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We describe an apparatus for attosecond photoelectron spectroscopy of solids and surfaces, which
combines the generation of isolated attosecond extreme-ultraviolet (XUV) laser pulses by high har-
monic generation in gases with time-resolved photoelectron detection and surface science techniques
in an ultrahigh vacuum environment. This versatile setup provides isolated attosecond pulses with
photon energies of up to 140 eV and few-cycle near infrared pulses for studying ultrafast electron
dynamics in a large variety of surfaces and interfaces. The samples can be prepared and characterized
on an atomic scale in a dedicated flexible surface science end station. The extensive possibilities of-
fered by this apparatus are demonstrated by applying attosecond XUV pulses with a central photon
energy of ∼125 eV in an attosecond streaking experiment of a xenon multilayer grown on a Re(0001)
substrate. © 2011 American Institute of Physics. [doi:10.1063/1.3596564]

I. INTRODUCTION

Over the last decades, time-resolved photoelectron spec-
troscopy utilizing laser pulses reaching from the infrared to
the ultraviolet (UV) spectral range has evolved into a tool to
routinely study chemical and electronic processes at surfaces
on the femtosecond timescale.1–3 However, many fundamen-
tal phenomena including dynamical electronic screening,4, 5

electron transfer from chemisorbates,6, 7 and atomic-scale
motion of electrons in or near surfaces8 proceed on an
attosecond timescale, which cannot be resolved even if inter-
ferometric two-photon photoelectron spectroscopy with well-
characterized femtosecond laser pulses are employed.9–11

Alternatively, the attosecond transient recorder (ATR)
is a newly established technique that provides direct time-
resolved access to these processes. The ATR uses carrier-
envelope phase (CEP)-stabilized few-cycle laser pulses in the
near infrared (NIR) to reproducibly modulate or “streak” the
kinetic energy of photoelectrons generated by a synchronized
isolated sub-fs XUV pulse.12, 13 This technique has been used
extensively to study attosecond electron dynamics in atoms in
the gas phase,13–16 and recently the method has been general-
ized to include condensed matter systems.8

We note that photon energies in the extreme-ultraviolet
(XUV) range allow excitation of innershell levels, whereas
time-resolved photoelectron spectroscopy in the UV range is
restricted to investigations of valence states. Valence orbitals
depend on chemistry; in most cases, they are delocalized over
several or even many atoms. Innershell levels, however, are
elemental fingerprints; their binding energies are only mod-
erately affected by the environment; apart from highly sym-
metric molecules, delocalization can be neglected. In contrast

to time-resolved photoelectron spectroscopy in the UV range,
the XUV approach allows a site-selective, atom-specific look.
Several methods are under development trying to combine
high time resolution with high photon energies.17–19 Cur-
rently, our ATR detection scheme applied to solid surfaces
enables photon energies up to 140 eV and time-resolution in
the attosecond regime.

Here, we describe a flexible apparatus that enables sys-
tematic studies of attosecond phenomena in well-ordered
solid state model systems by merging XUV pulse production
through high-order harmonic generation (HHG) with stan-
dard surface science preparation and detection schemes in ul-
trahigh vacuum (UHV). In comparison to an apparatus for
gas phase streaking experiments,15, 20 an apparatus designed
for condensed matter experiments must satisfy additional re-
quirements. One challenge is the combination of HHG, in a
relatively high-density noble gas target,21 with surface sen-
sitive photoelectron spectroscopy.22 In order to exclude the
influence of surface contamination during typical data acqui-
sition periods, including measurements at cryogenic tempera-
tures, a background pressure of ≤10−10 mbar in the measure-
ment chamber area is needed. Since the pressure inside the
HHG target exceeds 100 mbar, and because even noble gases,
with the exception of helium, would adsorb on the sample at
cryogenic conditions, a gradient of many orders of magnitude
in pressure must be achieved by differential pumping. Further
design goals include: tunable XUV photon energies, indepen-
dent control of the angle of incidence of the laser pulses and
the detection angle of the photoelectrons, compatibility with
state-of-the-art surface preparation methods in UHV and the
possibility for gas phase measurement for calibration and ref-
erence purposes.
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FIG. 1. (Color online) Schematic top-view of the AS-3 beamline and end-station. Details of the various degrees of freedom of sample, preparation tools,
detectors, and the end-station are given in Fig. 3. The back plate of the preparation chamber is rotatable so that the manipulator with the sample can be moved
to different ports for target preparation and characterization before the sample is inserted into the measurement chamber.

Different approaches for time- and angle-resolved photo-
electron spectroscopy, employing femtosecond high harmonic
radiation, have been described previously.23–25 In contrast, the
apparatus described here utilizes attosecond XUV pulses and
corresponding attosecond time resolution, increased XUV
photon energy range, and enhanced flexibility regarding an-
gle of incidence and detection angle.

In order to meet these requirements, a new attosecond
beamline and measurement end station at the Max Planck In-
stitute of Quantum Optics, referred to as AS-3, has been built.
To the best of our knowledge, this is currently the only opera-
tional beamline providing attosecond time resolution for solid
state experiments in UHV. A schematic overview of this ap-
paratus is shown in Fig. 1 and a more detailed description of
the beamline and the end station is given below.

II. BEAMLINE

A 3 kHz titanium-sapphire laser system in conjunction
with hollow-core fiber spectral broadening provides CEP-
stable, 400 μJ, octave-spanning pulses centered at 750 nm.
These spectrally broadened pulses are subsequently com-
pressed to less than 4 fs in a negative dispersion chirped mir-
ror pulse compressor and are ideal for use in HHG.10 Follow-
ing compression, the laser propagates in an evacuated beam
tube (p < 10−3 mbar) and enters the AS-3 beamline through
an adjustable iris aperture (Fig. 1). The laser pulses are fo-
cused onto the HHG target by a spherical mirror (FM) in a
z-folded geometry. The focal length of the optic can be var-
ied from 300 to 800 mm, resulting in peak intensities from
∼2 × 1014 W/cm2 to ∼2 × 1015 W/cm2, respectively. High-
harmonic radiation is generated in a small volume of noble

gas, typically Ne, with a pressure of ∼100 mbar. The gas is
confined by a nickel tube with an inner diameter of ∼2 mm.
The tube is sealed on one end and supplied with a constant
gas pressure from the other, as described before.26 The target
is mounted on two translation stages for precise alignment of
the HHG target along the longitudinal and one transverse axis
of the laser beam. Two apertures in the nickel tube along the
beam axis are created by laser ablation. The inner-diameter of
the nickel tube is adjusted for optimal phase matching con-
ditions for HHG and maximum XUV flux.27, 28 The laser in-
tensity and the gas pressure of the HHG gas target are also
adjusted for optimizing the generation of cut-off harmonics
in the range from 90 to 140 eV (see Fig. 2) – in combination

FIG. 2. (Color online) Measured high harmonic spectrum (corrected for re-
flectivity of the grating and metal filter transmission of 950 nm of Zr) (solid
curve). Calculated net XUV transmission used in the reported xenon exper-
iment (based on XUV mirror reflectivity and transmission of a 200 nm Zr
metal filter) (dotted curve).
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with the CEP-stabilization of the NIR laser a prerequisite for
the generation of isolated attosecond pulses in this spectral
region.29–31 Resultant XUV radiation can be monitored with a
home-built spectrometer for the energy region between 80 eV
and 140 eV. Two grazing incidence gold-palladium mirrors
are mounted on a translation stage with direction of motion
perpendicular to the beam path. One mirror reflects the di-
rect beam for alignment purposes; the other reflects the XUV
beam onto a grating, which disperses the radiation horizon-
tally. A gold-coated flat-field grating (Hitachi No. 001–0437
(Refs. 32 and 33)) suitable for photon energies between 60
and 250 eV is used for dispersion. The detector unit consists
of a double microchannel plate assembly in chevron geometry
with cesium iodide coating for an enhanced XUV sensitivity
and a phosphor screen on the backside for optical detection
(Beam Imaging Solutions). Two stages of spectral and spa-
tial filters can be moved in front of the spectrometer. The first
stage consists of a 450 nm thick zirconium foil used for sup-
pression of the fundamental driving laser. A second stage con-
sists of a sliding filter plate, offering four insets for additional
filters: free-standing foils of 150 nm thick silicon, 200 nm
thick aluminum, 200 nm thick palladium or zirconium, and
a 500 μm wide slit to improve the resolution of the spec-
trometer. Figure 2 shows the spectrum of the broadband XUV
radiation resulting from HHG in Ne using a CEP-stabilized,
sub-4 fs NIR driving laser pulse. The peak intensity in the
HHG target gas was ∼5.7 × 1014 W/cm2.

The gas load emerging from the HHG target divides the
beamline in a high vacuum part (HV, 10−2–10−9 mbar) near
the gas target and an ultrahigh vacuum section (<10−9 mbar)
near the end-station. Most of the HHG target gas load is
pumped by a 600 l turbo pump directly attached to the HHG
chamber. Behind the HHG chamber, a differential pumping
stage is realized by a skimmer with an opening of 1.5 mm and
a 200 l turbo pump limiting the downstream gas flow. From
here a narrow beam pipe in combination with a 300 l turbo
pump is sufficient to keep the pressure below 5 × 10−9 mbar.
The final transition to a pressure of <10−10 mbar is accom-
plished by an additional differential pumping stage that is
pumped by a 400 l turbo pump. This last differential stage
does not contain sensitive components and can be baked. In
addition, a two component pellicle/Zr foil filter, which is used
to separate the XUV and NIR pulses as described below, can
be placed in front of the last differential pumping stage and
acts as an additional barrier to residual gas emerging from the
beamline.

Attosecond streaking experiments require isolated at-
tosecond pulses, filtered from broadband high harmonic
radiation,12 to be additionally isolated from the driving fun-
damental NIR pulses. Once separated, the relative timing be-
tween the isolated XUV pulse and the NIR pulse must also
be precisely adjusted. A two-component pellicle/Zr filter, in
combination with a precision-controlled double-mirror as-
sembly, is used for this purpose.26 The two-component filter
consists of a nitrocellulose pellicle (thickness: 2, 5, or 15 μm)
whose inner part has been replaced by a 200 nm thick zirco-
nium or palladium metal filter with a diameter of 5 mm. When
the co-propagating XUV and NIR beams are incident on this
filter, the central metal component suppresses the NIR by ap-

proximately seven orders of magnitude, effectively blocking
it,34, 35 while transmitting a significant fraction of the XUV
radiation (the transmission is 52% at 100 eV for 200 nm of
zirconium and 37% at 135 eV for 200 nm of palladium36).
On the other hand, the outer nitrocellulose component allows
for nearly full transmission of the NIR (∼92%), while com-
pletely blocking the XUV radiation. Furthermore, due to the
fact that the XUV radiation has a much smaller divergence
than the NIR radiation, almost all of the XUV radiation, at the
relevant photon energies, is incident on the metal, transparent
portion of the filter, allowing for a very efficient method for
isolation.

The two-component filter is mounted in a sealed trans-
lation sleeve for vacuum separation, and can be moved in the
plane perpendicular to the beam path for proper alignment and
therefore, maximum transmission of the XUV beam. Directly
in front of the pellicle, a motorized iris on a three-axis manip-
ulator is used to adjust the intensity of the co-propagating NIR
pulse incident on the sample. Behind the pellicle, the annular
NIR pulse and the central XUV beam enter the end station
(see Sec. III) where they are reflected by a coaxial assem-
bly of two focusing spherical mirrors consisting of a central
XUV-reflecting part, typically 5 mm diameter, and an NIR-
reflecting outer mirror.26 The multilayer surface structure of
the inner mirror is designed to reflect XUV radiation with a
given bandwidth and central photon energy, which defines the
pulse duration of the isolated attosecond pulse.37, 38 In con-
junction with the metal foil in the two-component filter, it re-
flects a part of the cut-off region of the spectrum with a flat
phase, to avoid temporal dispersion, which would broaden the
attosecond XUV pulse.38 The outer mirror is typically coated
with 13 nm of boron carbide acting as a partial reflector for the
NIR pulses with a reflectivity of ∼20%. The pointing of the
outer mirror is motorized, enabling spatial overlap of the fo-
cused beams. Temporal delay between the XUV and the NIR
pulses is adjusted by translating the inner mirror along the in-
cident beam with a piezo-driven translation stage, which has a
minimum step size of 0.2 nm corresponding to ∼1.3 attosec-
onds of delay.

The entire double mirror assembly is mounted on a stack
of 4 piezo-driven stages (Nanomotion), which allow posi-
tioning of the mirrors relative to the laser beams as well as
aligning the reflected beams onto the solid sample. The com-
plete mirror stack can be retracted from the main experimental
chamber into a load-lock in order to make exchanging the mir-
rors possible without breaking vacuum in the main chamber.

III. END STATION

The end-station consists of two cylindrical stainless steel
vessels separated by a gate valve. One of the chambers is
used for sample preparation and characterization and the other
for photoelectron spectroscopy (measurement chamber). The
longitudinal axes of the chambers are parallel. The measure-
ment chamber is designed in an in-axis geometry, i.e., the
sample, the laser focus, and the foci of all detectors in work-
ing position coincide with the chamber axis (see below). Off-
axis mounting is used for the preparation chamber such that
the foci of the preparation/diagnostic instruments lie on a
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circle of 250 mm radius about the chamber axis for maximum
solid-angle range of each station. The sample is brought to
the individual prep-stations by moving the manipulator along
this circle by means of a large differentially pumped rotary
feedthrough. The preparation chamber accommodates stan-
dard equipment for surface preparation and controlled layer
growth: an ion sputter gun, a low-energy electron diffraction
system, LEED (SPECS), a Knudsen effusion cell, a modified
Bayard-Alpert pressure gauge for temperature programmed
desorption (TPD) studies, and a gas dosing system composed
of a multi-capillary array doser attached to a gas manifold via
a flow-controller.

The samples are mounted on a holder clamped onto the
head of a home-built XYZ-manipulator. A second two-stage
differentially pumped feedthrough at the manipulator head
enables 360◦ rotation around the Z axis. The sample tempera-
ture is controlled with a thermocouple. The reference junction
of this thermocouple is attached to the sample holder, the tem-
perature of which is measured independently by a second K-
type thermocouple. This design does not require feedthroughs
from thermocouple materials at the vacuum interface and
allows application of any thermocouple combination as
dictated by the requirements of the experiment. An available
temperature range of 15–2500 K is achieved by thermal con-
tact to a liquid He flow-cryostat integrated in the manipulator,
and by radiative or electron-beam heating of the sample.
Arbitrary temperature profiles can be generated by software
with a proportional integral derivative (PID) -controlled
feedback loop. Fast sample exchange without degradation of
the UHV conditions is provided by a load lock system.

The measurement chamber is composed of a detector
ring that is rotatable around its longitudinal Z axis (en-
abled by two differentially pumped rotary feedthroughs) and
a fixed section (see Fig. 1). The rotating part is equipped
with an electron time-of-flight spectrometer (Stefan Kaesdorf,
Geraete fuer Forschung und Industrie), a hemispherical elec-
tron energy analyzer HEA (SPECS), and a Mg/Al-twin an-
ode x-ray source (PSP Vacuum Technology) for standard
CW photoelectron spectroscopy for sample characterization.
These components are all equipped with translation and tilt
mechanisms enabling optimal alignment with the sample sur-
face (see Fig. 3).

This flexible configuration, combined with the sample
rotation allows independent choice of both XUV/NIR angle
of incidence and of the electron detection angle (see Fig. 3).
Considering the linear polarization of both the NIR and the
XUV pulses, this arrangement can be used to distinguish po-
larization from angular effects in the photoemission process.

The NIR and XUV beams enter the end station through
the fixed part of the measurement chamber and are reflected
by the double mirror assembly onto the sample. For opti-
mization and alignment purposes, the fixed part also houses
an MCP/fluorescent screen system (see above) to observe the
XUV beam. In normal operation, this detector is obscured by
the double mirror and the chamber wall; therefore, the en-
tire end-station can be rotated horizontally around the entry
port using air pads in order to send the beam to this detector.
Furthermore, to enable gas phase measurements, a gas noz-
zle supported by an XYZ-manipulator mounted on the fixed

FIG. 3. (Color online) Cross-sectional view of the rotary part of the measure-
ment chamber. The various degrees of freedom for positioning are indicated
by dashed arrows.

part can be brought to the center of the chamber to replace the
solid sample.

Both chambers and the rotary feedthroughs are individu-
ally pumped by a system of turbomolecular and scroll pumps.
In addition, the chambers are also pumped by liquid nitrogen
cooled titanium sublimation pumps. After baking the UHV
system and with the use of l-N2-cooled titanium sublimation
pumps, a base pressure below 10−10 mbar can be routinely
achieved and maintained during the measurements.

IV. STREAKING OF CONDENSED XENON

A xenon multilayer serves as a benchmark system to
demonstrate the performance of the new apparatus. Xenon is
condensed onto a clean Re(0001) surface cooled to 20 K with
a final coverage of 200 layers. The xenon coverage has been
calibrated by comparing the areas of multilayer and mono-
layer desorption maxima in TPD.39 The atomically clean and
well ordered Re(0001) surface was produced according to es-
tablished procedures consisting of Ne+ sputtering followed
by several oxidation and annealing cycles and final flashes to
2400 K.40

A MoSi-multilayer mirror acting as a 6.2 eV broad
bandpass filter centered at 125 eV filters the XUV con-
tinuum produced by HHG and focuses it onto the sample.
Photoelectron spectra from 200 atomic layers of xenon taken
at different relative delays are shown as a red and a blue
curve in Fig. 4(a). Photoemission from the Re substrate is
suppressed by the Xe adsorbate and two emission lines at
kinetic energies of ∼115 eV and ∼60 eV with respect to the
vacuum level, originating from the Xe valence band, which
is derived from Xe 5p electrons, and Xe 4d5/2, 3/2 core levels,
appear. Emission from the Xe 5s state cannot be resolved
due to its low cross section. The weak features in the region
between the two visible Xe-states are due to satellite reflec-
tions of the multilayer mirror (cf. Fig. 2). The peak widths
of the Xe states reflect the broad energy range of the exciting
attosecond XUV pulse and the energetic structure of the Xe
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FIG. 4. (Color online) (a) Photoelectron spectra of a multilayer of xenon condensed on a Re(0001) substrate taken at the start and the end of a streaking scan
with an integration time of 0.5 min (35 min total duration) illustrating the long-term stability of the xenon multilayer. (b) False-color plot showing the full
streaking scan of the xenon 4d state. The retrieved attosecond XUV pulse is shown in the small inset. The kinetic energy is referenced to the vacuum level, the
spectra, and the spectrogram have been corrected for NIR-induced space charge effects.

condensate. A convolution of a high-resolution photoelectron
spectrum obtained by synchrotron radiation with the photon
energy dependent reflectivity of the multilayer mirror yields
peak widths of 6.6 eV and 6.7 eV for the 5p and 4d peak,
respectively (not shown). These values get slightly modified
in the spectrogram in Fig. 4 due to the influence of the NIR
streaking field and a non-zero chirp of the XUV pulse.13

All displayed photoelectron spectra were corrected for
NIR-induced space charge effects. Space charge in the context
here refers to energetically low photoelectrons, excited non-
resonantly via multiple photo ionization by the NIR pulse,
which accelerate the XUV photoelectrons towards the detec-
tor. In our case, this space charge leads to an overall shift of
the kinetic energy of the XUV photoelectrons, which we cor-
rect for by adding an offset value derived from spectra ob-
tained without the NIR field. This method is justified because
the NIR focus on our sample is much larger than the XUV fo-
cus, i.e., the space charge effect is laterally homogeneous. A
possible linear change of the amount of space charge during
the acquisition of the spectrogram can be accounted for by fit-
ting the effect with a linear function of a + bt. As bt turned
out to be in the meV range, this term was not included in the
correction.

The large bandwidth of the XUV pulse also sets limits
to the minimal energy separation of two different electronic
states, which are investigated with the ATR. In order to be
able to extract information on their relative timing,8, 41 both
peaks have to be spectrally resolved, limiting the separation of
the two states to at least the XUV pulse width. In reality, the
XUV pulse will display a non-zero chirp which will cause a
further broadening of the peaks when the NIR is introduced.13

Multiplets or a broad conduction band give rise to additional
broadening. A general expression for this additional broaden-
ing cannot be given as it depends both on the XUV and NIR
pulse parameters and on the investigated electronic structure
of the sample.

Due to the UHV conditions, the signal strength of the
photolines remained unchanged for more than 2 h – even
at a substrate temperature of 20 K. The xenon multilayers
proved to be stable under simultaneous illumination of both
the XUV and the NIR driver/streaking pulses enabling the ac-

quisition of high quality streaking spectrograms13 as shown in
Fig. 4(b). Due to the higher XUV photon energy, in compari-
son to previously reported streaking experiments,8 electronic
states with a high binding energy like the Xe 4d line are much
less affected by the NIR-background photoelectrons, resulting
from above-threshold ionization photoemission and inelasti-
cally scattered electrons.

The estimated NIR streaking intensity, based on the
modulation depth of the photoelectron kinetic energies,12 is
∼4 × 1011 W/cm2. The high signal-to-noise ratio achieved
in this measurement allows for accurate retrieval of important
characteristics of the attosecond XUV pulses. The result of
a frequency-resolved optical gating (FROG) routine applied
to a xenon multilayer spectrogram is shown in the inset of
Fig. 4(b).42 This analysis reveals an XUV pulse duration of
346 as with a central photon energy of 125 eV and a group
delay dispersion of −9.2 × 103 as2. The figure of merit of
the algorithm is 0.23, meaning the root-mean-square devia-
tion between the retrieved and the measured spectrograms.42

To date, these are the highest energy XUV photons used in
any attosecond streaking experiment.

V. SUMMARY

We describe a versatile apparatus dedicated to attosec-
ond time-resolved photoelectron spectroscopy of solids and
surfaces. The system is capable of generating sub-fs attosec-
ond XUV pulses with energies ranging from 90 to 140 eV
and provides UHV conditions in a flexible end-station, where
a wide range of standard surface science tools is available for
preparation and characterization of well-defined surfaces and
more sophisticated model systems. By performing an attosec-
ond streaking experiment on a xenon multilayer, we demon-
strate the long-term stability of our system, which allows us
to record high quality streaking spectrograms even from a
comparably fragile solid-state sample. Prolonged acquisition
times, offered by the UHV environment, now enables streak-
ing measurements to be performed on solid surfaces with
equivalent quality to those made in simpler gas phase exper-
iments. The flexibility of the end-station offers possibilities
for both angle- and polarization-resolved attosecond electron
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spectroscopic experiments. Combined with the large variety
of possible sample preparation schemes, this new apparatus
constitutes the experimental basis for systematic studies of at-
tosecond phenomena in solids and on surfaces. In the future,
this apparatus can be further supplemented by a scheme to
collinearly generate few-fs UV and attosecond XUV pulses43

allowing UV-XUV two-photon photoelectron spectroscopy in
addition to attosecond streaking.
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