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We describe a versatile and compact beamline for attosecond spectroscopy. The setup consists of
a high-order harmonic source followed by a delay line that spatially separates and then recom-
bines the extreme-ultraviolet (XUV) and residual infrared (IR) pulses. The beamline introduces
a controlled and actively stabilized delay between the XUV and IR pulses on the attosecond
time scale. A new active-stabilization scheme combining a helium-neon-laser and a white-light
interferometer minimizes fluctuations and allows to control delays accurately (26 as rms during
1.5 h) over long time scales. The high-order-harmonic-generation region is imaged via optical
systems, independently for XUV and IR, into an interaction volume to perform pump-probe
experiments. As a consequence of the spatial separation, the pulses can be independently manipulated
in intensity, polarization, and frequency content. The beamline can be combined with a variety of
detectors for measuring attosecond dynamics in gases, liquids, and solids. © 2015 AIP Publishing
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. INTRODUCTION

Over the past 15 years, attosecond science has evolved
from studying the simplest atomic systems' to addressing
relatively complex molecules® and solids.* This development
has been supported by continuous improvements of the
experimental methodologies, from laser development over
pulse compression techniques to the design of sophisticated
beamlines for pump-probe measurements. The key challenge
in realizing attosecond measurements on complex systems is
the simultaneous requirements on delay stability, selectivity,
and tunability of the pump and probe processes. Tailoring
the pump and probe pulses to the specific system under
study requires the use of band-pass filters, attenuators, or
wave plates. Improvements in signal-to-noise ratio are best
achieved through single-shot acquisition techniques using
choppers. Most of these requirements are best fulfilled by
a spatial separation of the pump and probe beams which,
however, makes the delay stability challenging.

The first described scheme, which is still widely used
today, consists of a dual spherical mirror assembly.*® The
inner part, equipped with a multilayer coating, is used
for spectral selection and reflection of the desired part
of the extreme-ultraviolet (XUV) spectrum. The outer part
serves to reflect the residual infrared (IR) pulse after high-
harmonic generation (HHG). This scheme benefits from
a high mechanical stability, but is limited in terms of
selectivity and tunability, especially with respect to the IR
pulse. The same limitation applies to approaches, which
introduce the delay collinearly before the HHG process.”'?
Another successful approach consists in splitting the IR
pulse before HHG and recombining XUV and IR pulses
after the generation.>!'~'® This configuration offers a high
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flexibility but the long optical path lengths make the delay
control challenging, since each optical element introduces
additional vibrations and thermally induced drifts scale with
the optical path length. Furthermore, a different scheme has
been described that combines the advantages of the spatially
separated XUV and IR paths with the stability of a compact
setup.!” It relies on separating the XUV and IR beams after
HHG, reflecting the XUV off a multilayer mirror under
45° incidence and introducing the delay in the IR beam
path.

In this article, we describe a new design of an attosecond
beamline, which was guided by the following considerations.
Control over the XUV spectrum and spectral phase with
metal filters and variation of its intensity with an iris are
desirable. Similarly, control over the IR polarization with
wave plates, variation of the IR intensity with an iris, and
the possibility to generate low-order harmonics in a second
non-linear medium are of great use. This wishlist is best
fulfilled by spatially separated beam paths. We realized the
required deflection of the XUV beam using a sequence of
four grazing-incidence reflections. Choosing diamond-like
carbon as the mirror coating, we achieve a good, nearly flat
reflectivity over a bandwidth greater than 100 eV. Separating
the XUV and IR pulses after HHG, in high vacuum, provides a
good passive stability, but a residual long-term drift of several
hundred attoseconds remains. This limitation is removed by
an active stabilization relying on an innovative combination
of helium-neon and white-light interferometers to achieve an
excellent delay stability.

This article is structured as follows: Section II describes
the mechanical and optical setup of the attosecond beamline.
Section III describes the active stabilization scheme.
Section IV demonstrates the application of the beamline
to the reconstruction of attosecond pulse trains. Section V
summarizes this article and provides an outlook on future
applications.

©2015 AIP Publishing LLC
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Il. EXPERIMENTAL SETUP

The presented apparatus generates attosecond pulses
from a femtosecond infrared laser source, spatially separates
the fundamental beam from the high-order harmonics, and
recombines them with a well defined time delay. The
whole setup is operated under high vacuum conditions (low
107° mbar), maintained by turbomolecular pumps. All pumps
are vibrationally decoupled from the optical table and the
vacuum chambers, using flexible bellows and rubber bushes.
All optical elements inside the chambers are mounted on thick
(25 mm-50 mm) aluminum breadboards, which at the same
time serve as bottom flanges for the vacuum system. Those
breadboards are directly clamped to the optical table (450 mm
thickness). The setup is schematically shown in Figure 1 and
described in detail in Secs. IT A-II D.

A. Generation of XUV radiation

The generation of coherent extreme ultraviolet radiation
in the range of 10 eV to 150 eV is achieved by high-
order harmonic generation from intense, ultrashort laser
sources.'®!” The intense infrared laser pulse is focused into

perforated off-axis
parabolic mirror
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a noble-gas filled region which acts as nonlinear generation
medium. Different geometries like semi-infinite’® or finite
gas cells and pulsed or continuous gas jets can be used to
efficiently generate different harmonic orders. Semi-infinite
gas cells are known to deliver a relatively high photon flux.?!
Therefore, a semi-infinite gas cell was designed, which is
characterized and described in more detail in a different
publication.’> The fundamental laser beam is focused by
an off-axis parabolic mirror (LT Ultra, f=250 mm or
f =470 mm, 30°, protected Ag-coating) into the gas cell. A
pinhole (0.5 mm diameter) around the focal point separates the
generating gas from the following two differential pumping
stages. The high-order harmonics are generated in the
pressure gradient around the focus. To optimize the generation
efficiency, the pinhole and therefore the pressure gradient can
be translated along the beam propagation axis. The focus
position stays fixed to preserve the imaging properties of
the optical system, imaging the generation into the detection
region.

Two differential pumping stages allow for a generation
gas pressure of up to 100 mbar (typically 10 mbar) without
affecting the pressure in the following vacuum system. The
first differential pumping stage is pumped by a high-vacuum
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FIG. 1. Experimental setup: semi-infinite gas cell (HHG) (top left), delay generation (middle), magnetic-bottle time-of-flight spectrometer (bottom right) for
pump-probe experiments, and an XUV photon spectrometer with two optional locations for diagnostics. Turbomolecular pumps are marked with TMP.
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pump against atmosphere (Pfeiffer OnTool Booster 150,
pumping speed: 130 m?3/h, ultimate pressure 107> mbar)
which typically reaches 2 - 1072 mbar under gas load. In the
second stage, a pressure of 3 - 107> mbar is achieved using a
turbomolecular pump. The gas cell, including the differential
pumping stages, can be separated from the vacuum chambers
hosting the delay generating elements using a gate valve.
The whole gas cell assembly can be replaced by a different
target, such as a finite gas cell or a pulsed valve, without
changing subsequent optical elements, as long as the position
of generation remains unchanged. The focal length is only
restricted by the amount of power which is needed for the
dressing beam, since it is recollimated by a 1 in. mirror
standing 470 mm behind the point of generation.

B. Separation and delay generation

The delay line setup consists of four vacuum chambers
which are connected by bellows. The fundamental and
the XUV beams enter the first chamber co-linearly. As a
consequence of the generation process, the XUV beam has
a much lower divergence than the fundamental beam. A
motorized iris can be used to attenuate the fundamental beam
before it reaches the optics involved in the delay generation,
which minimizes the thermal load on the mirrors and helps
preventing drifts of the beam path length. The different
divergence furthermore allows for the separation of the two
beams with a perforated off-axis parabolic mirror (LT Ultra,
f =470 mm, 30°, protected Ag-coating). The XUV radiation
is transmitted through a 2 mm hole, whereas the fundamental
beam is reflected and at the same time recollimated. The
recollimated beam is guided via two flat mirrors, which
are mounted on two separate translation stages, onto the
recombination mirror in the last vacuum chamber. Both
stages (MRLS80.25/FPSt150-5-140 Piezomechanik GmbH)
can be translated by a micrometer screw (coarse) and
by a piezoelectric actuator (fine) and are always moved
synchronously to compensate changes to the beam pointing.
The mirrors on the second stage are additionally mounted on
a shorter range piezo (STr35/150/6 Piezomechanik GmbH),
which allows fast movement for the active feedback loop.
The recombination mirror is again a perforated (2 mm
hole) off-axis parabolic mirror (LT Ultra, f =500 mm, 30°,
protected Ag-coating). The collimated beam between the
two perforated mirrors can be modified in its properties
(intensity, polarization state, frequency) without affecting the
XUV beam. An optical chopper (Thorlabs MC2000) is used
to block every second pulse of the fundamental laser beam,
which allows for a shot-to-shot referencing of pump-probe
experiments.

C. XUV beam path and diagnostics

The XUV beam passing through the first perforated
mirror is propagating through a motorized iris onto a four-
mirror assembly in the intermediate vacuum chamber. An
overall deflection angle of 60° has been chosen to keep
the whole setup compact. The spatially separated beam
path has a length of about 1 m. For a reflection in the
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desired energy region between 10 eV and 150 eV, a trade-off
between deflection angle, and therefore size of the setup,
and overall reflectivity had to be found. We use four mirrors
under 7.5° grazing incidence. Three of them are flat silicon
substrates, coated with a thin layer of diamond-like carbon
(50 nm to 100 nm, Ulrich Miiler, EMPA). The carbon
coating was chosen because it shows a high and almost
flat reflectivity over the desired energy range. The fourth
mirror is a gold-coated toroidal mirror (Optical Surfaces
Ltd.), designed for 7.5° incidence angle and an effective focal
length of f = 500 mm. The overall reflectivity shown in Fig. 2
is estimated from literature to lie between 25%2* and 40%.%*
The reflectivity given by Henke is in good agreement with
measurements performed in our laboratory on a different
beamline®” but does not cover energies below 30 eV. The
values given by Hagemann extend to lower photon energies
but are systematically lower than Henke’s.

The spectrally averaged reflectivity for typical exper-
imental conditions between 15 eV and 40 eV (11th to
27th harmonic of 800 nm generated in argon, see Fig. 2
green photoelectron (PE) spectrum) was measured with
an aluminum-coated XUV-photodiode (Opto Diode Corp.
AXUV100Al) for s- and p-polarization. The measured values
are 29% for p-polarization and 55% for s-polarization (shown
as red lines in Fig. 2), which is in good agreement with the
literature, if the data by Henke are extrapolated below 30 eV
using the qualitative behavior of Hagemann in this energy
range. The measurement justifies the assumption that the
reflectivity of the complete four-mirror assembly is around
40% for s-polarized radiation up to 120 eV.

Just as the fundamental beam, the XUV radiation can
also be modified independently. An iris can be used to
attenuate the XUV radiation and to suppress the long-
trajectory contributions to the harmonics due to their larger
divergence. A motorized filter wheel, hosting several few-
hundred-nanometer thin metallic filters (Lebow Company),
is used to suppress the residual fundamental light coming
from the generation process through the perforated mirror.
Furthermore, metals like tin, titanium, chromium, or indium?
act as spectral bandpass filters?*?%?7 to select only a few
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FIG. 2. Reflectivity of the XUV-mirror-assembly consisting of three carbon-
coated and one gold-coated mirror under 7.5° grazing incidence. The reflec-
tivity for s- and p-polarization (red and dashed red) is measured with our
XUV-photodiode and compared to Henke?* (blue) and Hagemann23 (black).
The experimental reflectivities are an average over the high harmonic spec-
trum which was generated from 800 nm in argon (experimental photoelectron
spectrum shown in green).
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high-order harmonics and influence the temporal profile of
the attosecond pulses.®

The generated XUV radiation can be characterized using
two ports to attach a home-built XUV-photon spectrometer
based on a laminar type flat-field grating (Shimadzu, 30-002,
1200 grooves/mm). In the first vacuum chamber, directly
behind the first perforated mirror, the beam can be directed
under grazing incidence to the first diagnostics port. The other
option is to connect the XUV-photon spectrometer behind
the main interaction chamber, which allows synchronous
detection of the on-target XUV spectrum and the generated
photoelectrons.

The recombined beam can be picked off before
entering the interaction chamber for alignment and diagnostic
purposes. A camera is used for daily alignment of temporal
and spatial overlap of the two beams, propagating the
fundamental beam in both arms of the interferometer. The
stability measurements presented in Sec. III C were recorded
using a photodiode at this diagnostics port.

D. Interaction region

The XUV-generation region is imaged 1:1 into the
interaction region. After the second perforated mirror XUV
and fundamental radiation propagate collinearly, the foci are
overlapping in all three spatial dimensions and the temporal
delay between them can be adjusted. The interaction region
can be separated from the rest of the beamline using a gate
valve with an integrated window which allows for alignment
of the detector under ambient-pressure conditions. A flexible
bellow ensures that vibrations from the detector, which is
mounted on a separate frame next to the optical table, are not
coupled into the interferometric setup and onto the optical
table. The frame of the detector can be moved in all three
dimensions to align it with respect to the laser focus.

A wide variety of detectors (e.g. magnetic-bottle-time-
of-flight spectrometer, velocity-map-imaging spectrometer,
high-resolution-XUV spectrometer) is compatible with our
beamline. Since the interaction region is located beyond the
end of the optical table, also large detection chambers with
special requirements like accessibility from the bottom or
extended height can be used. Figure 1 shows the attosecond
beamline with a magnetic-bottle-time-of-flight spectrometer
for gaseous and liquid samples, which is described in detail
and characterized in a different publication.?’

lll. ACTIVE STABILIZATION

To ensure attosecond stability in pump-probe experi-
ments, an active stabilization of the optical path lengths is
needed. A schematic overview of the stabilization system
is shown in Figure 3. Unfortunately, there is no direct
way to determine the delay between XUV and fundamental
radiation, using the two different wavelengths. Therefore,
an interferometer on a separate beam path is added above
the main beam path using 1/2 in. optics. The mounts are
joined to ensure that both beam paths are mechanically
coupled and positioned as close to each other as possible

Rev. Sci. Instrum. 86, 123106 (2015)

to minimize the effect of mechanical vibrations. Two beams
are propagating over the same optical surfaces: an intensity-
stabilized helium-neon laser (Spectra Physics 117A) and a
white-light beam generated by a fiber-coupled halogen light
bulb (Osram Xenophot HLX 150W).

A. Helium-neon laser interferometry

Helium-neon laser interferometry is a very precise
method to measure small changes in distances, but the
interference signal is periodic in path-length difference,
and therefore, absolute distances cannot be measured.
Furthermore, the obtained interference signal is not linear
with respect to the path-length difference of the two interfering
paths, which makes active stabilization difficult. To overcome
this, we use a quadrature detection scheme, which is
schematically shown in Figure 3 (red beam path). In one arm of
the interferometer, a half-wave plate and a quarter-wave plate
are introduced to generate a circularly polarized beam and
to compensate for ellipticity introduced by grazing-incidence
reflections on metallic surfaces. The overlapping linearly
and circularly polarized beams are propagated through a
polarizing beam splitter and thereby split into two interference
signals which are 90° out of phase. Both signals are detected
with photodiodes that are read out by a National Instruments
LabVIEW real-time computer system. A reference scan over
several interference fringes allows for the determination of
calibration factors which are given by the overall signal
intensity on each photodiode and the modulation depth of the
interference signal. Those factors are stored and used in the
subsequent stabilization process to determine a phase angle.
The angle @ is calculated from the inverse tangent of the
normalized (-1 to 1) photodiode signals (I;,1,): tan ® = I;/I,.
A software feedback-control loop which is processing the
incoming data with a sampling rate of 30 kHz calculates and
stabilizes this phase. Due to its linear dependence on the
path-length difference, a stabilization to arbitrary positions
on the delay axis is possible with the same control-loop
parameters. The correction signal is frequency selected in
the software and converted into two analog output signals.
DC-components and low frequencies are fed to the two long-
range piezo-stages, and the higher frequency components are
directed through a fast amplifier to the small beam shifting
piezo. An additional fringe counter is incorporated in the
software.

B. White-light interferometry

The described helium-neon laser interferometer does not
give any information about the absolute delay between the two
pulses. In contrast, white-light interferometry provides this
information. The interfering white-light beams are coupled
into a high-resolution spectrometer (Ocean Optics HR4000,
0.24 nm resolution). The periodicity of the interference
fringes in frequency space is directly related to the absolute
path-length difference. Fourier transformation gives direct
access to this quantity. An additional glass plate in one of
the interferometer arms makes sure that the white light in
both pathways experiences the same amount of dispersion.
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FIG. 3. Schematic drawing of reference interferometer and feedback loop for active stabilization.

The path-length difference in the stabilization beam path
is chosen to be slightly (about 100 um) different from the
main beam path, since the interference pattern disappears
at equal lengths. The signal extracted from the white-light
interferometer cannot be used for the fast feedback loop due
to the long (100 ms) integration time of the spectrometer. It
is, however, a very convenient tool to find and preserve the
temporal overlap of the pulses in the main beam path.

C. Short- and long-term stability

A successful attosecond experiment requires stable delay
conditions over the duration of the experiment, which is
typically on the order of one to several hours. Slow drifts
during the measurement lead to a distorted delay axis. To
resolve features on the attosecond time scale the short-
term stability and the spectral composition of the path-
length fluctuations are the limiting factors. These quantities
are measured by a photodiode that detects the interference
between the IR beam and the residual IR which is propagating

through the XUV beam path when no metallic filter is used.
The signal is acquired for one second during which one arm
of the interferometer is blocked at every second acquisition
by the optical chopper. This allows for normalization of the
interference signal to compensate laser intensity fluctuations.
The interferometer is scanned over several fringes before
each stability measurement to quantify the modulation depth
and determine calibration factors. A typical long-term drift
behavior without active stabilization is shown in Figure 4(a),
which results in a peak-to-peak drift of 300 as over two
hours and a good passive stability of 41 as+24 as rms.
The confidence interval (95%) is determined by the standard
deviation of three independent measurements and accounts
for daily differences in the vibrational noise level of the
laboratory environment. The corresponding signal from the
white-light interferometer is plotted in the same panel and
shows that the behavior of the two beam paths is very similar.
The same out-of-loop measurement was repeated seven times
with active stabilization, which results in a root-mean-square
deviation and a 95% confidence interval of 26 as + 10 as. A
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FIG. 4. Relative delay in the lower beam path (XUV/IR) and in the upper
beam path (white-light) measured for the free-running case (a) and for the
actively stabilized case (b). The bottom panel (c) shows a spectrum of the
short-term path-length fluctuations measured in the helium-neon-laser-signal.

typical measurement is shown in Figure 4(b). The short term
stability and its spectral composition are measured using the
helium-neon-laser interferometer because, in contrary to the
IR laser, it can be sampled with 30 kHz. A spectrum of the
vibrations is shown in Figure 4(c). The region up to 200 Hz is
dominated by 50 Hz and its overtones, which originate from
various devices in the building running at the frequency of the
power grid. The dominating group of peaks around 300 Hz
represents mechanical resonances of the mirror mounts and
the vacuum setup and also includes vibrations which are

the characterization of attosecond pulse trains. The detection
of photoelectrons generated by an XUV pulse train and
a weak IR field, which are delayed with respect to each
other, allows for the reconstruction of the attosecond pulses
within the pulse train. The weak IR field generates sidebands
between the photoelectron peaks originating from the XUV
pulse train. Two quantum paths (harmonic order plus IR
photon and harmonic order minus IR photon) result in
electrons at the same kinetic energies, and therefore, they
can interfere, which leads to an oscillating intensity of the
sidebands while scanning the IR-XUV-delay. The method is
known as Reconstruction of Attosecond Bursts by Interference
of Two-photon Transitions (RABITT).” A typical RABITT-
trace, where high-order-harmonic generation from 800 nm is
performed in neon and the photoelectrons emitted from argon
are detected, is shown in Figure 5(a). The residual infrared
light propagating along the XUV-path is blocked by a 100 nm
thick aluminium filter. The experimental data converted to
photoelectron kinetic energy are shown in the main panel.
The right panel shows a difference spectrum (XUV+IR
minus XUV only) at maximum sideband intensity. Positive
contributions are due to sidebands generated by the presence

norm. difference
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FIG. 5. (a) RABITT trace in argon recorded with 25 as delay steps. The high-order harmonics were generated in neon. The lower panel shows the integrated
signal of sideband 22. The right panel shows a difference spectrum (XUV+IR minus XUV only) at maximal intensity of sideband 22. Positive contributions
are sidebands, negative contributions are depletion of XUV-induced photoelectron peaks. (b) Tonization cross section?* corrected photoelectron (PE) spectrum
and reconstructed spectral phase, including the correction due to the atomic phase of argon.’® The black line shows a quadratic fit to the retrieved phase. (c)
Reconstructed XUV time trace: electric field (blue) and intensity profile (red).
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of the infrared laser field, and negative contributions are
depletion of the photoelectrons generated by the XUV-pulse-
train alone. The shot-to-shot referencing using the optical
chopper reduces the effect of XUV intensity fluctuations. The
spectrum is integrated over the energy range of sideband 22
and shown in the lower panel. Fourier transformation or time-
domain-fitting (shown in red) allows for the determination of
the phase of the sideband oscillation of all sidebands. The
achieved modulation depth of almost 100% indicates good
spatial and temporal overlap between the two independent
imaging systems. The spectrum of the XUV radiation can
be retrieved from the photoelectron time-of-flight signal by
converting it to electron kinetic energy, while maintaining
the peak integrals (Jacobi correction) and correcting for
the energy-dependent photoionization cross section of the
detection gas. The spectral amplitude and phase are shown in
Fig. 5(b). The spectral phase is retrieved from the sideband
oscillations of the RABITT-trace and corrected for the
contribution of the atomic phase of argon, using theoretical
values.’® From these quantities, an average XUV pulse within
the pulse train can be calculated. The temporal electric field
(blue) and intensity profile (red) are shown in panel (c) and
result in a full-width-half-maximum (FWHM) of 333 as.

V. SUMMARY

We have shown that our attosecond beamline allows for
measurements with high temporal resolution. The remaining
path-length drifts and instabilities were minimized through
active stabilization. The choice of spatially separated beam
paths with separate imaging systems makes the beamline
versatile but still compact. It especially allows for single-
shot-referenced pump-probe measurements to detect small
changes on a background. The white-light interferometric
measurement gives an absolute path-length difference and
makes it straightforward to find temporal overlap of the
XUV and IR pulses. The high broadband XUV-reflectivity
and the compatibility of the beamline with a wide range
of detectors and different high-harmonic sources open a
variety of experiments in multiple energy- and pulse-duration
regimes such as RABITT, streaking or transient-absorption
measurements.
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