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We present a newly developed high harmonic beamline for time-, angle-, and carrier-envelope phase-
resolved extreme ultraviolet photoemission spectroscopy on solid targets for the investigation of
ultrafast band structure dynamics in the low-fs to sub-fs time regime. The source operates at a repeti-
tion rate of 10 kHz and is driven by 5 fs few-cycle near-infrared laser pulses generating high harmonic
radiation with photon energies up to 120 eV at a feasible flux. The experimental end station consists of
a complementary combination of photoelectron detectors which are able to spectroscopically address
electron dynamics both in real and in k-space. The versatility of the source is completed by a phase-
meter which allows for tracking the carrier-envelope phase for each pulse and which is synchronized
to the photoelectron detectors, thus enabling phase sensitive measurements on the one hand and the
selection of single attosecond pulses for ultimate time resolution in pump-probe experiments on the
other hand. We demonstrate the applicability of the source by an angle- and carrier-envelope phase-
resolved photoemission measurement on a tungsten (110) surface with 95 eV extreme ultraviolet
radiation. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4989399]

I. INTRODUCTION

High harmonic generation (HHG) has enabled the devel-
opment of broadband and coherent radiation sources from the
extreme ultraviolet (EUV) energy range up to the soft X-ray
region at a table-top size. It also forms the basis for the gener-
ation of attosecond pulses1 which allows for studying electron
dynamics with ultimate time resolution.2,3 Due to these unique
characteristics, it has become an inevitable tool in numer-
ous applications such as ultrafast time-resolved photoelectron
spectroscopy (PES),4,5 EUV microscopy,6 and interferome-
try and diffraction experiments.7 All of them require specially
tailored harmonic radiation. The advance of high harmonic
radiation is closely related to laser development, with the
objective to precisely shape the laser pulses which drive the
harmonic process on the one hand and to the development of
advanced EUV optics8 on the other hand. The refinement of
laser pulse compression techniques has enabled the genera-
tion of ultrashort few-cycle pulses, which are advantageous
for the HHG process. They produce a broadband EUV contin-
uum at the harmonic cutoff from which, with the appropriate
optics, almost any required spectral content regarding central
photon energy, bandwidth, and chirp can be extracted. The suc-
cess of few-cycle pulses is also attributed to the development
of techniques which allow the control of the carrier-envelope
phase (CEP) of these pulses by means of both its stabiliza-
tion9–11 and its single-shot measurement for CEP tracking.12,13

CEP control not only gives further insight into the high har-
monic generation process itself but also has paved the way for
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the investigation of phase effects in other processes such as
charge migration,14 multiphoton ionization,15 and strong-field
interaction.16

The most practical and common way of generating high
harmonic radiation is by the interaction of intense laser pulses
with a gas target according to the HHG three step model.17 This
technique typically requires laser intensities in the 1014–1015

W/cm2 range. Predominantly ultrashort near-infrared (NIR)
laser pulses are employed for this purpose. Key parameters
in the design of a HHG source are the repetition rate, high
harmonic cutoff energy,18,19 and yield.20 The simultaneous
realization of these requirements is intricate due to various
difficulties in the specific laser amplifier or cavity design.
Especially photoemission experiments benefit from a high rep-
etition rate whereas the usable yield is usually limited by space
charge effects. Additionally, it is desirable to have a high cutoff
energy which allows the access of electronic states of different
binding levels.21 Currently, most few-cycle driven high har-
monic sources which provide photon energies beyond 100 eV
with suitable flux for EUV spectroscopy or imaging are based
on regenerative or multi-pass amplifiers with repetition rates
of 1–3 kHz.22–24 However, ongoing effort is put into the devel-
opment of high harmonic sources which boost the repetition
rate to multi-hundred kHz25,26 or even MHz27,28 but at the
cost of a (greatly) reduced cutoff energy or harmonic yield.
Although the harmonic output has been demonstrated from
these sources, many of them still lack proof of their applica-
bility to experiments. Also, pulse compression down to the
few-cycle regime for CEP sensitive measurements has not yet
been shown with MHz rate harmonic sources. The high har-
monic source we present here provides a reasonable balance
between repetition rate and cutoff energy. It is based on the
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proven multi-pass amplifier design but with an increased rep-
etition rate of 10 kHz which is able to deliver a high harmonic
cutoff energy well beyond 100 eV. The source employs few-
cycle NIR pulses to drive the HHG process. Owing to their
steep rise in intensity, they promote the generation of high-
energy harmonics near the cutoff at reasonable yields due to
low fractional ionization levels, i.e., a significant fraction of
gas atoms remain neutral (non-ionized) until the highest field
amplitude of the driving laser pulse reaches the interaction
zone. Additionally, few-cycle pulses are a prerequisite for the
generation of isolated attosecond pulses using amplitude gat-
ing or other gating techniques.29 This provides ultimate time
resolution in pump-probe experiments. The CEP of the few-
cycle pulses is continuously tracked for every laser shot by a
stereo above-threshold-ionization (ATI) phase-meter30 which
is synchronized to the electron detector for photoemission
spectroscopy measurements. As the laser source itself is not
actively phase stabilized, the CEP of the NIR pulses changes
randomly at every laser shot, thus intrinsically covering the full
360° range, which is ideal for CEP related studies. The high
harmonic output can be adapted to the needs of various appli-
cations by means of home-made tailored, multilayer-based
EUV optics.31–33 Furthermore, the polarization state of the
EUV radiation can be changed to nearly circular polariza-
tion by the use of EUV phase shifters.34 The experimental
end station comprises an electron detector for angle-resolved
photoemission spectroscopy (ARPES) as well as a photoe-
mission electron microscope (PEEM).35 The combination of
these complementary detection techniques enables to spectro-
scopically investigate electron dynamics both in real and in
reciprocal space. The performance of the PEEM at a high har-
monic source of 1 kHz repetition rate is described elsewhere.36

Here we present as a proof-of-principle application a CEP-
resolved ARPES measurement on a tungsten (110) surface at
95 eV photon energy.

II. EXPERIMENTAL
A. Laser front-end

The laser front-end of the beamline is designed to pro-
vide ultrashort few-cycle pulses with a carrier wavelength of
730 nm and∼100 µJ pulse energy at a repetition rate of 10 kHz.
It consists of a commercial femtosecond laser source, an addi-
tional nonlinear pulse compression setup in conjunction with
dispersion management, as well as a single-shot phase-meter
for CEP tracking. The laser source is a Ti:sapphire multi-
pass chirped pulse amplification (CPA) system (Femtopower
Compact Pro, Femtolasers GmbH) delivering pulses of 400 µJ
energy and 25 fs full width at half maximum (FWHM) dura-
tion centered at 780 nm at 10 kHz repetition rate. The increased
repetition rate comes at the expense of a reduced pulse energy
compared to systems of lower rates. As gain narrowing lim-
its the effective spectral bandwidth transmitted through the
amplifier system, the spectrum is externally broadened by
the nonlinear process of self-phase-modulation (SPM) in a
gas medium for further compression. The gas is filled into
a hollow-core fiber (HCF) which guides the laser focus over
a sufficiently long distance to build up the desired spectral

content. Adjusting the gas pressure in the capillary conve-
niently allows the control of the magnitude of nonlinearity for
the SPM process. Argon is chosen as the gas medium because
of its sufficiently strong nonlinearity for the applied pulse ener-
gies. In this way, the gas pressure can be kept at practical values
around 1 bar. However, ionization losses reduce the total fiber
throughput to 40%, even for a coupling condition close to the
theoretical optimum.37 The fiber is made of fused silica and
is 1 m long with a core diameter of 300 µm. Since spatiotem-
poral pulse distortions as well as beam pointing instabilities
and drifts heavily degrade the coupling efficiency, an acousto-
optic programmable dispersion filter is installed before the
fiber for optimizing the spectral shape and the dispersion of
the input pulses, along with an active beam stabilization setup.
The latter significantly improves the long-time stability of the
system.

Figure 1 shows the pulse spectra right before and after the
fiber for an argon pressure of 900 mbar.

A spectral broadening factor of F = 7.5 is achieved with
only a moderate gas pressure, resulting in a spectrum span-
ning more than one octave from 450 nm to over 950 nm. F
is defined as F = ∆λafter/∆λbefore with ∆λ2 = 〈(λ � λ0)2〉� 〈(λ
� λ0)〉2, where λ0 is the central wavelength and the angle
brackets denote the spectral average over the wavelength λ.
Finally, the chirp is removed by eight consecutive reflections
on four balanced pairs of low-ripple negative group delay
dispersion (GDD) dielectric mirrors.38 They support a band-
width from 500 nm to 1050 nm and are optimized for highest
reflectivity, giving an overall throughput of the entire mirror
compressor of better than 94%. The theoretical spectral trans-
mission characteristic is also shown in Fig. 1(a) (blue line).
Dispersion fine tuning is done by a pair of thin glass wedges.
The temporal phase and intensity structure of the pulse after

FIG. 1. (a) Laser spectra before and after the SPM process in the HCF. The
capillary is filled with argon at a pressure of 900 mbar. The spectrum is broad-
ened by a factor of F = 7.5. The simulated overall reflectivity characteristic of
the chirped mirror (CM) compressor is also shown. (b) Reconstructed tempo-
ral phase and pulse shape using a frequency-resolved optical gating (FROG)
device. The retrieved pulse duration is 5.3 fs FWHM. (c) Measured PAP for 41
× 106 consecutive laser shots. The color bar indicates the normalized counts.
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compression is determined by a frequency-resolved optical
gating (FROG) device using a four-wave mixing process as
nonlinearity in a 70 µm thin glass slab made of AF 32® eco
(Schott AG). The reconstructed pulse structure is depicted in
Fig. 1(b), indicating a pulse duration of 5.3 fs FWHM. Before
the beam is fed into the vacuum system for HHG and to the
experiment, 30% of its energy is extracted by a beam split-
ter and directed to the stereo ATI phase-meter. The device is
capable of measuring the CEP and pulse duration of individual
few-cycle laser pulses simultaneously by exploiting the CEP-
dependent asymmetry in the ATI spectra from a photo-ionized
gas target recorded at opposite sides along the polarization
axis of the laser pulse. For each of both spectra, an asymmetry
parameter between an integrated low-energy and high-energy
part is derived.13 In this way, one pair of asymmetry parameters
is obtained for each laser shot. It is customary to visual-
ize the asymmetry parameters of all recorded laser shots as
a two-dimensional histogram with the axes representing the
respective asymmetry values. This is referred to as a paramet-
ric asymmetry plot (PAP) with the CEP value being the plot
parameter. Provided the asymmetry parameters were properly
defined,30 this forms a nearly circular distribution of counts
where each count represents a laser shot within its respective
bin of asymmetry values. The CEP of a laser pulse is given by
the polar angle of its corresponding count in the PAP, while the
distance to the origin encodes its pulse duration. The relation
between the mean radius of the count distribution in the PAP
and the mean pulse duration was empirically found to be39

∆τ = β +
√

(−α/ ln(1 − r)), (1)

where α = 9.7317 ± 1.5069 and β = 1.6063 ± 0.2593. A
measured PAP for 41× 106 consecutive laser shots is shown in
Fig. 1(c). The mean radius of the point distribution is obtained
to be 0.51, which yields, after applying Eq. (1), a mean pulse
duration of 5.3 fs and precisely confirms the result of the FROG
measurement.

B. Vacuum back-end

The vacuum part of the beamline contains the setup for the
generation of the high harmonic radiation, its spectral shaping
and characterization as well as the experimental end stations.
A sketch of the entire setup is depicted in Fig. 2.

For the HHG process, we use a free gas jet configura-
tion because of its simple implementation. In this scheme, the
laser pulse is focused onto a gas jet of noble gas which con-
tinuously streams through a small orifice of a nozzle into the
vacuum chamber. The nozzle consists of a thin-walled stain-
less steel tube whose upper end is sealed. The laser pulses pass
the tube through two small apertures along the beam axis.
The pulse energy at the nozzle position is typically around
80 µJ. In order to achieve the required intensity for HHG of
1014–1015 W/cm2 in the gas plume, focal lengths between 30
cm and 40 cm are used. Due to the given Rayleigh length
for this focusing condition, which in turn affects the effective
coherence length for the harmonics to build up constructively,
the nozzle thickness along the beam direction is usually below
1 mm in order to achieve the strongest harmonic output. The
nozzle is movable in three dimensions to precisely adjust its
orifice to the laser beam. The harmonic output is optimized
by the common “knobs” for affecting the phase matching40 of
the conversion process: nozzle position along the beam axis
relative to the focus, backing pressure of the gas jet, laser pulse
chirp (glass wedges), and pulse intensity (adjusted by an iris).
Adjusting these parameters allows, within certain limits, for a
spectrally selective enhancement of the harmonic yield. Fur-
thermore, the polarization state of the harmonic radiation can
be adapted to different experimental requirements. It can be
switched between horizontal and vertical linear polarization
by switching between two beam paths, which either feed the
fundamental beam via a parallel or via a crossed periscope
into the vacuum chamber. This scheme does not degrade the
polarization’s degree of linearity for the spectrally broadband
NIR pulses, as opposed to inherently narrow-band NIR wave

FIG. 2. Schematic of the vacuum back-
end of the beamline including the setup
for HHG, EUV beam monitoring and
diagnostics as well as its spectral shap-
ing and characterization, the setup for
CEP tracking, and the experimental
chamber together with the setup for
sample preparation and handling. The
three graphs at the bottom show the
reflectivity characteristics of the multi-
layer mirrors.
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plates, which is essential for an efficient HHG conversion
from gas targets.41 Additionally, the linear polarization state of
the harmonics can be transformed into elliptical polarization
with a high degree of ellipticity by means of broadband EUV
quarter-wave plates,34 which can be installed downstream in
the beamline.

It turned out that thermal effects induced by peripheral
beam parts striking the edge of the nozzle orifice lead to con-
siderable instabilities and a drop of the harmonic yield within
an experimental acquisition cycle. In order to reduce those
instabilities and to achieve suitable long-term stability of the
harmonic output, the apertures of the nozzle are machine-
drilled to about three times the 1/e diameter of the NIR beam at
the focus and, additionally, the pointing of the beam is actively
stabilized before the nozzle. Moreover, as the HHG chamber
is situated on the optical table, it is vibrationally decoupled
from the latter while the breadboard inside the chamber which
holds the nozzle setup and further optics is firmly attached to
the optical table. In this way, the transmission of vibrations
from the vacuum pumps to the optical setup is minimized.

After the HHG process, both the residual fundamental
NIR and the harmonic EUV beam propagate collinearly, but
with different divergence, towards the experimental cham-
bers, thereby passing a differential pumping section with two
intermediate chambers in between. This section bridges the
pressure difference between the HHG chamber with high gas
load at typically 10�2 mbar and the experimental chamber at
UHV conditions in the low 10�9 mbar range. Each chamber
is pumped by a turbo pump with a nominal pumping speed of
600 l/s. Clean UHV conditions in the experimental end sec-
tion are a prerequisite for photoemission experiments on solid
targets. The intermediate chambers serve as auxiliary pump-
ing points within the pressure gradient and provide additional
ports for EUV filters and optics. Differential pumping is sup-
ported by introducing a high gas flow resistance between the
chambers via narrow vacuum tubes which additionally contain
a set of round apertures. The number and size of the apertures
as well as the pumping speed of the vacuum pumps were opti-
mized by simulations so that spatial dimensions are kept in a
practical range while maintaining the desired pressure differ-
ence at the same time. The apertures can be easily exchanged to
meet altered requirements if necessary, e.g., when a different
focusing condition changes the beam divergence. This con-
figuration provides a free-space connection between the high
harmonic and the experimental chambers, which ensures the
highest transmission and flexibility regarding the use of addi-
tional optical elements such as different types of EUV filters.
If necessary, the vacuum condition in the experimental cham-
ber can be further improved by physically separating it from
the HHG chamber by means of a gate valve with an appropri-
ate EUV filter inset. The first intermediate chamber contains
a broadband lanthanum/molybdenum multilayer mirror at 15°
grazing incidence which reflects the harmonic beam into an
EUV spectrometer for spectral diagnostics. The spectrome-
ter employs an aberration-corrected varied line-space flat-field
grating (Hitachi High Technologies America, Inc.) and a mul-
tichannel plate with phosphor screen as a detector. An input
slit with adjustable width allows the adaption either for high
throughput or high resolution. A set of ultrathin aluminum,

zirconium, carbon, and silicon foils is used to (a) block the
NIR beam, (b) to spectrally filter the harmonic radiation, and
(c) for calibrating the spectrometer. The second intermedi-
ate chamber serves as a selector for different experimental
end stations and provides space for additional optics such as
EUV wave plates. EUV multilayer mirrors can optionally feed
the harmonic beam into another experimental setup for future
applications on EUV diffraction imaging. Moreover, an EUV
beam monitoring system is installed in front of the main experi-
mental chambers. A set of retractable multilayer mirrors reflect
the harmonic beam onto an EUV sensitive CCD chip. The mir-
rors are designed for three distinct, adjacent spectral regions
between 50 and 90 eV. Hence, this setup provides a quick and
easy way to optimize both the harmonic beam profile and yield
in a spectral region which can be chosen close to the photon
energy of interest for the photoemission experiment.

Finally, the experimental end station consists of two cas-
caded chambers dedicated to the (micro-)spectroscopic inves-
tigation of electron dynamics with sub-fs time resolution in
solids using photoemission. The first chamber is equipped with
an angle-resolving time-of-flight (TOF) electron spectrometer
(Themis 1000, Specs Surface Nano Analysis GmbH) for time-
resolved band structure analysis (tr-ARPES) and Fermi surface
imaging, while the second chamber houses a TOF photoemis-
sion electron microscope (TOF-PEEM, Focus GmbH) for the
investigation of electron dynamics on nano-structured sam-
ples. The ARPES spectrometer images the emission angles
of the photoelectrons via a set of electrostatic lenses onto
the detector. Different lens settings allow the adjustment of
the acceptance angle and the energy window for the imaging
process. The detector is a multichannel plate with a delay-
line anode which is able to simultaneously measure the TOF
and the position for every electron event.42 The EUV beam is
focused by a multilayer mirror with a focal length of 12.5 cm
and at a grazing angle of 30° onto the sample. This mirror is
concentrically split where the inner part is mounted on a pre-
cise piezo table to adjust nanometer-sized displacements, thus
providing the capability to conduct time-resolved EUV-NIR
pump-probe experiments with sub-fs time resolution. It can
be retracted from the beam axis to let the beam alternatively
pass to the second experimental chamber. The ARPES cham-
ber also contains an electron gun for Auger spectroscopy in
order to check the surface cleanness of the sample. The sam-
ple manipulator can hold several samples in parallel and is
built up by a linear 2-axes translation table allowing both the
precise adjustment of the working distance and the selection
of the sample. Additionally, the sample can be heated up to a
temperature of 1700 °C by electron bombardment. In this way,
ARPES measurements can be performed at room temperature
and above. The heater is also useful to quickly clean the surface
of refractory materials between acquisition cycles. The cham-
ber body is embedded into a triaxial coil setup which is able
to compensate for static magnetic stray fields, predominantly
the earth’s magnetic field. The remanent magnetic field within
the volume of interest is kept in this way below 2 µT resulting
in a maximum angle error of 0.2° for 90 eV electrons. For
this purpose, the chamber and its ports are made of a stainless
steel alloy with reduced magnetic permeability. In addition, it
is connected to a sample preparation and loading station for
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fast and convenient sample transfer. The sample preparation
chamber is equipped with an ion-gun for sputtering the sample
surface, a gas port for flushing it with different process gases,
and a heater which is able to heat the sample above 2000 °C.
The entire sample preparation and loading section can flexibly
be moved and attached to either of the experimental chambers.

III. RESULTS AND DISCUSSION
A. High harmonic output

High harmonic radiation is generated in neon with a focal
length of 40 cm, giving an intensity of ∼1015 W/cm2 in the
focal plane at a pulse duration of 5 fs. The nozzle is placed
slightly in front of the focus position and has a thickness of
900 µm along the beam axis. The harmonic yield in depen-
dence of the backing pressure is shown in Fig. 3. The spectra
are taken at a pressure step of 20 mbar; however, for a smoother
presentation, they are interpolated to a step width of 5 mbar.
Optimum phase matching in the cutoff region is achieved at
a backing pressure of 200 mbar. The cutoff energy is around
140 eV. For lower photon energies (<70 eV), the pressure for
best phase matching shifts to higher values.

The spectrum shows the typical structure of distinct har-
monic peaks in the low energy range which transform into a
continuum at the cutoff region as it is common for few-cycle
driven HHG.43 Isolated attosecond pulses can be generated by
filtering the spectral continuum where the pulse duration is
ultimately limited by the spectral width of the continuum and,
in particular, determined by the width of the employed EUV
bandpass filter as well as the overall chirp characteristics. The
upper panels indicate the transmission characteristics of the
employed metal filters and multilayer optics. The flux at 90 eV
within a bandwidth of 8% is estimated to be 5× 109 photons/s.
The value is derived from the integrated beam profile measured
with the 90 eV mirror (reflectivity: 70%, bandwidth: 7 eV) at
the high harmonic beam monitoring and diagnostics unit con-
sidering the transmission of the involved EUV optics and the
quantum efficiency of the EUV CCD for the given energy
range.

B. CEP- and angle-resolved PES

The following PES measurements were carried out with
a molybdenum-silicon multilayer focusing mirror acting as a
spectral bandpass filter centered at 95 eV with a bandwidth of

FIG. 4. Degradation of photoemission energy spectra from tungsten (110)
by space charge at 95 eV excitation energy. With increasing intensity, the
spectral features broaden and smear out. The width (10%–90% criterion) of
the high energy edge of the valence band is additionally shown as a quantitative
measure (blue crosses). The value attached to each curve indicates the total
electron count rate on the detector (including secondary electrons) as well as,
in parentheses, the effective electron count rate considering only the electrons
within the kinetic energy window adjusted by the spectrometer’s lens settings.

2.6 eV and a peak reflectivity of 48%. The bandwidth of the
mirror supports Fourier-limited pulses of 700 as FHWM pulse
duration for sub-fs time resolution in time-resolved experi-
ments. The angle- and CEP-integrated PES spectra from a
tungsten (110) surface are depicted for different harmonic
intensities within the mirror bandwidth in Fig. 4. The lower
panel in the figure shows the principal structure of the spec-
trum. Due to the broad excitation bandwidth, the fine structure
of the valence band (VB) and the spin-orbit splitting of the 4f
core state merge into two prominent peaks at around 90 eV
and 58 eV, respectively (work function ∼5 eV). The collection
angle of the spectrometer is adjusted to ±7°. It is evident from
this measurement that the spectral shape experiences space
charge deformation with increasing harmonic intensity, which
manifests in severe broadening and spectral shifting of the
peaks.

FIG. 3. High harmonic spectra generated in neon. (a)
Filter and multilayer mirror transmission. (b) Spectra
at different gas pressures indicating the pressure depen-
dent phase-matching behavior. The color bars indicate the
detector counts. (c) Logarithmic plot of the spectrum at
200 mbar (highest signal strength near cutoff, counts are
normalized). Cutoff: 140 eV.
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Note that the effective electron count rate on the detector
for an undistorted image, i.e., the counts of those electrons
which fall into the energetic window imaged by the spectrom-
eter, may become very low and may make up only a small
fraction of the pulse repetition rate. This demonstrates the
limitation of the usable flux and underlines the importance
of a source with an increased repetition rate. Furthermore,
driving the photoemission signal into the space charge limit
indicates that the high harmonic flux generated by this source
is sufficient to fully exploit its potential regarding the rep-
etition rate and hence, to efficiently conduct photoemission
spectroscopy measurements. Note that for a given photoelec-
tron rate, space charge contributions can be slightly reduced by
lowering the number density of photoelectrons in the excitation
zone. Therefore, the sample is positioned a few millimeters
off the beam waist position in the following measurements in
order to increase the excitation area. Considering the actual
EUV beam parameters, a theoretical beam waist diameter of
nearly 3 µm is calculated after the focusing mirror. The actual
beam diameter on the sample, however, is in the order of hun-
dreds of micrometers, e.g., a FWHM diameter of 270/490 µm
has been estimated for the short/long axis of the sample spot
in a previous measurement, yet with a slightly different longi-
tudinal sample position, using the spatial imaging mode of the
Themis analyzer.

The tungsten surface is cleaned in the attached sample
preparation chamber by annealing it at 1000 °C in an oxygen
atmosphere with a partial pressure of 1 × 10�7 mbar to remove
carbon followed by high temperature flashes above 2000 °C
in order to desorb the oxygen and the oxide layer.44 Between
subsequent measurement cycles, the sample can be exposed
to high temperature power flashes by the in situ heater in the
main chamber to remove adsorbent gradually grown from the
residual gas atmosphere.

For the following measurements, the angle acceptance of
the spectrometer is increased to the maximum value of ±15°
in order to image the largest k-space possible with the given
excitation energy. The kinetic energy window of the lenses for
the angle imaging is adjusted to the valence band. Figure 5
shows the characterization of the spectrometer in this mode
with respect to kinetic energy and emission angle. The width
of the high energy slope of the valence band in the photoemis-
sion spectrum is determined to be 3.5 eV, based on a 10%–90%
criterion. Deconvolving the employed mirror bandwidth by
quadratic subtraction results in an instrumental energy resolu-
tion of 2.3 eV. The energy resolution is potentially limited by
space charge contributions and the time resolution of the delay-
line detector which has been measured to 420 ps. Considering
the time-energy dispersion of the photoelectrons, excited by
95 eV photon energy from a point-like excitation spot, inside
the drift tube of the spectrometer according to the specific lens
settings, raytracing simulations indicate an expected energy
resolution of 1.2 eV based on the given time resolution of the
delay-line. The deviation to the experimental value is attributed
to remanent space charge and a finite size of the excitation spot.
The effective, accumulated spot size is finally determined by
including pointing fluctuations which are roughly estimated
to make up 40% of the actual spot size diameter. Note that
the time resolution of the delay-line detector only affects the

FIG. 5. Characterization of the electron spectrometer. (a) Light peak on the
delay-line detector obtained by diffusely reflected high harmonic radiation
from the sample. The indicated FHWM is a measure for the system’s time res-
olution. (b) Width of the Fermi edge (10%–90% criterion) in wide-angle mode
(15° acceptance angle) at 95 eV photo-excitation. (c) Angle image obtained
with a hole pattern aperture as an angle filter from scattered electrons on the
sample. The color bar indicates the normalized detector counts. (d) Lineout
from (c) as indicated by the black line.

energy resolution of the spectrometer. It is not directly related
to the time resolution of pump-probe measurements which is
limited by the pulse duration of the probe pulse.

In order to determine the angle imaging quality for the
given parameters, an aperture with a square 5 × 5 hole pat-
tern acting as an angle filter is placed between the sample and
the inlet of the spectrometer (22 mm distance to the sample).
The diameter of the holes is 300 µm and the spacing between
them is 1 mm. As the aperture blocks the beam path of the
harmonic radiation to the multilayer mirror, the electron gun
is used as an excitation source. The electron beam is focused
onto the sample at an incident angle of 45°, and the inelasti-
cally scattered electrons are imaged by the spectrometer. The
recorded angle pattern is depicted in Fig. 5(b). It has to be
noted that the electron gun produces a rather broad illumina-
tion spot on the sample, which is considerably larger than that
from the excitation with EUV radiation and which induces
slight distortions in the imaging process. An angle resolution
of 1.9° is deduced from the edge steepness of the lineout in
Fig. 5(c) by a 10%–90% criterion, which however can be con-
sidered as an upper limit due to the large illumination spot
size.

As an exemplary angle-resolved photoemission measure-
ment using EUV high harmonic radiation at 95 eV, a broad-
band k-space image of the valence band around the Fermi
energy is acquired and depicted in Fig. 6, indicating the sym-
metry structure of the lattice. The projection of a calculated
Fermi surface of tungsten using the linear muffin tin method
is also shown for comparison. An energy slice with a width of
200 meV at the Fermi edge is used for this calculation.

Finally, we present a CEP-resolved PES measurement of
the valence band from tungsten. As the detector events in the
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FIG. 6. (a) Brillouin zone of the BCC lattice with symmetry points. (b) Mea-
sured k-space image from the valence band of tungsten employing broadband
high harmonic EUV radiation (left) and the projection of a calculated Fermi
surface (using an energy slice with a width of 200 meV) using the linear muffin
tin orbital method (right). The measurement indicates the expected symmetry
along the Γ-P and Γ-H direction. The color bar indicates the normalized signal
intensity.

spectrometer occur probabilistically, special effort has been
put into the synchronization of the data streams from the delay-
line detector and the stereo ATI phase-meter in order to ensure
a proper assignment between the recorded events from both
devices. The resultant photoemission spectra as a function of
the CEP are shown in Fig. 7. For this plot, an initial CEP
binning of 10° is chosen which is interpolated to a bin width
of 5° for a smoother appearance.

A pronounced modulation of the photoelectron signal as
a function of the CEP is observed, see Fig. 7(b), where the
modulation strength, which is about 50%, is illustrated by the
black curve. The modulation periodicity of 180° indicates the
inversion symmetry of the photoemission signal with respect
to the NIR field. As the link between the photoemission pro-
cess and the CEP of the NIR laser field is the HHG process,
it is intuitive that the observed modulation constitutes a direct
imprint of the CEP-dependent high harmonic yield, which is
confirmed by a CEP-resolved HHG simulation, see Fig. 7(c).

FIG. 7. (a) CEP-resolved photoemission spectra of the valence band of
W(110) at 95 eV excitation energy. (b) Energy-integrated photoemission (mea-
sured, black) and high harmonic (simulated, blue) signal. A CEP-dependent
periodic modulation in both signals is evident. The CEP dependency of the
harmonic yield resembles the modulation behavior of the photoemission sig-
nal. (c) CEP-dependent high harmonic simulation. The dashed, green line
indicates the spectral reflectivity of the multilayer (ML) mirror. The color
bars indicate the normalized signal intensity.

The simulation code uses the applied laser pulse and gas target
parameters and calculates the spatially coherent high harmonic
response along the NIR beam profile at a single z-slice (where
z is the propagation direction) using the Lewenstein model,45

considering transient gas ionization. The contribution of long-
trajectories is programmatically suppressed (by limiting the
excursion time) as the same is also achieved by phase-matching
adjustments in the experiment. Propagation effects, however,
are not accounted for in order to limit the calculation time. The
result shows the typical inclination of the spectral HH struc-
ture with respect to the CEP of the NIR field near the cutoff
region.26,46 The resultant CEP-dependent HH yield, derived by
multiplying the simulated spectrum with the spectral reflec-
tivity of the multilayer mirror and integrating it, is in good
qualitative agreement with the measured modulation of the
photoemission signal. A possible reason for the deviation in
the modulation depth could be due to neglecting propagation
effects in the simulation. Also, note that the ATI phase-meter
only provides relative CE phases, i.e., the CEP axis of the
photoemission signal, ΦCEP

PES, is only determined except for
a constant offset, so that ΦCEP

PES = ΦCEP + ΦCEP
Offset, where

ΦCEP is the real CEP referenced to a cosine pulse. The simula-
tion can be used to estimate ΦCEP

Offset, which is close to zero
in this case by coincidence.

IV. SUMMARY AND PROSPECTS

In this work, we have presented a new high harmonic
beamline based on multi-pass amplifier technology with an
increased repetition rate of 10 kHz. In spite of the reduced
pulse energy compared to systems with lower repetition rate,
we are able to generate harmonic output well beyond 100 eV
with feasible flux for photoemission spectroscopy experi-
ments. The HHG process is driven by 5 fs few-cycle pulses
which form a spectral continuum in the high-energy part of the
harmonic spectrum with a cutoff energy around 140 eV. There-
fore, both electronic valence band states and core-like states
can be addressed by this high harmonic radiation. Specially
tailored EUV multilayer optics47 are in use for steering, char-
acterizing, and filtering the harmonic beam. By engineering the
characteristics of the multilayer reflector in the main chamber,
the beam parameters can be adapted to different experimental
requirements. Broadband imaging of energy bands is required
to sample band structure dynamics in the few-fs or even sub-fs
time range. A k-space image of the valence band of tung-
sten, obtained by broadband high harmonic EUV excitation,
is presented as an exemplary test case and reveals the expected
symmetry of the lattice. Furthermore, the successful synchro-
nization of the PES electron detector and the CE phase-meter
is demonstrated by a CEP-resolved photoemission measure-
ment on a tungsten (110) surface revealing a prominent CEP
dependence in the photoelectron signal, which in turn reflects
the CEP-dependent high harmonic yield near the cutoff. The
conception of this measurement setup, i.e., single-shot CEP-
tagging in combination with an angle-resolving time-of-flight
electron spectrometer, enables a fast and efficient data acqui-
sition as none of the parameters have to be scanned manu-
ally. CEP tagging also allows the selection of EUV pulses of
different temporal structures arising from the varying CEP of
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the driving pulse during the HHG process. In this way, the
currently installed multilayer mirror in principle supports iso-
lated sub-fs EUV pulses, extracted from the spectral harmonic
continuum by amplitude gating, for ultimate time resolution in
time-resolved photoemission experiments. The photoelectrons
are recorded angle-resolved, and the spectrometer’s perfor-
mance regarding energy and angle resolution is characterized.
It was found that the performance is currently limited by a poor
electronic time resolution of the delay-line detector, which is
about a factor of three above the common value for such a
detector. Hence, an improvement of the spectrometer’s perfor-
mance can be expected regarding this issue. The experimental
chamber is kept at UHV conditions and contains the tools
necessary for sample handling, cleaning, and characterization.

We have proven the applicability of a 10 kHz high har-
monic radiation and measurement infrastructure which is able
to simultaneously capture a complete set of all the relevant
parameters of few-cycle driven NIR pump–EUV probe pho-
toemission experiments for the investigation of ultrafast band
structure dynamics in solids. Important possible applications
include, for instance, angle- and CEP resolved photoelec-
tron streaking measurements at different binding energy levels
from solid surfaces. The usage of recently developed EUV
wave plates34 even offers the potential to address electrons’
spin-selectively, making this beamline an extremely versatile
tool for ultrafast CEP-resolved studies of electron dynamics
including magnetic and chiral materials.
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R. Kienberger, and U. Kleineberg, Opt. Lett. 40, 2846–2849 (2015).

9F. W. Helbing, G. Steinmeyer, J. Stenger, H. R. Telle, and U. Keller, Appl.
Phys. B 74, S35–S42 (2002).

10J. Rauschenberger, T. Fuji, M. Hentschel, A.-J. Verhoef, T. Udem, C. Gohle,
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