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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 (10" photons per second at 38 eV). The capabilities of the facility complement the Swiss
ultrafast and X-ray community (SwissFEL, SLS, NCCR MUST, 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 science have increased dramatical-
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,l!l free electron lasers(2l and lab-based
lasers.l3] 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
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been constructed within the Lausanne
Centre for Ultrafast Science (LACUS) at
EPFL.

The standard technique for ultrafast
measurements is pump-probe where a
pump pulse 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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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.

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,]
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

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 x
10" photons/second (measured at Liquid
endstation target) at 30-40 eV and 2 x 10?
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 um 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 for ASTRA and the CD end-
stations. For the former, due to the small
diameter (~25 pum) of the liquid jet it is

Fig. 3. A spectrum
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preferential to have a similarly sized fo-
cus to reduce photoelectron contributions
from gas molecules (see section 3.3), while
alarger focal spot is desired for the ARPES
and CD to reduce space charge effects and
to better match the collection volume for
their respective detectors. A gold-coated
ellipsoidal mirror (Zeiss AG) is used for the
Liquid phase endstation to reduce the ~100
um source size to ~ 25 pm 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 um 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 CD mirror. To ensure the
full beam is collected the carbon-coated
mirrors (Pilz Optics) dimensions are 440 x
60 x 50 mm?®. 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, P 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 um) for either ASTRA
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.
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3. Endstations

3.1 Liquid Endstation

For many 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 19888 that the technique became more
widely implemented. The Faubel design
uses a small glass capillary (20 um in
diameter) to inject a continuous flow of
liquid in vacuum. When the velocity is
sufficiently high (30 ms™) 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
designl® allows photoelectron spectra to
be collected from a range of different sol-
vents and respective solutes. The LPES
spectrum of Nal 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

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,!'2! methods for
trLPES are still under development.[®: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.[!6] 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),]* 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

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 techniquel!7-19]
allows for an extremely detailed, multi-
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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.[?!1 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 the DNA base adenine. Experimental
and theoretical studies on gas-phase ad-
enine have identified several efficient
non-radiative decay processes proceeding
via conical intersectionsl23-25] 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 ‘Lb(im'*)
excited electronic state lifetime induced
by a superfluid helium solvent.[?8] 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-

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,?! 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.[3) 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 a VUV probe. Other than
two-photon photoemission experiments
where the probe consists of two times the
frequency doubled or tripled fundamental
(2x3.1eVor2x4.6 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 A") 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

Fig. 6. The ASTRA
endstation of
Harmonium of
trARPES, beams
enter the chamber
from the left.

spectrometer providing 0.05 A~ momen-
tum resolution.

Fig. 7 summarizes a time-resolved
ARPES (trARPES) study of Bi,Se,, a lay-
ered compound from the family of topo-
logical insulators.[3132] 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,34351 high
performance field effect transistors3¢] 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, Harmonium with its ARPES
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,) following an optical pump (800 nm).
The ARPES spectrum shows the conduc-
tion band minimum slightly below the
E,, 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_. 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 ym 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
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Fig. 7. Time-resolved ARPES study of Bi,Se, measured at Harmonium.
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