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We present a laser-based apparatus suitable for visible pump/extreme UV �XUV� probe time-,
energy-, and angle-resolved photoemission spectroscopy utilizing high-harmonic generation from a
noble gas. Tunability in a wide range of energies �currently 20–36 eV� is achieved by using a
time-delay compensated monochromator, which also preserves the ultrashort duration of the XUV
pulses. Using an amplified laser system at 10 kHz repetition rate, approximately
109–1010 photons /s per harmonic are made available for photoelectron spectroscopy. Parallel
energy and momentum detection is carried out in a hemispherical electron analyzer coupled with an
imaging detector. First applications demonstrate the capabilities of the instrument to easily select the
probe wavelength of choice, to obtain angle-resolved photoemission maps �GaAs and URu2Si2�, and
to trace ultrafast electron dynamics in an optically excited semiconductor �Ge�. © 2010 American
Institute of Physics. �doi:10.1063/1.3460267�

I. INTRODUCTION

Angle-resolved photoemission spectroscopy �ARPES� is
a well-established experimental technique for studying the
electronic structure of solids.1,2 The simultaneous detection
of the kinetic energy and angle of the emitted photoelectrons
offers the possibility of obtaining a two-dimensional energy-
momentum map along a given direction in k-space, thus pro-
viding accurate information about the dispersion of filled
electronic bands. In principle ARPES can also be used to
map out the dispersion of normally unoccupied bands pro-
vided that electrons are excited �“pumped”� into unfilled
bands and subsequently photoemitted �“probed”�. The dy-
namics of the transient electrons is typically on the femto- to
picosecond time scales, mainly due to electron-electron
and/or electron-phonon interactions,3,4 and precludes the use
of conventional sources of radiation typically employed for
ARPES, e.g., gas-discharge lamps providing continuous-
wave radiation, or synchrotron sources offering pulsed
beams with duration on the order of 100 ps. In this regard
laser-based instruments are particularly suitable for time-
resolved ARPES: such systems are capable of delivering
pulses of ultrashort �tens of femtoseconds or less� duration
and allow for precise synchronization between the pump and
probe processes.5,6 The short wavelength radiation required
for the photoemission process can be achieved through vari-
ous frequency up-conversion techniques. One possible
method is high-harmonic generation �HHG�, which provides
coherent, ultrashort radiation covering the spectral region
from vacuum UV to soft x-rays.7,8 Several groups have suc-
cessfully shown the implementation of HHG in time-
resolved photoemission spectroscopy on solids: Haight
et al.5,9 developed this technique to study carrier dynamics at
semiconductor surfaces, Quere et al.10 observed energy re-
laxation in photoexcited quartz, Bauer et al.11 and Miaja-
Avila et al.12 traced femtosecond surface chemistry reaction

from molecular oxygen and xenon deposited on platinum,
respectively, Read et al.13 studied the decay of excitations on
a dye-doped organometallic material, Siffalovic et al.14

traced hot-electron dynamics from platinum surface, and Sif-
falovic et al.15 and Melzer et al.16 observed transient surface
photovoltage in optically excited p-GaAs and Ga-covered Si
surface, respectively.

In comparison with light sources typically employed in
the UV range, which have successfully been used for time-
resolved ARPES,17–20 the use of high-harmonic radiation ex-
tends the information that can be possibly obtained in several
ways. �1� HHG, typically in the extreme UV �XUV� range
�15–50 eV�, allows access to deep, in some cases core-
electron levels. �2� The broad energy range covered by HHG
offers the possibility to select a particular photon energy
which optimizes the photoemission from a given orbital of
interest, e.g., d- versus f-electrons. �3� The use of higher-
energy photons extends the accessible momentum space. �4�
Optical excitation with sufficiently intense pump pulses in-
troduces a background due to multiphoton photoemission,21

which can easily extend beyond the UV range and prevent
one from observing the ultrafast dynamics of the transient
electrons; the use of XUV photons offers the chance for
probing these electrons at energies where the background
signal is negligible.14

Since in HHG a multitude of discrete harmonic peaks is
produced, successful utilization of such a source for ARPES
experiments requires the spectral selection of a single har-
monic order with maximum efficiency while preserving the
femtosecond pulse duration. Harmonic selection using a dif-
fraction grating can significantly stretch the pulse in the time
domain,22 while the alternative method of using multilayered
mirrors14,23 offers the convenience of copropagating visible
and XUV beams �useful for spatio-temporal overlap between
the pump and probe pulses�, but lacks convenient wave-
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length selectivity. Recently Poletto et al.24,25 proposed and
developed a time-delay compensated monochromator
�TDCM� that utilizes a pair of diffraction gratings operated
in the off-plane mount, demonstrating spectral selection with
high efficiency in a broad spectral range26 while preserving
the temporal properties of the HHG radiation.27

In this paper we demonstrate the capabilities of a laser-
based instrument, employing HHG and a double-grating
monochromator �TDCM�, together with a highly sensitive
hemispherical electron analyzer to obtain static and time-
dependent photoemission spectra. We show that single har-
monics from a wide energy window, 20–36 eV �for HHG
using argon�, can be easily selected with the help of the
TDCM, and doing so while preserving a high flux of XUV
light, �109–1010 photons /s per harmonic. We exploit the
ability of the detection system to collect two-dimensional
images and present angle-resolved photoemission maps of
GaAs and URu2Si2. Finally, the ability of the apparatus to
record time-resolved photoemission is demonstrated by trac-
ing the electron dynamics of optically excited �1.55 eV�
single-crystal germanium.

II. EXPERIMENTAL SETUP

A schematic view of the experimental setup is shown in
Fig. 1. The laser system is a two-stage Ti:sapphire multipass
amplifier �Red Dragon, KMLabs�, seeded by a Ti:sapphire
oscillator �Halcyon, KMLabs� delivering 6 nJ pulses at
�90 MHz repetition rate. The amplification occurs in cryo-
genically cooled �40 K� crystals pumped by the second har-
monic ��100 W� of a pair of Q-switched Nd:yttrium alumi-
num garnet lasers �Photonics Industries�. The system is
capable of routinely delivering 1.5 mJ, 30 fs pulses at 10 kHz
repetition rate, with a possible increase up to 20 kHz. The
output is split in two arms, with approximately 90% of the
energy being used for the process of HHG, and the remain-
ing 10% used to optically excite the samples either at the
fundamental �1.55 eV� or the second harmonic �3.1 eV�
wavelengths. A single high-order harmonic with ultrashort
pulse duration is extracted by passing the XUV beam
through a TDCM. The pump and probe beams are focused
almost collinearly ��1° angle� onto the sample, positioned in
a custom-built ultrahigh vacuum �UHV� chamber. Photo-

emission spectra are acquired with a hemispherical electron
analyzer �Specs, Phoibos 150�, equipped with a two-
dimensional detector for simultaneous energy and momen-
tum detection. In the following sections we will describe in
more detail the main components of the apparatus, followed
by first applications.

A. XUV light source

HHG is a well-understood process used to convert in-
tense visible or infrared pulses into radiation with a much
shorter wavelength. Briefly, in the picture of the three-step
model,28,29 the interaction of intense ��1014 W /cm2� pulses
with the atoms of a noble gas leads to ionization, free propa-
gation, during which electrons accumulate energy, and re-
combination, accompanied by the release of high-energy
photons. Due to the inversion symmetry of the generating
medium, odd harmonics are produced with energies currently
extending up to hundreds of eV, depending on the parameters
of the driving pulses and the phase-matching conditions.7,8

We use a 300 mm lens to focus the s-polarized laser
beam through a 250-�m-thick LiF window into a vacuum
chamber, containing a quasistatic gas cell supplied with ar-
gon. The gas cell is formed by a thin-wall nickel tube with a
3 mm diameter, perpendicularly positioned to the direction of
the beam. The tube is placed at the focal point and the laser
is allowed to drill holes, thus reducing to a minimum the gas
load in the chamber. The vacuum chamber is maintained at a
pressure of 2�10−7 Torr in the absence of gas by using a
turbomolecular pump �Varian, 230 l/s�. The argon delivery is
monitored by a mass-flow controller �MKS�; we are capable
of increasing the backing pressure inside the tube up to 100
Torr while maintaining a background chamber pressure be-
low 5�10−3 Torr. The high-harmonic signal is optimized
while observing the beam on an XUV charge-coupled device
�CCD� camera �PIXIS-XO, Princeton Instruments�. A
500-nm-thick Al filter is placed in front of the camera to
reject any stray visible light. Best results are usually obtained
when the incident pulse energy is 0.6–0.8 mJ and the argon
pressure is 20–30 Torr. The focal point of the laser is

Argon, 20 Torr
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Slit

Differential
pump

Sample

10-10 Torr
Al filter

Turbomolecular pumps
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FIG. 1. �Color online� Experimental setup for visible pump/XUV probe ARPES: the visible beam �1.55 or 3.1 eV� traverses a delay stage that controls the
timing of the pulses; the XUV beam is produced via HHG in argon, propagates through a TDCM for spectral selection, and is refocused almost collinearly
with the visible beam on the sample in a UHV chamber, containing a hemispherical electron analyzer.
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1–2 mm before the center of the nickel tube and the beam
diameter is reduced to 6–8 mm.30 A small aperture �1.5 mm
diameter, 20 mm long� at the exit of the chamber allows us to
significantly reduce the gas load into the TDCM and subse-
quent chambers.

A typical image of the XUV beam collimated 300 mm
after the HHG source, containing all harmonic orders, is
shown in Fig. 2�a�. The beam has a nearly Gaussian spatial
profile with a size of �120 �m full width at half maximum
�FWHM�. We measured the spotsize at two additional posi-
tions by translating the camera, and obtained a divergence of
less than 0.1 mrad, which is important since the beam is
eventually refocused in the target chamber. Since we are ob-
serving a polychromatic beam this value represents the di-
vergence of the longest-wavelength component of the beam
at a photon energy of �17 eV, based on the transmission of
the Al filter.

We tested the spatial coherence of the XUV beam by
observing the interference pattern of H13 �13th harmonic,
��=20.15 eV� from a pair of 20 �m pinholes, separated by
100 �m. The resulting �Fig. 2�b�� fringe visibility of �80%
indicates very good spatial coherence across the diameter of
the beam.

In order to characterize the spectral content of the beam,
we recorded at room temperature a photoemission spectrum
of a Mott-insulator, uranium dioxide �UO2�, using the full
spectrum of the XUV beam. The material exhibits a strong,
5-f electron peak with a very small dispersion, less than 1 eV
below the Fermi edge, suitable for observing individual har-
monic orders �see also Fig. 5�. A typical angle-integrated
photoelectron spectrum obtained for �5 min is shown in
Fig. 3. 5-f electron peaks originating from various harmonic
orders form a comb structure on top of a background due to
photoelectrons with lower kinetic energy. Accounting for the
analyzer work function ��4.2 eV� we get high harmonics up
to �45 eV, which is typical for argon as a generating
medium.31 As expected the harmonic peaks are spaced by
�3.1 eV, twice the fundamental photon energy, and the
width of individual peaks is 0.6–0.8 eV FWHM.

B. Time-delay compensated monochromator

An important requirement for successful utilization of
HHG in time-resolved ARPES experiments is the extraction
of a single harmonic from the typically broad spectrum, and
doing so while preserving the ultrashort duration of the XUV
radiation. In addition, it is desirable to be able to select with
relative ease the wavelength of choice depending on the par-
ticular case of interest, e.g., to maximize photoemission
cross-section from a given orbital, or to obtain a bulk versus
surface sensitive probe. Recently a TDCM �Ref. 32� has
been proposed, built, and thoroughly characterized, demon-
strating the ability to fulfill the aforementioned requirements.
Briefly, the TDCM is a double-grating monochromator oper-
ated in subtractive dispersion mode consisting of two identi-
cal sections. The first section contains a collimating mirror, a
grating, and a focusing mirror that spectrally disperses the
XUV beam, while the second part compensates for the pulse
stretching that is inherent in the diffraction process. Wave-
length selection is achieved through a simultaneous rotation
of the gratings and adjustment of a slit positioned in the
intermediate plane between the two sections. One of the
most appealing features of TDCM is the excellent through-
put, typically in the 10%–15% range. It is attributed to the
very high diffraction efficiency �50–70 % at the blaze wave-
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FIG. 2. �Color online� �a� An image of the beam on the CCD camera �1 pixel=13 �m� containing all harmonics. The average size is 120 �m FWHM. �b�
Interference pattern of H13 from a double-pinhole �20 �m in diameter, 100 �m apart�. The outer ring results from overlapping diffraction Airy patterns
originating from both pinholes.
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FIG. 3. Photoemission spectrum from UO2 using a XUV beam containing
all generated high-harmonics. The peaks are replicas of the 5-f electronic
structure near the Fermi edge, separated by 2��. Analyzer work function is
�4.2 eV.
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length� of the gratings operated at small grazing incidence
angle and mounted in the off-plane configuration where the
incident and diffracted wave vectors are almost parallel to
the grooves of the grating.26 We have adopted a very similar
design and constructed a TDCM.

All optical elements in our TDCM are designed
and operated at 3° grazing angle. Gold toroidal mirrors
�50�10�10 mm, ARW Optical� with a 300 mm focal
length are used to collimate and refocus the XUV beam
while dispersion is achieved using plane-ruled, gold-coated
diffraction gratings �40�40�10 mm, Richardson Gratings,
Newport�. Based on the grating equation, and for a given
incidence angle, choosing gratings with a particular groove
density and blaze angle allows us to operate at a desired
wavelength range where the TDCM transmission is maxi-
mized, e.g., the efficiency of a 400 g/mm grating blazed at
15° peaks at �18.3 eV. If a significantly longer or shorter
wavelength is desired, a straightforward swap of the gratings
ensures maximum transmission through the TDCM �pro-
vided that the desired wavelength “exists” in the HHG spec-
trum�. All mirror mounts are equipped with a pair of
vacuum-compatible actuators �Newport� allowing for a fine
beam adjustment while the system is under vacuum. The
gratings are positioned on high-precision goniometers �Ad-
vanced Design Consulting�, allowing for �10° rotation. The
slit �Advanced Design Consulting� consists of four tantalum
blades that can move independently with a 2 �m resolution.
The last toroidal mirror in the TDCM has been replaced with
a flat mirror, so that a collimated beam would exit the TDCM
before it is refocused on the sample in the target chamber.
The TDCM is kept under vacuum �2�10−7 Torr� with the
help of two turbomolecular pumps �Varian, 230 l/s�. Overall
the TDCM has been designed not as a high resolution appa-
ratus, but rather as a device selecting a single �or multiple, if
desired� harmonic order with sufficient bandwidth to support
ultrashort pulses necessary for time-resolved photoemission
experiments. Nevertheless, the presence of a slit for spectral
selection offers some flexibility. For instance, observing the
Fermi edge of Pt at 77 K and closing the slit on a single
harmonic order, we measure energy resolution of
�100 meV with a reasonable flux of XUV photons.

C. Differential pump and UHV target chamber

In order to bridge the difference in pressures in the
TDCM and the UHV target chamber, we propagate the XUV
beam through a commercially available differential pump
�XIA LLC� consisting of a 600 mm long aperture with a
square 3�3 mm profile, evacuated by an ion pump. The
extremely low gas conductance allows us to maintain undis-
turbed UHV in the target chamber under operational condi-
tions.

The custom-built UHV chamber is kept at 1
�10−10 Torr after standard bakeout at 150 °C with the help
of a turbomolecular �Varian, 500 l/s�, an ion �Varian, Star-
cell�, and a titanium sublimation �Varian� pumps. The
samples are placed on a copper holder attached to a multidi-
mensional �three translation and one rotation� positioning
stage, and cleaved in situ. A closed-loop helium cryocooler
�Advanced Research Systems� can cool down the samples to

12 K. The entrance of the hemispherical electron analyzer
forms an angle of 45° with the XUV beam and lies in the
same horizontal plane. A load-dock station allows for rapid
transfer of samples in the target chamber without breaking
vacuum. The chamber is also equipped with an argon sput-
tering gun �Perkin–Elmer� and a gas-discharge helium lamp
�Specs�, serving as a well-calibrated source at either He I

�21.2 eV� or He II �40.8 eV�.

III. PHOTOEMISSION MEASUREMENTS USING
SINGLE HARMONICS

We demonstrate the tunability of the apparatus by select-
ing individual harmonic orders using a pair of gratings with
a blaze wavelength at a photon energy of �18.3 eV and
collecting for each harmonic photoemission spectra of poly-
crystalline copper at room temperature. The results are
shown in Fig. 4. For each harmonic qualitatively similar fea-
tures are observed, e.g., for H13 ���=20.15 eV� the “step”
at �16.5 eV represents the Fermi edge and the strong peak
approximately 2.5 eV below the edge originates from
d-electrons. The relative strength of signal between various
harmonic orders is a convolution between the efficiency of
HHG at the source, the overall transmission of the TDCM,
and the energy dependence of the photoemission cross-
section. A comparison with measurements performed with
He II indicates that for the strongest harmonics we have a
flux of �1010 photons /s incident on the sample.
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A photoemission spectrum of single crystal UO2 using
H21 ���=32.55 eV� at room temperature is shown in Fig.
5. The relatively flat electronic bands allow for an angle-
integrated collection of data. The acquisition time was
�5 min at a pass energy Epass=20 eV and angular accep-
tance of �4°. The inset shows the spectrum obtained at ��
=36 eV using the beamline at the Synchrotron Radiation
Center �Stoughton, WI�. The two photoemission spectra are
in excellent qualitative agreement.

IV. ARPES USING HIGH HARMONICS

Thin GaAs �100� wafers �500 �m� were cleaved at 12 K
and photoelectrons emitted from the edge facing the analyzer
entrance were recorded using H17 ���=26.35 eV�. At this
photon energy and analyzer acceptance angle of �4°, the
resulting range of accessible momentum values is
�0.21 A−1. Figure 6�a� shows an angle-integrated spectrum,
dominated by a strong peak originating from the top of the
valence band. Separation of the detected photoelectrons in 25
channels corresponding to different emission angles results
in the angle-resolved spectrum is shown in Fig. 6�b�. The
spectrum represents the average of four scans with a total
acquisition time of �90 min. The resulting two-dimensional
photoemission map is presented in Fig. 6�c�. The exact ori-
entation of the exposed surface was not measured, but the
appearance of three distinct photoemission peaks indicates
that we are probably observing bands dispersing parallel to
the � direction as reported by Haight et al.9

As pointed out by Mathias et al.23 the small XUV spot
size ensures good momentum resolution, and the main
broadening mechanism in ARPES maps obtained using HHG
stems from the intrinsic bandwidth of the individual har-
monic. Measurement of the Fermi edge of platinum indicates
that the FWHM of a single harmonic is typically 400–600
meV �depending on the harmonic order, phase-matching con-
ditions, etc.�. Another factor contributing to the broadening
comes from the space charge effect. At the estimated photon
flux, we expect to have at most 2�105 electrons /mm per
pulse33 �for a XUV spot of 200 �m in diameter� and based
on a recent investigation,34 a corresponding spectral broad-
ening of about 200 meV, which is in agreement with the
spread measured by Mathias et al.23 using a similar XUV
source. A possible increase in energy resolution can be
achieved by restricting this bandwidth �via the slit in the
TDCM�, at the expense of lowering the photon flux and in-
creasing the acquisition time.

As another example of ARPES using HHG, we have
performed measurements on a heavy-fermion system. The
enigmatic hidden-order phase in URu2Si2 generates great in-
terest in the solid-state community currently. At least three
different energy scales coexist in this compound at very low
temperatures. The largest scale is the hybridization gap, al-
ready well developed below 50 K. The hidden-order gap,
with yet unknown order parameter, forms below 18 K. Fi-
nally, the superconducting gap forms at 1.5 K. Our measure-
ment of the electronic structure of URu2Si2 shown here in
Fig. 7 is the first example of a momentum-resolved disper-
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FIG. 6. �Color online� �a� Angle-integrated photoemission from GaAs at 12 K using ��=26.35 eV. �b� Angle-resolved photoemission at �4° analyzer
acceptance angle; the range of accessible momentum values is split in 25 channels. �c� The resulting energy-momentum photoemission map.
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sive band structure measured in a 5-f electron system with a
high-harmonic light source. Next, we plan to measure the
largest energy scale directly, by using the pump-probe setup
and populating the unoccupied part of the hybridization gap.

V. TIME-RESOLVED PHOTOEMISSION

An important prerequisite for the successful observation
of time-resolved photoemission using HHG is the correct
alignment of the pump and probe beams. Spatial overlap
between the two pulses is ensured by observing the fluores-
cence from both beams on a P43 phosphor screen �Beam
Imaging Solutions�, positioned on the sample holder and im-
aged with a CCD camera �DataRay�. The size of the XUV
and visible pulses is estimated to be 100 and 200 �m
FWHM, respectively. As a preliminary step for finding the
temporal overlap, the gratings in the TDCM are rotated to
zero order to allow the visible beam to propagate through the
beamline and the autocorrelation between the visible pulses
from the pump and probe arms is measured in a �-barium
borate crystal positioned outside the target chamber. The zero
delay at the sample position can then be calculated. The ac-
tual zero delay between the visible and XUV pulses is very
close to this estimate.

Figure 8�a� shows angle-integrated photoemission ���

=26.35 eV� of single crystal Ge at room temperature at and
30 ps after the arrival of a pump pulse ���=1.55 eV� with
intensity of 2�1011 W /cm2, and mixed s- and
p-polarization. The sample surface was oriented perpendicu-
larly to the beam �45° angle between the surface normal and
the analyzer entrance� and electrons photoemitted at angles
�14° were recorded. The inset shows the photoelectron
spectrum recorded with the XUV beam only. In the presence
of the pump beam we notice the appearance of an increased
spectral weight between approximately 19 and 22 eV, ex-
tending above the valence band maximum. We interpret this
result as a transient population of surface and/or defect
states, known to appear in the band gap region due to surface
reconstruction or contamination, and observed for up to hun-
dreds of picoseconds.35,36 Photoemission at negative delay
�probe pulse arrives before pump� and that with the pump
beam blocked were identical, indicating that space charge
effect is not responsible for the observed localized change in
the spectral weight. The time evolution of the transient fea-
ture, traced at different kinetic energies was similar; the tem-
poral behavior of the integrated spectral weight between 19
and 22 eV is shown in Fig. 8�b�. The signal decreases expo-
nentially with a time-constant of 21�2 ps. The relatively
long signal buildup at negative delay is attributed either to
some residual uncertainty in determination of the zero delay,
or to possibly different buildup and relaxation carrier dynam-
ics throughout the Brillouin zone, overlapping when ob-
served in an angle-integrated detection mode. This could be
investigated by simultaneously doing angle- and time-
resolved photoemission spectroscopy.

Various ultrafast processes occur on the femtosecond
time scale3 and their dynamics can be accurately monitored
if the pulse duration of the pump and probe pulses is well
known. Typically pulse duration characterization of HHG ra-
diation in the XUV region is achieved by observing the laser-
assisted photoemission �LAPE� from a noble gas;37 the pres-
ence of both XUV and “dressing” visible pulses leads to the
appearance of sidebands in the photoelectron spectrum, the
duration of the sidebands being a measure of the temporal
overlap. Recently a similar effect was observed from a care-
fully prepared metal surface;38,39 this may become a useful
method for in situ XUV pulse characterization in laser-based
ARPES experiments. We plan to use surface LAPE for a

21

20

19

18

17

16

15

14

K
in

e
ti
c

e
n
e
rg

y
(e

V
)

-0.2 -0.1 0.0 0.1

k|| (A
-1

)

FIG. 7. �Color online� Angle-resolved photoemission map of URu2Si2 at
12 K using ��=23.25 eV.
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FIG. 8. �Color online� �a� Photoelectron spectra of Ge at time delay of 0 �dotted line� and 30 ps �solid line� between the pump and probe pulses. Pump pulse
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more thorough determination of the XUV pulse duration and
the ultimate time-resolution of our setup.

VI. CONCLUSIONS AND OUTLOOK

In summary, we presented a table-top laser-based instru-
ment, suitable for static and dynamic ARPES experiments.
High-energy photons required for photoemission are pro-
duced via HHG in argon, while isolation of a single har-
monic order of ultrashort duration is achieved using a time-
delay compensated monochromator with excellent
throughput. The instrument delivers �1010 photons /s per
harmonic at a wavelength matching the transmission peak of
the gratings. Straightforward wavelength selection via grat-
ing rotation and slit adjustment allows for an easy tunability
in a wide range of energies. We have demonstrated the capa-
bilities of the apparatus to record angle-resolved photoemis-
sion maps, as well as to trace the ultrafast dynamics of tran-
siently occupied optically excited states. Possible
applications of this instrument include investigations on ul-
trafast changes in the electronic structure of high-
temperature superconductors, strongly correlated actinide
compounds, etc.
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