © Optical Society of America).
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Adv. Opt. Photon. 2014, 6, 293.

[9] K. M. Davis, K. Miura, N. Sugimoto, K. Hirao,
Opt. Lett. 1996, 21, 1729.

[10] K. Miura, J. Qiu, H. Inouye, T. Mitsuyu, K.
Hirao, Appl. Phys. Lett. 1997, 71, 3329.

[11] A. Marcinkevicius, S. Juodkazis, M. Watanabe,
M. Miwa, S. Matsuo, H. Misawa, J. Nishii, Opt.
Lett. 2001, 26, 277.

[12] Y. Shimotsuma, P. G. Kazansky, J. Qiu, K.
Hirao, Phys. Rev. Lett. 2003, 91, 247405.

[13] E. Bricchi, J. D. Mills, P. G. Kazansky, B. G.
Klappauf, J. J. Baumberg, Opt. Lett. 2002, 27,
2200.

[14] E. Bricchi, B. G. Klappauf, P. G. Kazansky,
Opt. Lett. 2004, 29, 119.

[15] E. N. Glezer, M. Milosavljevic, L. Huang, R. J.
Finlay, T.-H. Her, J. P. Callan, E. Mazur, Opt.
Lett. 1996, 21, 2023.

[16] Y. Bellouard, M. Dugan, A. A. Said, P. Bado,
Appl. Phys. Lett. 2006, 89, 161911.

[17] Y. Bellouard, A. Said, M. Dugan, P. Bado, Opt.
Express 2004, 12, 2120.

[18] M. Hermans, J. Laser Micro/Nanoeng. 2014, 9,
126.

[19] C. Hnatovsky, R. S. Taylor, E. Simova, V. R.
Bhardwaj, D. M. Rayner, P. B. Corkum, Opt.
Lett. 2005, 30, 1867.

[20] S. Kiyama, S. Matsuo, S. Hashimoto, Y.
Morihira, J. Phys. Chem. C 2009, 113, 11560.

[21] S. LoTurco, R. Osellame, R. Ramponi, K. C.
Vishnubhatla, J. Micromech. Microeng. 2013,
23, 085002.

[22] A. Agarwal, M. Tomozawa, J. Non-Cryst.
Solids 1997, 209, 166.

[23] V. Tielen,Y. Bellouard,Micromachines 2014, 5,
697.

[24] Y. Sikorski, A. A. Said, P. Bado, R. Maynard, C.
Florea, K. A. Winick, Electron. Lett. 2000, 36,
226.

[25] C. B. Schaffer, A. Brodeur, J. F. García, E.
Mazur, Opt. Lett. 2001, 26, 93.

[26] A. M. Streltsov, N. F. Borrelli, Opt. Lett. 2001,
26, 42.

[27] K. Minoshima, A. M. Kowalevicz, I. Hartl, E. P.
Ippen, J. G. Fujimoto,Opt. Lett. 2001, 26, 1516.

[28] R. Osellame, S. Taccheo, G. Cerullo, M.
Marangoni, D. Polli, R. Ramponi, P. Laporta, S.
De Silvestri, Electron. Lett. 2002, 38, 964.

[29] R. R. Thomson, S. Campbell, I. J. Blewett, A.
K. Kar, D. T. Reid, S. Shen, A. Jha, Appl. Phys.
Lett. 2005, 87, 121102.

has been hypothesized[56] and recently ex-
perimentally confirmed.[57] The exact for-
mation mechanism of these nanostructures
is still actively debated and various models
have been proposed (see among others refs
[12,58–60]).

Interestingly, the pulse duration triggers
or suppresses the occurrence of Regime I.
Above 200 fs, this regime seems not to be
observed,[54] at least using classical focus-
ing techniques. The evolution of these laser-
modified zones and their behavior strongly
depends on the energy deposited in the ma-
terial (also called net fluence or dose). For
instance, one can observe a change from a
volume reduction to an expansion of the
laser-affected zone while continuously in-
creasing the pulse energy of the laser, from
regime I to regime II.[57] Noteworthy, this
transition from shrinkage to expansion is
also observed while continuously increas-
ing the exposure dose in regime I.[57]

If the repetition rate of the laser is
driven to a high level (typically above
~2–3 MHz for silica), one observes the
bulk heating of the material[61,62] and the
formation in particular of gas bubbles that
may themselves self-organize by feed-
back mechanisms.[63]

Here, we have briefly surveyed some of
themorewell-known effects.Much remains
to be done to fully understand this peculiar
laser–matter interaction and to explore all
its subtleties, but also to optimize it.

Conclusion and Future Prospects

Femtosecond lasers can be used to ef-
ficiently tailor the material properties of
fused silica in order to create not only opti-
cal functions (such as waveguides), but al-
so mechanical (flexures) or fluidic (micro-
channels) elements. These functions can be
combined to form complex optofluidics or
optomechanical devices or a combination
of both in a single substrate of material.
This dramatically reduces the fabrication
complexity and opens new horizons for
further integration at the micro-/nanoscale,
in particular by offering the possibility to
fabricate three-dimensional devices, which
is difficult using conventional fabrication
methods based on lithographic techniques.

The next step is to expand the taxonomy
of functions that can be directly written in
the material. To do so, one could imagine
using femtosecond lasers to induce high-
pressure polymorphic phases of the same
material. For instance, in the case of SiO

2
,

there are numerous existing polymorphic
phases, stable at ambient temperature, that
have physical properties different from
their amorphous counterpart. Well-known
examples are the quartz phases that exhibit
piezoelectricity while amorphous silica
does not.
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Abstract: X-ray techniques have long been applied to chemical research, ranging from powder diffraction tools
to analyse material structure to X-ray fluorescence measurements for sample composition.[1] The development
of high-brightness, accelerator-based X-ray sources has allowed chemists to use similar techniques but on more
demanding samples and using more photon-hungry methods. X-ray Free Electron Lasers (XFELs)[2] are the latest
in the development of these large-scale user facilities, opening up new avenues of research and the possibility of
more advanced applications for a range of research. The SwissFEL XFEL project at the Paul Scherrer Institute will
begin user operation in the hard X-ray (2.1–12.4 keV) photon energy range in 2018 with soft X-ray (240–1930 eV)
user operation to follow and here we will present the details of this project, it’s operating capabilities, and some
aspects of the experimental stations that will be particularly attractive for chemistry research. SwissFEL is a
revolutionary new machine that will complement and extend the time-resolved chemistry efforts in the Swiss
research community.

Keywords: SwissFEL · X-ray free electron laser

Introduction

Chemistry has long been a forward-
looking field, with its researchers con-
stantly developing new tools and pushing
the limits of current techniques to an-
swer a broad range of research questions.
Chemistry has rapidly adopted X-ray
Free Electron Lasers (XFELs) as yet an-
other research tool in their panoply of
techniques, taking full advantage of these
highly-specialized sources of high energy
photons. XFEL techniques are often simi-
lar to those developed at third-generation
synchrotron light sources, which include
X-ray spectroscopy, X-ray scattering, and
X-ray imaging methods.[3] The fundamen-
tal difference between the properties of
the two facilities is that whereas a storage
ring produces a quasi-continuous beam of
X-rays for experiments, XFELs produce
short bursts of very intense X-rays at peri-
odic intervals.A facility such as SwissFEL
operates at a repetition rate of 100 Hz, pro-

ducing 50 fs duration X-ray pulses with
over 1 mJ of energy per pulse (1012 pho-
tons/pulse). These properties make XFELs
ideal for certain types of experiments, and
in some cases have driven the development
of entirely new techniques, such as non-
linear X-ray techniques.[4] In the following
sections, we will introduce the details of
the SwissFEL machine, beamlines and ex-
perimental stations, concluding with some
examples of how the facility will be used
for chemistry research.

Facility

The SwissFEL is located at the Paul
Scherrer Institute (Villigen, Switzerland),
which is the home to other large-scale user
facilities including the Swiss Light Source,
a third-generation synchrotron light source,
SµS, the Swiss Muon Source, SINQ, the
Swiss Spallation Neutron Source, and
HIPA, the high-intensity proton accelera-
tor. SwissFEL is located in the forest on
the East side of the Aare river, with the
building located partially underground.
The building itself is just under 1 km long,
starting from the injector and ending at the
experimental hall. The facility includes
large areas for the experiments, includ-
ing 692 m2 for the three soft X-ray Athos
beamlines and instruments, and three large
hard X-ray hutches for three experimental
stations, which are located on the three
Aramis beamlines (see Fig. 1 for a sche-
matic layout of the experimental areas). In
addition to the experimental hutches there
will be laboratory space for chemical and
biological sample preparation, and techni-

cal work areas for instrument assembly and
testing. Optical lasers will be available for
both Athos and Aramis experiments, with
the laser infrastructure installed directly in
the soft X-ray experimental hall and on the
first floor above the hard X-ray experimen-
tal hutches (see Fig. 1).

The SwissFEL accelerator scheme is
shown in Fig. 2. The initial installation of
the Aramis hard X-ray branch was com-
pleted in 2017, and is scheduled to begin
user operation in 2018. It consists of the
electron gun and injector, followed by
three linear accelerator (linac) stages to
accelerate the electrons to their highest en-
ergy of 5.8 GeV. In order to achieve the up-
per target X-ray photon energy of 12.4 keV
(1 Å) this requires a low-emittance elec-
tron beam. After the electron acceleration
stages the photons are generated by 12
in-vacuum undulator modules with vari-
able gap.[5,6] This variable gap allows the
photon energy to be easily changed, which
is important for X-ray spectroscopy exper-
iments.[7] The soft X-ray Athos branch of
the accelerator uses the first two Aramis
linac stages to achieve an electron ener-
gy of 3 GeV, and a fast electron kicker to
direct the beam into the Athos undulators.
Linac 3 can be used to accelerate or decel-
erate the electrons, allowing it to cover the
full electron energy range (2.1–5.8 GeV)
while maintaining a stable electron energy
for the Athos branch. The Athos undula-
tor section allows full polarization control
over the X-rays while still allowing for
easy scanning of the photon energy, while
the Aramis undulators produce horizontal-
ly polarized photons, also tunable over a
wide energy range.

http://www.psi.ch
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cover the full X-ray photon energy range
with varying energy resolution. Aramis 1
hasvertically deflectingharmonic rejection
mirrors following the monochromator to
remove the higher-order X-ray harmonics
when operating in the lower range of X-ray
photon energies (2–5 keV) where signifi-
cant harmonic contamination can be espe-
cially problematic for spectroscopic meas-
urements.[12] The beamlines are equipped
with flexible Kirkpatrick-Baez focussing
mirrors, allowing the X-ray focus to be
changed depending on the experimental re-
quirements (1.5–100 µm). Because of the
achromatic nature of these optics they will
not need to be adjusted when changing the
X-ray photon energy. Future possible up-
grades to the beamlines include compound
refractive lenses for simpler focussing re-
quirements and phase-retarders to be able
to control the hard X-ray polarization on
the sample.[13]

In addition to the X-ray optics the
beamlines also include several different
diagnostics elements to report on the prop-
erties of the X-ray beam. Depending on
their application they can be destructive,
precluding any other measurement from
taking place with the XFEL beam, and on-
line, providing information concurrent to
an experiment for every X-ray pulse. The
information recorded for every pulse in-

Through the use of vertical mirrors both
of these modes share the same beam path,
allowing all the downstream optics, diag-
nostics and experimental positions to re-
main unchanged when switching between
modes. When using monochromatic mode
the X-ray beam direction will remain un-
changed when scanning the X-ray energy
through the use of fixed-exit monochroma-
tor designs. Eachmonochromator has three
crystal pairs mounted, which will include
Si(111), Si(311) and InSb(111), which will

SwissFEL will operateAramis initially
using twoelectronchargemodeswhichwill
allow users to choose between high per-
pulse X-ray flux (200 pC, 50 fs FWHM) or
short pulse duration (10 pC, 1 fs FWHM).
In the future several more advanced opera-
tion modes are anticipated including broad
X-ray bandwidths (5–7%),[8] attosecond
pulse durations (100 as), and two-pulse
operation with tuneable pulse energies and
time delays.[9] The Athos branch has sim-
ilar advanced capabilities, but with some
additional possibilities introduced by the
installation of magnetic chicanes between
the undulator modules, the so-called CHIC
mode of operation.[10,11] In final operation
capacity SwissFEL will be able to operate
both Athos and Aramis simultaneously by
producing and accelerating two electron
bunches separated by 28 ns, then using
a fast electron kicker to direct one of the
bunches into the Athos accelerator branch.
The SwissFEL design parameters are giv-
en in Table 1.

Beamlines

The hard X-ray branch of SwissFEL
consists of three planned beamlines, each
delivering the FEL radiation into three ex-
perimental hutches.[12] The initial phase of
operation will cover the first two experi-
mental hutches, with the third planned for
installation in the coming years. The op-
tics scheme for the beamlines is shown in
Fig. 3.

The beamlines are physically separated
by the use of horizontal offset mirrors that
direct the XFEL beam either to the left or
the right, allowing for three different beam
trajectories. Each beamline will be capable
of operating in either so-called pink beam
mode, with the full XFEL X-ray spectrum
delivered to the experiment (0.05–7%), or
monochromaticmode where only a narrow
X-ray bandwidth is used (e.g. 0.015%).

Table 1. SwissFEL design parameters covering both the soft and hard X-ray
branches. Values in red are advanced operation modes.

Description Range

Wavelength 1 Å to 70 Å

Photon energy 0.24 to 12.4 keV

Photons/pulse @ 1Å 1011

Pulse duration (FWHM) 1 to 50 fs (100 as)

Spectral bandwidth 0.05–0.16% (5–7%)

Maximum electron energy 5.8 GeV

Electron bunch charge 10–200 pC

Repetition rate 100 Hz

Pump laser infrastructure
above ESA X-ray hutch

ESA ESB
ESC

(Phase II)

Pump laser
infrastructure

Aramis Experimental Area:
• 3 hutches (522.6 m2)
• Hard X-rays 2.1Û12.4 keV (0.1Û 0.7nm)
• 1st Pilot Experiment Q4 2017
• Full operation (5.8 GeV) Q2 2018

Athos Experimental Area:
• 1 single hutch 692 m2

• Soft X-rays 0.24Û 1.93 keV (0.65Û 5nm)
• Phase II: 2017-2020

Fig. 1. SwissFEL experimental hutch layout. The hard X-ray experimental stations ESA and ESB
will be ready for user operation in 2018, with ESC and Athos coming online in the following
period. The X-rays come from the accelerator tunnel, which is to the left on the above layout,
and move through the above building layout from left to right.

2nd construction phase
2017-20

Linac 3Linac 1Injector Linac 2

Athos 240-1930 eV

Aramis 2.1-12.4 keV0.35 GeV 2.1 GeV 3.0 GeV 2.1-5.8 GeV

user
stations2.7-3.3 GeVBC1 BC2

1st construction phase
2013-2016

Fig. 2. SwissFEL accelerator design. The hard X-ray Aramis branch will begin user operation in
2018 with the soft X-ray Athos branch installation to begin in 2017. Legend: Linac = linear
accelerator, BC = bunch compressor.
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imental stations have similar beamline
capabilities, as illustrated in the previous
section, but the instruments located at the
experimental stations are focussed on em-
phasizing different X-ray techniques. The
conceptual design reports for all instru-
ments presented in this section are availa-
ble on the SwissFEL website.[23]

Experimental Station Alvra[24]

The layout of the ESA experimental
hutch is shown in Fig. 4. ESA is focussed
primarily on two techniques: X-ray spec-
troscopy[7,25] and Serial Femtosecond
Crystallography (SFX).[26,27] X-ray spec-
troscopy involves measuring the X-ray
transmission or X-ray fluorescence of a
sample as a function of monochromatic
X-ray energy.[3] These measurements can
provide information on the local electronic
and geometric structure around the absorb-
ing species.[25] SwissFEL will be particu-
larly suited for these types of experiments
due to its variable-gap undulators[28,29]
which can easily scan the X-ray energy of
the XFEL over a very wide range, allowing
techniques such as X-ray absorption near-
edge structure (XANES) and Extended
X-ray absorption fine structure (EXAFS)
to be used.[25] SFX is a technique that has
been developed for protein crystallography
where a stream of small crystals is deliv-
ered into the focussed X-ray beam using a
range of different injector techniques, and
the diffraction pattern from each crystal is
recorded on a large two-dimensional de-
tector.[30] Though the intense XFEL pulse
destroys the crystal, because an ultrashort
X-ray pulse is used the diffraction occurs
before the atoms have time to move from
their lattice positions.[31,32] SFX can re-
solve room-temperature protein structures
to better than 2 Å resolution on very small
crystals,[26,30] which expands the technique
to include samples that are difficult to crys-
tallize, such asmembrane proteins.[33]ESA
has the additional capability of performing
X-ray emission spectroscopy (XES) which
uses X-ray diffraction from an analyser
crystal to measure the scattered or fluo-
rescence X-ray photons with high energy
resolution.[34] ESA uses short focal length
crystals (25 cm) in a dispersive von Hamos
geometry[35] to measure a range of XES
energies in a single measurement. This
spectrometer can also be used for a variety
of other scattering measurements include
off-resonant techniques[36,37] and inelastic
X-ray scattering (IXS).

These techniques will be applied at two
instruments, which are located in line with
the X-ray beam: ESA Prime and ESA Flex
(see Fig. 4). Due to the flexible KBmirrors
the X-rays can be focussed at either instru-
ment, with the minimum focus of 1.5 µm
achieved at ESA Prime. Both instruments

delivered with uncompressed pulses down
to the experimental hutch where it is split
into two branches with separate pulse dura-
tion compressors: one for the X-ray timing
tool diagnostic[18,19] and the other for the
experiment. For photochemistry and pho-
tobiology the samples will often require
excitation in the UV to IR range, which is
covered by a high-power Topas optical par-
ametric amplifier (OPA). The anticipated
pulse energies delivered to the experiment
are shown in Table 2. In addition to the UV
to IR wavelengths the laser is capable of
generating a range of additional frequen-
cies for sample excitation, including THz
generation.[22]The laser can provide pulses
at frequencies ranging from the maximum
repetition rate of SwissFEL (100 Hz) down
to single pulses.

Experimental Stations

SwissFEL will operate initially with
two experimental stations. Experimental
station Alvra (ESA) is focussed on pho-
tochemistry and photobiology while
Experimental station Bernina (ESB) on
condensed matter physics. Both exper-

cludes the X-ray spectrum,[14,15] the X-ray
pulse energy and the X-ray beam posi-
tion.[16,17] When pump-probe experiments
are performed a specialized timing diag-
nostic is used to provide information on
the relative time-delay between the optical
laser excitation pulse and the probe X-ray
pulse.[18,19] This information allows the ex-
periment to achieve the best time resolu-
tion possible and corrects for the various
timing instabilities that can affect these
types of experiments.[20] The goal of the
timing diagnostic is to provide 10 fs time
resolution for the experiments.

Laser

In order to fully take advantage of the
femtosecond time resolution the XFEL is
capable of providing, each experimental
station has access to a highly reliable com-
mercial laser system. These laser systems
are based on Ti:Sa technology and provide
20 mJ, 35 fs pulses at 100 Hz.[21] These
lasers are located in a climate controlled
room on the first floor above the ESA
X-ray hutch (see Fig. 1). The laser is then

Table 2. Laser pulse energies delivered to the experiment assuming 8 mJ and 30 fs pump laser
values delivered to the OPA. Numbers are extracted from ref. [21].

Wavelength Pulse energy Pulse duration (FWHM)

240–295 nm >26 µJ at peak <90 fs

290–480 nm >40 µJ at peak 36–60 fs

475–533 nm >466 µJ at peak 30–45 fs

533–600 nm >306 µJ at peak 30–45 fs

600–1160 nm >320 µJ at peak 30–45 fs

1160–2600 nm >2000 µJ at peak 36–45 fs

ESC

ESA

ESB

CRL

154.7142.34125.69
123.29 152.364.5 84.5 9866.5 76.5 95.8 105.0 107.9 138.9

Distance from end of undulator (m)

124.19109.292.5 139.8

OM

M11 M31 M12 M32 M21 M22
M23 M24

M14M13

M33 M34

4 mrad

6 mrad 6 mrad

4 mrad

6 mrad

X-ray delay line

153.2121.2 136.8

M15

M16

2 – 32 mrad

91.5 104 120 135.744.5

AU8
AU4

AU4

AU4

AU4

CRL

8-12 mrad
DCM-1

DCM-2

ARAMIS-1

ARAMIS-2

ARAMIS-3

KB-1

KB-2
8-12 mrad

HRM

pink

C

monochromatic

D

pink

A B
monochromatic

M13

M14

M13

M14

M22

M21

M22

M21

Fig. 3. Layout of the Aramis hard X-ray beamlines. Aramis-1 (ESA) and Aramis-2 (ESB) will be
ready for users in 2018, while Aramis 3 (ESC) will be installed in the following period. Oval insets
indicate the two possible beam paths for Aramis-1 (A, B) and Aramis-2 (C, D). Legend: M = mirror,
DCM = double-crystal monochromator, KB = Kirkpatrick-Baez focussing mirrors, OM = offset
mirror, CRL = compound refractive lenses, pink = broad X-ray spectrum. The X axis coordinates
represent the distance of the optical elements from the end of the undulators.
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Bragg angles (>85°) and segmented X-ray
crystals[35] this spectrometer is capable of
100 meV energy resolution. Both instru-
ments are shown in Fig. 6.

Experimental Station Bernina
The Aramis 2 beamline is very similar

in scope to Aramis 1, making the X-ray
properties available at ESB very similar to
those available at ESA. The primary dif-
ference is longer focal length KB mirrors,
providing a larger minimum X-ray focus
of 2.5 µm.[12] ESB is focussed primarily on
solid state physics experiments,[47] build-
ing upon the expertise acquired[48] at the
FEMTO laser-electron slicing source in-
stalled at the Swiss Light Source.[49,50] The
primary tool for this will be a six-circle
hard X-ray Kappa-diffractometer (XRD)
with a 1.5M Jungfrau 2D detector mount-
ed on the detector arm, which is capable of
both resonant and non-resonant diffraction
experiments. In addition to this instrument
the experimental station will have a gener-
al-purpose instrument (GPS) upon which
users can mount or build their experimen-
tal setup. These instruments are mounted
on a rail system transverse to the beam to
allow them to be moved in and out of po-
sition, while maintaining the same X-ray
focus position. Both instruments will have
access to the optical laser for pump-probe
experiments and a large-area 2D Jungfrau
detector, which is mounted on a robot arm
on theX-ray hutch ceiling to allow for flex-
ible positioning. A specific focus for these
instruments is the ability to use strong THz
fields for sample excitation,[21,22] which al-
low for direct excitation of lattice dynam-
ics in the condensed phase.[51] The layout
of the ESB hutch is shown in Fig. 7.

In addition to the two instruments de-
scribed above a third instrument will be in
use at ESB. This instrument, named ESB-
MX, is designed to perform protein crys-
tallography measurements using samples
on a solid support.[52] This has the advan-
tage of increasing the hit rate of the pro-
tein crystals, which is a restriction of the
liquid jet delivery methods. ESB-MX will
consist of a chamber filled with He to re-
duce X-ray background scatter and high-
speed translation stages that are capable
of positioning the samples to within 1 µm
accuracy at 100 Hz. The X-ray crystallog-
raphy measurements will be performed
with the Jungfrau 16M detector on the
ceiling-mounted robot arm. The instrument
will include a robot for automated sample
exchange, allowing for very high through-
put measurements. This allows for two
methods of operation: 1) pre-location of
the protein crystals on the solid support,[53]
allowing pre-programming of the support
trajectory upon insertion at ESB-MX, or 2)
raster scanning of the support to efficiently

is below 1.5 Å and the X-ray spectrome-
ter will be capable of measuring the full
photon energy range of SwissFEL (2.1–
12.4 keV) resonantly, with non-resonant
measurements below 1.5 keV. This energy
range is shown in Fig. 5 with the elements
labelled and the specialized analyser crys-
tals shown.

ESA Flex is a flexible instrument that
allows users to build up the experiment
as required. It is mounted on a motorized
table, allowing user-supplied chambers
to be installed for the measurement. ESA
Flex also includes a configurable X-ray
spectrometer that can be mounted in a
variety of positions to measure a range of
scattering angles, in both vertical and hori-
zontal geometries. When used with large

can be usedwith the optical laser for pump-
probe experiments, with an anticipated
time resolution of better than 50 fs.[19] ESA
Prime has a chamber that can be operated
under vacuum, He, or neutral atmosphere
and combines a large 2D Jungfrau scatter-
ing detector[38–40] and a dual-crystal from a
Hamos X-ray emission spectrometer. This
allows experiments to be performed using
both scattering and emission techniques
simultaneously, which has proven to be a
powerful combination for molecular[41,42]
and protein[43,44] samples. The chamber
has the possibility of using different types
of sample injectors, including several spe-
cifically for SFX sample delivery.[45,46]
The expected achievable resolution of the
crystallography measurements at 12.4 keV

ESA
Prime

ESA
Flex

Photon
Diagnostics

KB
mirrors

Fig. 4. Hutch layout for Experimental station A showing the location of the various elements
within the hutch. The X-rays go through the hutch from left to right. Figure courtesy of Dominique
Hauenstein.
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ton energy range. Figure courtesy of Jakub Szlachetko.
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measure randomly located crystals. In addi-
tion to techniques specific to solid support
methods, ESB-MX will also be capable of
more conventional protein crystallography
methods, including goniometer rotation
scans with large protein crystals.[54,55] Fig.
8 shows how the temporary installation of
ESB-MXwill look in the ESBX-ray hutch.

Chemistry at SwissFEL

Chemistry is by necessity a multi-tech-
nique field of research since the samples
themselves cover all forms of matter. In
this section we will highlight some ex-
amples of how XFELs have been used to
investigate chemical problems to illustrate
how the SwissFEL experimental stations
will be applied in the future.

Aramis
The field of photochemistry has long

been investigated using time-resolved
techniques. The ability to monitor energy
relaxation pathways after photoexcitation
using optical laser techniques has rep-
resented the core of femtochemistry re-
search.[56]This has recently been expanded
to X-ray based structural techniques, in-
cluding X-ray absorption spectroscopy[25]
and X-ray scattering,[57,58] and X-ray tech-
niques to probe electronic structural dy-
namics, such as X-ray emission spectros-
copy.[25] These techniques have often been
combined since they provide complemen-
tary information on disordered systems,
such as molecules or proteins in solution.

An example of how X-ray techniques
have contributed to a better understanding
of molecular photochemistry is in the field
of spin-crossover molecular systems.[59,60]

The metal centres of these molecules (e.g.
Fe2+, Fe3+, Co2+) can undergo a spin transi-
tion through changes of temperature, pres-
sure, or by absorption of light. Early optical
experiments had reported on the relaxation
pathways of a prototypical Fe2+-based spin
crossover complex (iron trisbipyridine,
FeII(bpy)

3
) with a large spin-state gap that

could only be excited with visible light,[61]
but though the timescales of the dynam-
ics were well established, the character
of the electronic states involved were un-
der debate. X-ray absorption experiments
were able to identify the structure of the
quintet high-spin state,[62] and to establish
that this structural change took place more
quickly than previously assumed possible
(<150 fs).[63] Developments in UV tran-
sient-absorption spectroscopy were able to
confirm this time-scale of population of the
high-spin state and identify a vibrational
mode coupled with this singlet-to-quintet
spin state transition.[64] The high spin state
character was also confirmed using X-ray
emission spectroscopy with 100 ps time
resolution,[65] demonstrating this tech-
nique’s sensitivity to the Fe spin state[66]
but without the ability to achieve better
time resolution to resolve the relaxation
cascade. The open question was how the
initial excitation into a singlet metal-to-li-
gand charge transfer state (1MLCT) could
then populate a metal-centred quintet high-
spin state (5T) so quickly. Several inter-
mediate states were suggested, including
triplet MLCT and metal-centred states,[67]
but no conclusive explanation was forth-
coming since no spin-sensitive experi-
mental techniques were available with the
required time resolution. In an attempt to
understand the solvent interaction with
these types of excited states,[68] time-re-
solved experiments were performed com-
bining both XES and wide-angle X-ray
scattering (WAXS, also called X-ray dif-
fuse scattering or XDS).[69] These results
illustrated the complementary nature of
XES, which provides information on the
electronic state of the spin-crossover mole-
cule, andWAXS, which provides informa-
tion on both the structural changes in the
molecule, but also on the solvent cage sur-
rounding the molecule and the bulk solvent
dynamics in response to the photoexcita-
tion. With the introduction of XFELs both
the XAS[70] and combined XES/WAXS[41]

experiments were repeated with these new
sources of high-brightness femtosecond
X-rays, though for technical reasons the
time resolution was limited to around 500
fs, which restricted their ability to provide
new information on the spin state relaxa-
tion cascade. The primary new information
was thatWAXS reported on ultrafast solva-
tion changes around the excited molecule
which corresponded to an increase in bulk
solvent density on a timescale of 1 ps. The

Fig. 6. Models of the two instruments available at ESA. Left: ESA Prime, a chamber capable of
operating under vacuum, He, or neutral atmosphere, which combines an X-ray emission
spectrometer and a large 2D Jungfrau scattering detector for photochemistry or photobiology
experiments. Right: ESA Flex, a flexible station for user-mounted experiments with a configurable
high-energy resolution X-ray spectrometer.

Fig. 7. Hutch layout for Experimental station B showing the location of the various elements within
the hutch. The X-rays go through the hutch from left to right.
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advantage of the development of viscous
sample injectors,[45] which allow crystals
to be mixed into the delivery medium[84,85]

and then extruded from the injector into
the XFEL beam. In addition to room-tem-
perature structural measurements, this
technique has also been demonstrated for
time-resolved protein crystallography,[86,87]
which can undoubtedly be extended to mo-
lecular crystals as well. Preliminary exper-
iments have already been demonstrated on
a powder of a perovskite manganite in a
cryo-cooled liquid ethanol jet,[88] illustrat-
ing that SFX need not be restricted solely
to protein crystals.

Athos
While the focus has initially been on

the installation and commissioning of
the hard X-ray branch of SwissFEL, the
extension to the soft X-rays in the Athos
branch has also been in development.A so-
phisticated undulator approach (CHIC[11])
ensures a flexible photon source for exper-
iments,[9,10] and a novel undulator design
allows for easy control over polarization
and photon energy.[8] The definition of the
three beamlines and their experimental sta-
tions is currently in progress in consulta-
tion with the SwissFEL user community.
Experiments performed at other soft X-ray
FEL facilities around the world have estab-
lished certainmethods as being specifically
relevant to chemistry research, and will be
considered for development at SwissFEL.
Surface chemistry has proven a rich area
for soft X-ray FEL research, due to the
high absorption cross-section for low ener-
gy X-rays which allow them to be surface
sensitive. This has allowed experiments to
investigate monolayers of molecules, such
as CO and atomic oxygen, on a metal sur-
face and their response to photoexcitation
of the metal.[89,90] These measurements
represent the first structurally-sensitive
experiments able to probe transition states
in chemical reactions during catalytical-
ly-active processes.[91] A second class of
experiments has investigated photochem-
ical processes of species in solution using
resonant inelastic X-ray scattering (RIXS)
in the soft X-ray regime. This has allowed
researchers to follow themost fundamental
of chemical processes: bond-breaking and
bond-making. By photo-dissociating a CO
ligand off a parent complex (iron pentacar-
bonyl, Fe(CO)

5
) researchers were able to

follow the dissociation and immediate for-
mation of a solvent-molecule complex, and
by using simulations were able to suggest
an electronic relaxation pathway consist-
ent with their experimental results.[92,93] A
third class of experiments takes advantage
of a combination of different probe tech-
niques in a general-purpose experimental
chamber,[94] which is capable of electron/
ion coincidencemeasurements,[95,96]Auger

structural changes.[76–78] ESA is designed
expressly for these kinds of experimental
techniques: combining X-ray spectrosco-
py with X-ray scattering with excellent
time resolution.We anticipate that as these
techniques become more mature and their
analysis more routine, combined with the
introduction of additional facilities capa-
ble of these experiments,[79] photochemis-
try on species in solution will undergo an
explosion of interest in the chemistry com-
munity. The solution-phase experiments
will be complemented by the recent devel-
opment of gas-phase molecular scattering
techniques.[80,81]

Though a majority of hard X-ray
chemistry experiments performed to date
at XFELs have been as described above,
there are several other opportunities at
SwissFEL which can be envisioned. One
aspect which has not been well-explored
has been the ability to measure the photo-
chemistry of molecular crystals. The main
restriction to these experiments involves
the sample damage inherent to XFEL
measurements and the inability to refresh
the solid sample easily. These problems
have been overcome at storage rings[82] and
experiments have demonstrated their po-
tential at XFELs.[83] The ability to measure
crystal structures using large protein crys-
tals andmoving to a new spot between FEL
pulses has been demonstrated so it is clear
that similar measurements on molecular
crystals at SwissFEL using an instrument
such as ESB-MX will be possible in the
future.A second approach would be to take

conclusion drawn was that upon spin state
excitation the structural change caused the
expulsion of two water molecules from
the solvation shell around the molecule, in
agreement with theoretical predictions.[71]
The most recent X-ray measurement to
contribute to this discussion used XES
with 150 fs time resolution, courtesy of
the development of a timing tool for X-ray-
laser jitter correction at LCLS.[72] These
measurements were compared with XES
measurements on reference compounds
in various Fe spin- and oxidation states.
The conclusions drawn were that at early
times (50 fs) the spin-state was not purely
a quintet, but more consistent with a triplet
ligand-field excited state (3T). This result
is not the final conclusion since subsequent
optical results[73] with even better time
resolution indicate that at 50 fs the mol-
ecule is in the high-spin state, essentially
precluding the ability of the molecule to
relax through a ligand-field 3T unless this
process was occurring on a timescale of
20 fs. This overview illustrates how the
combination of ultrafast optical and X-ray
techniques have been used to address the
question of ultrafast spin-state excitation,
a question which has still not been fully
resolved and will require X-ray measure-
ments with 20 fs time resolution or better.

Though here we have presented but
a single research example these tech-
niques have been applied to many dif-
ferent fields of investigation, including
donor-bridge-acceptor complexes,[42] in-
tramolecular dynamics,[74,75] and protein

ESB-GPS

ESB-XRD

Fig. 8. ESB-MX installation in the ESB hutch positioned between the diffractometer (XRD) and
general-purpose (GPS) instruments on the hutch rail system. X-rays propagate from right to left.
Inset: Details of the ESB-MX installation including the sample chamber and robot sample changer.
Figure courtesy of Jan Hora and Pirmin Boehler.
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electron measurements,[97] and X-ray scat-
tering measurements.[98–100] When used in
combination with a variety of sample in-
jectors, including molecular beams, clus-
ters, liquid jets and single-particle injec-
tors,[101] this type of instrument allows for
many different kinds of experiments. The
development and design of soft X-ray in-
struments for use at SwissFEL is currently
ongoing.

Conclusions

SwissFEL will begin user operation
with two hard X-ray experimental stations
in 2018, providing researchers with access
to high-intensity femtosecond X-ray puls-
es that can be used for a broad range of
research activities. Experimental station
A provides users with instruments that are
designed for X-ray spectroscopy and scat-
tering experiments, including serial femto-
second crystallography. In addition to these
general features the ESA Prime instrument
will also be able to investigate a spectros-
copy regime currently not accessible at any
other XFEL: the tender X-ray energy range
from 2–5 keV. This spectral range covers
elements such as S, P, Cl, and Ca, all of
which are biologically relevant, and the
4d metals, which include Ag, Pd, Rh, and
Ru, many of which are important for catal-
ysis chemistry. The ability to probe these
elements and others using resonant X-ray
emission spectroscopy (RXES, also some-
times called RIXS) allows researchers to
obtain information on both the occupied
and unoccupied states of the absorbing
species,[102,103]whether that be the HOMO/
LUMO of a molecule or the valence/con-
duction band of a semiconductor. This in-
formation, when combined with the local
structure of an excited state, provides an
enormous amount of information relevant
to chemistry research. Experimental sta-
tion B is focussed on condensed matter in-
vestigations, with the ability to investigate
thin films or bulk crystals under a range
of different environments using resonant
or non-resonant X-ray diffraction. These
techniques can be applied to systems such
as photoactive molecular crystals[82,83,104]
or possibly photochemically-active nanos-
tructured thin films.[105] With these experi-
mental stations, and the development of fu-
ture instruments at SwissFEL, we hope to
enable chemists to perform ground-break-
ing research at our facility. We are looking
forward to working closely with the Swiss
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