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Introduction

Hydrogen bonds in water are fundamental to life and a
full understanding of these intermolecular bonds is
necessary to explain water’s unique properties.
Advances in this field have been made using vibrational
spectroscopic techniques mainly in the IR regime
observing the progression of OH stretching modes [1,2].
A limitation of this technique however is the fundamental
blindness to the intermolecular bond.

Reported here is the first application of photoelectron
spectroscopy of liquids coupled to the ultrafast time
resolution offered by time preserved monochromation of
high harmonics, to directly probe the intermolecular
bonds. Using the time- preserved monochromated VUV
pulses from the Artemis beamline, the molecular orbitals
of water were observed. The localised hydrogen bond
network was broken by pumping the water sample with
two quanta of vibration energy.

By measuring the binding energy of the HOMO of water,
the electron forming the hydrogen bond was observed.
Monitoring changes to the HOMO binding energy, the
breaking and reforming of the hydrogen bond was
measured as 40 fs and 80 fs respectively.

Experimental method

The time-preserving monochromator high harmonic line
of the Artemis facility was used to produce a
monochromated VUV source. Using a 40 cm focal
length mirror, 2 mJ of 30 fs 800 nm light was focused
into a continuous flow highly localized source of atomic
neon in vacuum. Through the non-linear interaction
VUV photons up to 120 eV were produced, and
subsequently collimated onto a gold grating with the
groove direction parallel to the VUV path. In this
manner a controlled number of grooved were illuminated
to provide sufficient energy resolution (~0.8 eV) while
limiting the temporal stretch of the pulse from
neighbouring grooves. Previous cross-correlation
measurements of the monochromated output revealed a
30 fs FWHM VUV pulse [3]. The VUV was focused
onto a liquid target with a toroidal mirror and overlapped
in front of a purpose built differentially pumped time-of-
flight spectrometer.
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The sample was excited with a 1.9 um IR pulse generated
by pumping a TOPAS with 6 mJ of the drive laser. This
was temporally delayed relative to the probe VUV pulse
in 10 fs steps in a 200 fs range centred at time zero. The
pump pulse was temporally and spatially overlapped on
the liquid target with a near collinear geometry by
injecting the beam just after the toroidal mirror.

The liquid target was produced using a micro liquid jet
which formed a ~2 mm region of laminar flow in a 20
um diameter jet exiting from a fused silica nozzle. The
liquid sample was exited from the vacuum environment
approximately | mm below the entrance nozzle into a
separate differentially pumped collection chamber. This
arrangement, coupled with large cryo pumping with 30
litre capacity cold fingers maintained the interaction
chamber background pressure at ~ 5 x 10 mbar.

A VUV probe energy of 38.5 eV was used and binding
energy spectra of water were collected in the time-of-
flight electron spectrometer. To suppress static charging
of the water jet from the motion of the water over the
insulating materials of the jet apparatus, 20 mM of charge
carriers (NaCl) were diluted in the water.

The individual spectra were collected for 10 seconds
(10,000 laser shots) before the time delay was advanced
10 fs. The entire scan (200 fs) was repeated 400 times to
average fluctuations in the laser conditions over the 30
hour data collection time.

TP: turbomolecular pumps
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Figure 1 Schematic of the experimental setup. See
experimental method section for detailed description
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Figure 2 Centre of mass motion of the 'b1 liquid HOMO of
water upon excitation of the combination stretch and bend
mode of water. The data was collection in 10 fs steps and
repeated 400 times. Right-hand side pump pulse arrives
after probe pulse.

Discussion

A clear and significant shift is observed in Figure 2 of the
'b; liquid HOMO. From the un-pumped level the binding
energy increases by ~1.5 eV (note the plot in figure 2 is
of electron kinetic energy) within 40 fs. This is an
extremely fast motion and similar to the cross correlation
of the pump and probe pulses. At 0 fs delay the
distribution of the electrons is near uniform over a 3 eV
bandwidth. Following time zero the centre of mass
motion of the HOMO returns to the un-pumped level
within 80 fs.

The observed motion of the HOMO is extremely rapid
and is not explained by the slower oscillations of the
excited OH stretch and bending modes of water.
Significantly the time constant for the rise and fall of the
HOMO binding energy is not symmetric and is
approximately twice as long for the binding energy to
return to the un-pumped level.
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Figure 3 HOMO in liquid ('b, liquid) and gas ('b1 vapour)
phase water.

With all high laser field intensity measurements the
pumping laser field must be accounted for in the

observed measurement. The most significant field effect
in this regime is the Laser Assisted Photoelectric effect
(LAPE), observed as the coherent addition or emission of
pumping photons in the measured binding energy
spectrum. The experimental conditions reported here are
similar to [4] where a 38 eV, 30 fs probed a Pt surface
pumped with 1.5 eV photons. [4] reported a convolution
in the binding energy spectrum of Pt with 1,2 pump
photons, resulting in a similar spectrum observed at time
zero in figure 2. However the effect in the reference was
only observed at time zero, and not at other time delays.
It is fair to conclude that while LAPE is present in the
reported measurement, this only explains the time zero
spectrum and not the 1.5 eV, unsymmetrical shift
observed with 0.8 eV pumping field.
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Figure 4 The electronic structure of a water molecule. The
b, HOMO is entirely oxygen centred. Figure from [5]

The large 1.5 eV binding energy shift is identical to the
difference between the 'b liquid and 'b; vapour binding
energies, ie when hydrogen bonds are present and when
they are not (figure 3). The source of this shift is the
oxygen centred nature of the HOMO bond. The
electronic structure of water is shown in figure 4 and
highlights the oxygen centred HOMO bond, with no
contribution from the hydrogen Is. This is the lone pair
of electrons on the oxygen atom - also the 8- hydrogen
bond acceptor in the water molecule.

When a hydrogen bond is formed the lone pair electron
density is shared with the 8+ hydrogen atom on a
neighbouring water molecule, thus reducing the binding
energy and giving rise to the intermolecular sensitivity of
the HOMO.

The observed shift in the HOMO is a result of the rapid
breaking of the localised hydrogen bond network after
the absorption of two quanta of vibrational energy from
the 1.9 wm pump. This ultrafast and significant energy
absorption by a single molecule rapidly (~30 fs) shears



the hydrogen bond donor (8+ hydrogen atom) away from
a neighbouring water molecule. Subsequently the lone
pair on the neighbouring molecule forming the HOMO in
water no longer share their electron density and are free
from hydrogen bonding, this is the observed increase in
the binding energy. After time zero, the local water
molecule environment stabilises and hydrogen bonds
reform. This stabilisation was measured to last ~80 fs,
and similar in lifetime to the theoretical results of
hydrogen bond flipping from librational motion reported
in [6].

It is important to note reported here is the highly
localised hydrogen bond breaking and reforming of the
network located around an excited water molecule. This
represents ~20 - 30% of the entire water sample affecting
40 — 60% of the bonded molecules. This is different to
previously reported global heating of water via IR
excitation occurring on the ps timescales [7] resulting in
an increase in evaporation from water. Within the time
frame presented here, water molecules are not freed from
the surface, or liberated from the liquid water
environment. Such processes cannot occur within 80 fs.

Conclusions

With the method presented in this report, the breaking
and reforming of the localised hydrogen bond network
has been observed. On absorption of 2 quanta of
virbrational energy, a water molecule receives a
significant ‘kick’ removing its hydrogen atoms from the
vicinity of neighbouring water molecules, breaking the
hydrogen bond. After the initial rearrangement the
network is restored in 80 fs.

This result allows observation of energy transfer
processes taking place immediately after water excitation,
and demonstrates that direct observation of
intramolecular bonds allows intermolecular dynamics to
be measured.

To our knowledge this is first measurement to directly
observe the ultrafast hydrogen bond dynamics in water.
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Snapshots of non-equilibrium Dirac carrier distributions in graphene
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Introduction

Graphene, a single layer of sp>-bonded carbon atoms arranged
in a honeycomb lattice, is one of the few ideally two-
dimensional crystals available today [1]. While the in-plane c-
bonds are responsible for graphene’s extreme mechanical
strength, the out-of-plane =m-bonds determine graphene’s
peculiar electronic properties. They originate from two cosine-
shaped bands that cross at the Fermi-level, where they form a
Dirac cone with linear instead of the conventional parabolic
dispersion (see Fig. 1). Hence, charge carriers in graphene
behave like massless Dirac particles, offering the possibility to
investigate the predictions of relativistic  quantum
electrodynamics in a simple solid state system.

Figure 1: Graphene’s electronic structure. The valence (conduction) band is
shown in red (blue). Valence and conduction band touch at the Fermi level at the
K-point of the hexagonal Brillouin zone forming a Dirac cone with linearly
dispersing bands.
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Furthermore, the extremely high mobility of the Dirac carriers
has raised hopes for novel high-speed electronic devices.
Unfortunately, the absence of a band gap results in low on-off
ratios of graphene-based transistors severely restricting the
performance of such devices.

On the other hand, the absence of a band gap leads to promising
optical properties such as homogeneous broadband light
absorption [2]. Furthermore, a relaxation bottleneck at the Dirac
point allows for saturable absorption [3] and even light
amplification [4]. Recently, it has been predicted that the
absorption of a single photon might create several electron-hole
pairs by impact ionization [5], an effect that would increase the
efficiency of graphene-based solar cells considerably.

We set out to investigate graphene’s potential for
optoelectronics with time- and angle-resolved photoemission
spectroscopy (ARPES), a technique that gives direct access to
the transient occupation of the Dirac cone over a broad energy
range in momentum space [6].

Sample preparation

Epitaxial growth of graphene on silicon carbide (SiC) is the
method of choice to obtain homogeneous, large-area graphene
monolayers on a semiconducting substrate suitable for
spectroscopic characterization with ARPES. For the present
investigation we used lightly hole-doped graphene monolayers
on hydrogen-terminated SiC(0001) that have been grown as
described in [7].

The static band structure in the vicinity of the K-point (see Fig.
2a) is shown in Fig. 2b. For measurements perpendicular to the
I'K-direction, extrapolation of the bands based on a tight-
binding model (dashed lines) [8] shows that the graphene layer
is hole-doped, with the Dirac point ~200meV above the static
chemical potential p.. For measurements along I'K, only one of
the two n-bands is visible due to photoemission matrix element
effects [9].
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Figure 2: (a) Honeycomb lattice with hexagonal Brillouin zone. The two
triangular sublattices are shown in red and blue, respectively. (b) Equilibrium
band structure measured with linearly polarized synchrotron radiation (hv = 30
eV, left) and He II radiation (hv = 41 eV, right). The color scale is linear with
violet (red) corresponding to high (low) photocurrent. The inset shows the cut
through the Brillouin zone along which the photoemission data has been
measured. Dashed black lines represent the dispersion obtained from a tight-
binding model [8].

Time-resolved ARPES

ARPES is based on the photoelectric effect where the sample is
illuminated with ultra-violet light and photoelectrons are
ejected. These photoelectrons are sorted with respect to their
kinetic energy and emission angle in a hemispherical analyzer
and counted on a two-dimensional detector. The resulting two-
dimensional image directly reveals a snapshot of the band
structure within a certain momentum and energy range.
Time-resolved ARPES measurements were performed at the
materials science end station at Artemis, using synchronized
near-infrared (NIR) and extreme ultra-violet (EUV) photons as
pump and probe pulses, respectively. The facility is equipped
with a 1 kHz Ti:Sapphire laser system that delivers pulses with
a central wavelength of 790 nm and a nominal pulse duration of
30 femtoseconds. NIR photons at hvy,, = 950 meV are
generated via optical parametric amplification. EUV photons in
the range from 20 to 40 eV are obtained via high harmonics
generation in an Argon gas jet. For the present experiment a
photon energy of hv,,,e = 31.5 €V has been chosen, enabling
access to electrons emitted at the K-point of the two-
dimensional graphene Brillouin zone (see Fig. 2a). The energy
resolution for the present experiment was 130 meV, mainly
limited by the EUV pulse duration.

Figure 3 shows snapshots of the Dirac cone for different time
delays after excitation of the sample at hv,,, = 950 meV with a
fluence of 4.6 mJ/cm?, transferring electrons from the valence
into the conduction band. During such interband excitation, a
non-thermal distribution of excited electron-hole pairs is
generated at the earliest time delays, relaxing into a quasi-
equilibrium state with a temperature higher than that of the
lattice. Importantly, depending on the relative strength of
interband versus intraband scattering, a single Fermi-Dirac
distribution, or two distinct distributions for valence and
conduction band are attained. Only the latter scenario would
make light amplification possible.

Within the time resolution of our measurement we did not
resolve non-thermal energy distributions for the Dirac electrons,
indicating very efficient thermalization. Rather, we observed
instantaneous broadening of the carrier distribution through the
Dirac point (Fig. 3, middle panel) and subsequent relaxation
within ~1 picosecond (Fig. 3, right panel).
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Figure 3: Snapshots of the band structure (smoothed) for excitation at hvyum, =
950 meV with a fluence of F = 4.6 mJ/cm? and a probe photon energy of hvape =
31.5 eV. The measurements were done along the I'K-direction (inset). Dashed
black lines represent the dispersion obtained from a tight-binding model [8].

Population inversion

A quantitative analysis of these dynamics is shown in Fig. 4. In
panel (a) we display energy distribution curves (EDCs) as a
function of pump-probe delay that have been integrated at each
time delay over the momentum range depicted in Fig. 3. Zero
delay corresponds to the maximum pump-probe signal. In Fig.
4b we show EDCs for selected time delays. The energy
dependence of the EDCs for negative time delays (blue data
points) as well as for delays t > 130 femtoseconds (green data
points) is well fitted by the Fermi-Dirac distribution (continuous
black lines). In contrast, the carrier distributions measured
immediately after excitation (red data points) are best fitted by
two separate Fermi-Dirac distributions for valence and
conduction band, indicating population inversion [4].
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Figure 4: (a) Momentum-integrated energy distribution curves (EDCs) as a
function of delay. (b) EDCs for three selected delays extracted along the dashed
lines in (a) together with Fermi-Dirac distribution fits.

The two distributions merge within ~130 femtoseconds, and a
single Fermi-Dirac distribution is attained, promoted by
scattering of charge carriers across the Dirac point. As
amplification is only possible for the given time window, our
measurement sets a quantitative boundary to be used as a
benchmark for any laser design.

Carrier multiplication

Our measurements also provide a direct assessment of the
possibility of carrier multiplication in graphene [5]. Figure 5
displays the time-dependent evolution of the pump-probe signal
after direct interband excitation. Specifically, Fig. Sa shows the
pump-induced changes of the photocurrent as a function of
energy and time delay. Blue (red) corresponds to a gain (loss) in
photocurrent with respect to negative time delays. In Fig. 5b,
the time derivative of the pump-probe signal of panel (a) is
displayed, directly revealing the electron-hole pair
generation/recombination rates. The rate above the Fermi level



is positive only for a few tens of femtoseconds. We conclude
that electron-hole pairs are generated only while the pump pulse
is present, whereas no spontaneous carrier multiplication is
found.
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Figure 5: (a) Pump-induced changes of the photocurrent reveal the change in
occupation of the Dirac cone. Blue (red) corresponds to a gain (loss) in
photocurrent with respect to negative time delays. (b) Time-derivative of panel

(a).

The absence of carrier multiplication and the short lifetime of
electron-hole pairs discussed above raise serious doubts about
the suitability of graphene for efficient light harvesting, at least
in the present excitation regime. One may speculate that more
favorable conditions for carrier multiplication may be met for
negligible doping of the graphene layer, smaller pump fluences
and higher excitation energies [5].

Conclusions

In summary, we have used time- and angle-resolved
photoemission in the EUV as a tool to critically assess the
potential of graphene for optoelectronic applications. We show
that population inversion occurs immediately after interband
excitation. By directly measuring the band occupancy N(E,t) at
all energies and times, we have made a quantitative evaluation
of the relevance of carrier multiplication.
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Introduction

Graphene is thought to be one of the most promising materials
for future photonics devices. Its perhaps most peculiar property
is that its charge carriers behave as if they were mass less
relativistic particles with an energy that is linear in momentum
[1]. In consequence, the graphene layer displays a wavelength-
independent optical absorption of 2.3 % despite being only one-
atom thick. In conjunction with an ultrahigh carrier mobility,
this property renders graphene very interesting for novel light-
harvesting applications [2]. A detailed understanding of the out-
of-equilibrium dynamics of the hot carrier distribution before it
reaches a thermal equilibrium with the lattice is an essential
requirement for making progress towards this end. Owing to the
unique combination of a XUV beamline and an angle resolved
photoemission (ARPES) end-station at the Artemis facility, we
were able to perform the first direct time resolved study of the
dynamics in the Dirac cone of graphene, permitting us to
address several outstanding questions on this important
material.

Movies of Hot Electrons using TR-ARPES

At the Artemis facility it is possible to ‘shoot movies’ of the
out-of-equilibrium electronic structure of a condensed matter
system. As for every good action movie it is important to catch
the main actors at play with the highest resolution and in the
best light. For a condensed matter system the actors are the
quasiparticle  excitations of the electronic structure.

a)

b)
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Fig. 1: a) Sketch of the time resolved ARPES experiment. An infrared
pulse excites the electrons in the graphene layer while a delayed XUV
pulse emits the photoelectrons whose energy and emission angle is
mapped onto the 2D detector in the hemispherical energy analyser.
Using simple kinematic relations the image is easily converted into an
energy-momentum map. Varying the delay time allow the scientists to
explore the temporal evolution of the electronic structure. b) Illustration
of the dominant decay mechanisms taking place in the Dirac spectrum
of graphene after exciting with a pump pulse.
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Owing to the combination of a widely tunable laser source with
ultrafast short-pulsed XUV (10 to 100 eV) radiation produced
through high harmonic generation, and a high resolution
electron spectrometer operating in angle-resolving imaging
mode, the Artemis facility provides the scientific filmmakers
with a unique opportunity to closely follow the temporal
evolution of excitations taking place even at high-momentum
electron states.

The theme for our movie is the response of the electronic
system in slightly hole doped graphene upon photoexcitation
with a photon of sufficient energy to induce direct interband
transitions. Our graphene layer is situated on an insulating SiC
substrate whose top-most layer is passivated with hydrogen in
order to eliminate any structural influence of the interface on
the pristine electronic properties of the graphene layer [3].

Supercollisions on the Dirac Cone

By following the response in the spectral function with
femtosecond time resolution, we have direct access to the
statistical distribution of hot electrons. Our quantitative analysis
method permits us to conclude that the thermalisation to a hot
Fermi-Dirac distribution having a temperature higher than 2000
K takes place on an ultrafast time scale shorter than our time
resolution (60 fs). As a result, we can determine the exact value
of the temperature of the hot electrons immediately upon
excitation and follow its subsequent temporal evolution.

temperature

T T T
3000 4000 5000

T T T
-1000 0 1000 2000
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Fig. 2: Electronic temperature T,(t) as a function of delay time. Solid
black line (dashed amber line) shows the converged fit to the data with
(and without) the supercollision term implemented in our three-
temperature model.

To quantitatively analyze the relaxation of the hot electrons, we
employ a phenomenological three-temperature model. The
optical phonon energies in graphene are unsually high (Q =200
meV). As a result, the optical phonons mediate cooling for only




very hot electrons. For hot electrons below the energy €, the
emission of acoustic modes is the only efficient cooling
channel. The small size of the Fermi surface together with the
requirement of momentum conservation in the scattering with
the acoustic phonons imposes a severe bottleneck on the
cooling. It has been predicted that disorder inherent to the
graphene layer can effectively relieve this bottleneck by
removing the momentum conservation constraint. This
alternative cooling pathway is called supercollision cooling and
involves three-body collision events between electron, phonons
and impurities [4-6]. Our three-temperature model describes the
interaction of the hot electrons with a high-energy (200 meV)
optical phonon mode and with the entire thermalised
distribution of acoustics modes via the supercollision
mechanism.

The most striking result to emerge from our model fit to the
extracted temperature data is that the supercollision mechanism
does indeed seem to dominate the cooling of carriers in our
low-doped and weakly disordered graphene system.
Furthermore, we can extract values for the electron-phonon
interaction strengths, thereby providing inputs to the current
controversy on this issue.

Hot Carrier Multiplication in Graphene

One of the main objectives vigorously pursued in the fields of
photonics and optoelectronics concerns identifying materials in
which carrier multiplication (CM), i.e. the process by which
multiple electron-hole pairs are generated upon the absorption
of a single photon, can occur. Given graphene’s decisive
advantages for applications in future optoelectronic devices, it
would be highly desirable if evidence for hot carrier
multiplication could be provided also for this system. Theory
strongly suggests that the thermalisation of the hot electrons in
graphene under certain experimental conditions can indeed be
accompanied by a carrier multiplication [7-8].

Given the fact that the system follows a Fermi-Dirac
distribution with a well-defined temperature, we are able to
quantify the CM in our graphene system. We find that CM in
our system merely reaches a value of ~ 0.5, i.e. it does not reach
values above unity that would imply the generation of more
than one electron-hole pair per absorbed photon. This result is
in good agreement with what is predicted for our experimental
conditions and provides experimental support for the idea that a
significant CM is indeed possible in graphene, especially for
higher photon energies and lower fluence.
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Fig. 3: Photoinduced carrier density n; and carrier multiplication (CM)
calculated from the fitted electronic temperature.

For more details concerning this work see Ref. [9].

Conclusions

Using the state-of-the-art femtosecond resolved setup at the
Artemis facility, we performed the first ARPES study of the
ultrafast electron dynamics in graphene. Having direct access to
the energy - and momentum resolved occupation of electrons
and holes we addressed the role of supercollisions in the
relaxation of the hot electrons and made a quantitative
evaluation of the relevance of carrier multiplication. The
possibility of a significant carrier multiplication in graphene
holds great promises for future high-efficiency graphene-based
light-harvesting devices.
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Introduction

Time resolved photoelectron spectroscopy (TRPES) has proved
itself as a key technique in the study of photoinduced molecular
dynamics [1]. The basic concept of TRPES is that a chemical
event is triggered with an ultrashort laser pulse (pump) and the
molecular system being investigated is subsequently ionised by
a second, time-delayed, laser pulse (probe) at a series of
different delays after excitation. The energies and angular
distributions of the outgoing electrons are measured and the
dynamics of the system are inferred from changes in the
measured photoelectron image. One of the main reasons for its
ubiquity is that all states can be ionized, in principle, meaning
that it should be possible to measure the entire reaction
coordinate using this method. Despite this, in most cases it has
not been possible to ionise the entire reaction coordinate due
some reactive intermediates and products having large
ionization limits and/or poor overlap with the ionization
continuum. This leads to significant “blind spots” in the
reaction mechanism, where no information about the system is
obtainable. The limiting factor has been the wavelength range
over which conventional femtosecond lasers can work.

Recent developments in the generation of high energy
femtosecond light pulses are set to revolutionize atomic,
molecular and optical science. One lab-based route to
femtosecond duration pulses of VUV to soft X-ray radiation is
high harmonic generation (HHG). In HHG, a strong laser pulse
induces the ionisation, acceleration and subsequent re-collision
of an electron from a noble gas leading to the emission of a
highly energetic photon on a femtosecond or even sub-
femtosecond timescale [2]. The femtosecond duration of the
light source lends itself to the grand challenge of understanding
chemical reactivity and molecular dynamics which occur on this
fundamental timescale.  Using the high energy photons
produced via HHG as the probe in a TRPES experiment is one
solution to the problem of limited energy range of conventional
laser sources. The experiments described below outline the
recent developments at Artemis towards using XUV light from
a HHG source for time-resolved photoelectron imaging
experiments.

Experimental

The experiments rely heavily on the stability and repeatability
of the high harmonic generation source and monochromator.
During a previous experimental run, it was noted that
movement of the monochromator shifted the VUV beam
spatially, meaning overlap between the pump and probe pulses
could not be maintained. With no way of measuring the offset,
it proved impossible to obtain a pump-probe signal. Since then,
we have installed an imaging system which can image the pump
and probe beams at the interaction region. With a reliable
measure of the XUV and UV beam overlap, it has now been
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possible to obtain pump-probe photoionization signals in
helium and aniline. In both cases the pump and probe beams
were generated from the output of the Red Dragon laser system
(10 mJ, 40 fs, 1 kHz, 780 nm). Approximately 1 mJ of the
output was focused in to a gas jet of Argon producing a series
of harmonics, which were separated and selected in the pulse
length preserving monochromator. After the monochromator,
the harmonic flux was measured to be on the order of 10°
photons per harmonic per second. The harmonic beam served as
the pump beam in the experiments with helium and as the probe
beam in the experiments with aniline. The second beam was
generated via the high energy OPA (TOPAS); 8 mJ of the Red
Dragon output was used to pump the TOPAS, which after sum-
frequency generation and second harmonic generation of the
signal produced approximately 10 uJ of UV light around 255
nm. The two beams were focused into the velocity map imaging
spectrometer where the crossed at a small angle (~1°) in the
center of the interaction region.

Results

Helium

In order to demonstrate that we had achieved spatial and
temporal overlap of the pump and probe pulses, we looked
initially at the 1+1’ ionisation of helium. By tuning the
monochromator to the 15™ harmonic (52 nm) we hit a
resonance with the 1s4p state in He. With the absorption of a
further UV photon at 255 nm, we could then ionize to He' . In
order to be in resonance we had to blue shift the harmonic peak
slightly, but once this had been achieved we could measure a
clear step in the ionization signal as we varied the delay

.
- He-
- He(1s4p)

52nm
(harmonic 15)

— ‘
04 03 02 01 0 -01 -02 -03 -04 ~ He('s)

Delay/ ps

Figure 1: Change in He' ion signal as a function of pump-
probe delay. Positive delay means that the VUV pulse is
arriving first (left). The signal is a consequence of resonant
excitation of the He Isdp state with the 15™ harmonic,
followed by ionisation with the UV pulse at 255 nm (right)
generated by the TOPAS




between the pump and probe beams (figure 1). The signal is
extremely long lived lasting for several nanoseconds.

Aniline

Having confirmed that temporal and spatial overlap had been
achieved, we moved on to the main molecule of study - aniline.
Aniline (C6éHs5NH2) is the simplest aromatic amine and is,
therefore, a model for more complex aromatic amines such as
the DNA bases adenine, cytosine and guanine. The UV
spectroscopy of aniline is well known; the absorption spectrum
is dominated by two strong absorption bands that correspond to
"nr* transitions from So to optically bright states centered
around 290 and 235 nm.

A number of recent experiments have employed various UV
pump UV probe femtosecond time-resolved spectroscopy
measurements to monitor the ultrafast decay of aniline
following UV excitation. The experiments highlight the energy
flow between the various optically bright and dark states and
provide timescales for some of these energy transfer processes
[3-7]; however, none of the experiments can follow the entire
reaction co-ordinate back to the ground-state or explicitly link
final products with a particular reaction pathway. To obtain this
information, we need to monitor the entire reaction coordinate
from the initially prepared electronically excited state, along the
excited state potential energy surface to all products, including
the ground-state and any photodissociation or
photoisomerisation products. This requires a VUV probe.

Experimentally, there are many disadvantages of working with
anline compared to helium. First, it is a liquid which makes
sample delivery more difficult and, due to the complex nature
of the molecule, it has more diffuse photoelectron bands. This
makes the pump-probe signal much less obvious than in the
case of helium and as a result required us to subtract pump-only
and probe-only background signals. In order to provide a proof
of principle measurement, we collected images with the pump
arriving 10 ps before the probe and complementary images with
the probe arriving 10 ps before the pump; the difference
between our pump-probe signal and these images was a genuine
pump-probe signal. These images were collected over the
course of 2 hours. Each image is a composite of many images
collected for 30 s each. After each frame, the translation stage is
moved to the alternate position where a new image is collected
for 30 s. This repeated movement removes problems associated
with long term drifts in power or pointing that could otherwise
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Figure 2: a) VUV + UV signal with UV coming 10 ps
before the VUV. b) VUV + UV signal with VUV coming
10 ps before the VUV. c¢) inset. Difference between a) and
b) showing the pump probe component of the signal. Main.
Photoelectron spectrum of the pump probe signal at two
different pump wavelengths.

lead to artifact in the subtracted image. This process was
repeated for two different pump wavelengths and the results are
shown in figure 2.

At a pump wavelength of 256 nm a clear difference between the
two delay positions is observed. The photoelectron signal does
not correlate with any of the bands associated with either pump
or probe individually and therefore does not appear to be due to
a bad background subtraction. When we perform the same
process at a different wavelength, 236 nm, no such feature is
present, again suggesting the background subtraction process is
working. The signal obtained with the 256 nm pump produces a
broad photoelectron feature with a maximum energy of
approximately 2 eV. This cut-off matches what would be
expected for ionization of the anilino radical (CgHsNH)
dissociation product of aniline, although assignment cannot be
confidently made without significantly more data.

Summary

VUV-pump-UV-probe ion signal in helium (figure 1) and UV-
pump-VUV-probe photoelectron images in aniline (figure 2)
have been measured. The experiments demonstrate the
feasibility —of performing time-resolved photoelectron
spectroscopy experiments with a high harmonic generation
based probe.
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Introduction

High harmonic generation (HHG) with strong lase&ids has
proven a unique tool for studying molecular struetwand
dynamics. The potential of HHG for probing moleaules in
the fact that the recolliding electrons that cali#éG can
transfer information about the instantaneous strecof the
molecule to the spectrum [1,2]. The molecular dstmec
measured by HHG is almost frozen in time, allowibgo
register the dynamics of molecules with a time ggan of a
few attoseconds [3].

The revolutionary potential of HHG spectroscopy ttack
molecular dynamics has spurred its developmennduttie last
few years. Nevertheless, this development has beeked by
obstacles. Experimentally, one of the main diffied of HHG
spectroscopy is to produce a large enough harnspeictrum to
obtain sufficient structural and dynamical inforioat of the
molecule. The maximum energy of the photons emitigd
HHG is given by Rax = Ip + 3.2, where } is the ionisation
potential of the molecule and-lis the ponderomotive energy of
the electrons in the laser field. The ponderomotivergy scales
as Wb ~ 1A% wherel is the laser intensity and is the
wavelength. Using a laser at 800 nm, an intensitalmost
3x10" W/ent is required to obtain a harmonic cut-off of 60 eV,
however, at this intensity most molecular gasefesaih excess
of ionisation which impairs the propagation of tre@monics.

Several
techniques of HHG spectroscopy towards organic cubés by
reducing the effects of an excessive ionisatioth&n medium:
Using ultrashort pulses ¢ 15 fs) [4,5]; generating harmonics
with a mid-IR (1300 nm) laser source [6,7]; and erating
harmonics with few-cycle pulses in the mid-IR [8].

As can be seen from the above definition @f the harmonic
cut-off can be extended by increasing the laserelesgth
whilst maintaining a relatively low intensity [9However, due
to dispersion of the electronic wavepacket in thetiouum, the
intensity of the harmonics decreases rapidly witbréasing
laser wavelength, at a rate approximately propoalico 1
[10]. A high repetition rate~ 1 kHz) is mandatory in order to
get a good signal-to-noise ratio in the measurespdnit it was
thought that the steep fall-off in conversion eéfitccy would
impede the generation of harmonics from wavelengtiugh
longer than 1600 nm.

It has been found theoretically that a suitable lmioation of
multi-colour fields could produce harmonic specivih the
high cut-off energy defined by the longer wavelénghd an
efficiency close to that achieved by the short uewvgth pulse
alone [11]. A simplified version of this idea wagperimentally
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demonstrated using a sum of two un-related fregaerjt2]. In

this way the enhancement of the harmonic signal was
independent of the phase difference between thklsfie
simplifying the setup whilst offering very robustrencement.

Here we have tested the limits of HHG in alignedeuoles by
increasing the wavelength of a single-colour dagvifield
deeper into the mid-IR. Also, we have applied a tetBur
scheme in order to enhance the signal of exten@dechdnic
spectra in aligned molecules.

Experimental setup

The experiment was configured as a three-arm evi@nfieter
(Fig. 1). Two independently compressed beams ofAttemis
laser were used. The output of compressor 8 (nJ) was used
to pump an Optical Parametric Amplifier (HE-TOPAS)
produce pulses of wavelengths between 1.6 angu®.(Qidler),
~ 30 fs duration, and~ 500 pJ of energy. The output of
compressor 2 was split in two by a 50/50 beamtsplénd each
sent through a motorised delay stage with an acgubatter
than + 5 fs. One of the pulses, overlapped withrti@-IR one
could be used to enhance the harmonics, whereastttez,
synchronised with the other two at a variable delag used to
align the molecules. A half-wave plate in the alignbeam was
employed to control the angle of molecular alignméfhe
three beams were combined by means of a dichraiomand
focused onto a gas jet inside the chamber by @rsiteated

approaches have been attempted to extead tlpherical mirror of 30 cm focal length. The gas yeas

produced by expansion of 1 atm of gas through an open
nozzle of 100um diameter in order to achieve the rotational
cooling necessary for an efficient alignment. Thernfonics
produced in the interaction of the laser with tles get were
analysed with a flat-field XUV spectrometer.

Driving beam 2
(800 nm)

—

Aligning beam I
(800 nm)

=
c
<
(]
Compressor >
2 A ]
/4 5

a2
Compressor |_| ropas AN §as
1 Driving beam 1 et

(1700 - 2000 nm)

Xuv
Flat-field
spectrometer

Figure 1. Scheme of the optical layout used inetkgeeriment.



Results

The molecules we investigated werg (b = 15.6 eV), CQ (Ip
= 13.8 eV), and ethylenep(kF 10.5 eV). The two-colour field
did not enhance the signal of the higher harmoniers as we
were expecting. Instead it produced a remarkaldease only
on the lower harmonics (Fig. 2a). The spectra akthiwith a
single-colour field at 1700 nm turned out to be dyemough for
HHG spectroscopy, producing clear cut-offs up t0 &¥ (Fig.
2c). Furthermore, the signal ratios between spegitraligned
and nonaligned molecules showed similar charatiesifor the
two-colour and single-colour fields (Figs. 2b anf).2
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Figure 2. (a) HHG spectrum of aligned Nsing a two-colour
field of 1700 nm and 800 nm. The red line is theosthed
spectrum (integrated peaks with subtracted backgtou(b)
Ratio between smoothed two-colour HHG spectra ajnali
(parallel to the driving field) and non-aligned.Nc, d), same as
(a,b) for a single-colour 800 nm field.

Having realised that the 1700 nm beam generatethtanse
harmonic spectrum by itself we obtained a seriebasfmonic
spectra in C@and ethylene with increasing wavelengths in the
driving field (Figs. 3 and 4).
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Figure 3. (a-d) HHG spectra of aligned £@sing a single-
colour field of 1700, 1750, 1800, and 1850 nm. Tée lines
are the smoothed spectra used for the signal rd@es) Ratios
between smoothed single-colour harmonic spectralighed
(parallel to the driving field) and non-aligned £O

The ratios between spectra of aligned and nonalig8&,

molecules taken with different wavelengths of thigidg field
show a minimum whose position shifts from 64 eVitbeV.

This shift could be a signature of hole dynamicthim molecule

after ionisation [7,13].

Figure 4 shows the HHG spectra in non-aligned etig/l
obtained with different wavelengths. A remarkabpecrum
can still be observed with a driving field of 2006. However,

the extension of the cut-off, noticeable betweeB0l6m and

1800 nm could not be taken much further due taddmease of

the laser energy available at longer wavelengths.
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Figure 4. HHG of non-aligned ethylene in singleecolfields.

Conclusions

We have demonstrated the possibility to obtain Hgf@ctra
with two-colour fields in aligned molecules and heve found
that a single-colour field is sufficient to produogéense spectra
even with wavelengths up to 2000 nm. However, tve laser
energy available at these wavelengths preventamatic cut-
off extension. Therefore, the limiting factor for H&
spectroscopy with mid-IR fields is not the signaldebut still
the low harmonic cut-offs caused by the low las@rgy.
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