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ABSTRACT

Recent progress in laser-based high-repetition rate extreme ultraviolet (EUV) light sources and multidimensional photoelectron spectroscopy
enables the build-up of a new generation of time-resolved photoemission experiments. Here, we present a setup for time-resolved momentum
microscopy driven by a 1 MHz fs EUV table-top light source optimized for the generation of 26.5 eV photons. The setup provides simultane-
ous access to the temporal evolution of the photoelectron’s kinetic energy and in-plane momentum.We discuss opportunities and limitations
of our new experiment based on a series of static and time-resolved measurements on graphene.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0006531., s

I. INTRODUCTION

Full spectroscopic information on the electronic band struc-
ture of a solid-state material requires the measurement of mul-
tiple observables. In a photoemission experiment, the photoelec-
tron’s energy, momentum, and spin are desirable quantities.1 Novel
surface science tools, termed momentum microscopes (MM), can
provide simultaneous access to these quantities.2–5 In the first
experiments, MM has been applied to band mapping of various
material systems and complex adsorbate structures.6–10 In selected
examples, it has been shown that the combination of the time-
of-flight momentum microscopy with femtosecond pump-probe
spectroscopy enables the collection of multidimensional datasets
describing the ultrafast non-equilibrium dynamics of the material
under strong illumination.11,12 An example for the ultrafast evolu-
tion of such three-dimensional data stacks containing energy and
in-plane-momentum information is shown in Fig. 1.

Time-resolved momentum microscopy (TR-MM) has recently
been demonstrated as an impressive tool to map hot charge-
carrier dynamics in momentum space after excitation by the

frequency-doubled output of a titanium-sapphire laser operating at
80 MHz.11 However, the accessible range of in-plane momenta, kx ,y,
is fairly limited in this experiment due to the use of light pulses in
the visible range of the spectrum. The accessible momentum range
is given by

kx,y(Å−1) ≙ 0.514√Ekin(eV)
≙ 0.514

√
h̵ω(eV) − ϕ(eV) − EB(eV), (1)

in which Ekin is the photoelectron kinetic energy, h̵ω is the pho-
ton energy, ϕ is the material work function, and EB is the binding
energy.1 In order to explore the material’s whole Brillouin zone, the
kinetic energy of the photoelectrons needs to be increased, for exam-
ple, through the use of extreme ultraviolet (EUV) photons with ener-
gies between 10 eV and 124 eV.13,14 For TR-MM, free electron lasers
(FELs) and high-harmonic generation (HHG) are promising EUV
light sources, which offer ultrashort femtosecond or even attosecond
EUV pulses.15–21

In photoemission experiments with a pulsed excitation source,
a high repetition rate of the driving laser is desired to maximize
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FIG. 1. Energy- and in-plane-momentum resolved photoemission data showing the electron dynamics at the K-point of graphene upon illumination by an infrared femtosecond
laser pulse. (a) Resonant driving with IR photons (red arrow) promotes electrons into the former unoccupied part of the Dirac cone of the n-doped graphene; the hot charge
carrier distribution is probed by the EUV pulse (blue arrow). (b) Three-dimensional data stacks illustrating the photoemission yield (color-coded) as a function of energy and
in-plane momentum. From left to right, the pump-probe delay Δt is increased; the gray-shaded plane indicates the Fermi energy. In temporal overlap, the photoemission
side-bands and hot charge carriers above the Fermi energy are clearly resolved. With increasing delay, the side-bands vanish and the hot charge-carrier distribution
thermalizes.

the counting statistics. Early time-resolved optical-pump—EUV-
probe photoemission experiments, however, have been limited by
the low (kilohertz) repetition rate of the available laser amplifier sys-
tems.13,22–37 Here, the large number of photoemitted electrons per
pulse could lead to signal distortions due to space charge effects.38–41

Avoiding these has so far hindered satisfactory counting statis-
tics at manageable measurement durations. Recent developments of
the femtosecond laser technology and table-top HHG sources have
made EUV sources operating at MHz-level repetition rates widely
available,42–45 which are particularly promising for time-resolved
photoemission spectroscopy.46–49

In this article, we present the powerful combination of a table-
top HHG beamline driven by a fiber laser system, and a flexi-
ble pump beamline, all operating at the exceptional repetition rate
of 1 MHz, with a momentum microscope endstation guarantee-
ing simultaneous detection of energy- and in-plane-momentum-
resolved photoemission data. In a time-resolved optical-pump—
EUV-probe configuration the femtosecond time evolution of the
non-equilibrium charge carrier and band renormalization dynam-
ics can be followed with unprecedented information depth in the
full Brillouin zone. Here, we will demonstrate the capabilities of this
novel system based on exemplary measurements on the monolayer
graphene.

II. THE FEMTOSECOND 1 MHz EUV BEAMLINE

An ideal light source for time-resolved momentummicroscopy
has to fulfill several key requirements with respect to the photon
energy, intensity, repetition rate, pulse width, and spectral band-
width. The photon energy should be at least in the EUV regime in
order to access the full Brillouin zone of the electronic band structure
[see Eq. (1)]. For amaximal detection rate of a time-of-flight detector
with minimal distortions due to space-charge effects, a MHz rep-
etition rate light source with a moderate number of photons per
pulse is desirable. In addition, time-resolution and spectral band-
width, which are connected via the time-bandwidth product, need

to be adapted to the envisaged experiments. The light source should
also provide synchronized pump pulses with tunable wavelength,
pulse duration, and intensity. In this section, we describe such a
beamline based on a table-top, high repetition-rate fiber amplifier
laser.

A. High harmonic generation and EUV
monochromatization

Figure 2 shows a scheme of the experimental realization of
the EUV light source together with the photoemission endstation.
We use an ytterbium-doped fiber amplifier (Active Fiber Systems),
which delivers 100 μJ pulses at a repetition rate of 1 MHz with a
pulse length of 250 fs to 300 fs. These pulses are spectrally broad-
ened through self-phase modulation in a 1 m hollow-core fiber filled
with 12 bars of krypton gas and compressed with a pair of chirped
mirrors resulting in a pulse duration of 35 fs to 40 fs at 50 μJ pulse
energy.50,51

The compressed pulses are frequency-doubled to 515 nm (10 μJ
pulse energy) before being focused in an argon gas jet to gen-
erate high harmonics.52 Considering the high repetition rate of
1 MHz and the resulting low pulse energies, we generate HHG
in the tight-focusing regime with a 75 mm focal length lens.42,53

The resulting focal spot measures 12 μm full-width at half maxi-
mum. The pulse duration is measured by intensity autocorrelation
to be 65 fs (Gaussian), mainly due to the dispersion in the thin lens
and the entrance window. This corresponds to a peak intensity of
5 × 1013 W cm−2 in the focus. The gas jet is mounted on a high
precision 3-axes position system to optimize the gas jet position
relative to the laser focus. We observe efficient HHG at an argon
backing pressure of 2 bars for a gas nozzle diameter of 100 μm. The
gas nozzle is placed 150 μm behind the laser focus where a domi-
nant contribution from the short HHG trajectory is expected.42 The
acceptance angle of the systems corresponds to a full-angle diver-
gence of 20 mrad, whereas the EUV divergence is slightly higher.
In order to limit reabsorption of the generated EUV light, we pump
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FIG. 2. Schematic layout of the experimental setup consisting of the 1 MHz EUV beamline, the pump line, and the momentum microscope. A detailed description is given in
Secs. II and III A.

the system with turbomolecular pumps backed by a multistage root
pump. The resulting pressures with argon gas load in the EUV gen-
eration and monochromatization chambers, which are separated by
a differential pumping stage, are 2 × 10−3 mbar and 5 × 10−5 mbar,
respectively.

The HHG spectrum shown in Fig. 3 is measured by placing
a gold mirror into the beam path just before the multilayer mir-
rors. Our home-built spectrometer consists of a toroidal mirror, a
500 lines/mm grating mounted in the off-axis geometry,54 and an
EUV CCD camera. We generate harmonics between 20 eV and
32 eV, separated by 4.8 eV—twice the photon energy of the HHG
pump beam. The 11th harmonic at 26.5 eV has a bandwidth of
140 meV for the above specified parameters of the HHG pump
pulses, which corresponds to a relative bandwidth of ΔE

E
≙ 5.3×10−3.

Correcting for the CCD efficiency, spectrometer, and filter transmis-
sion, we estimate an average generated power of 11.5 μW for the
11th harmonic. This corresponds to 2.7 × 1012 generated photons
per second and a conversion efficiency of 1.5 × 10−6.

FIG. 3. Normalized high harmonic spectrum generated in an argon gas jet with a
10 μJ, 515 nm driver operating at 1 MHz. The 11th harmonic at 26.5 eV with a
bandwidth of 140 meV is used for photoemission spectroscopy in the MM.

The EUV light is separated from the HHG driver by a
pair of the so-called grazing incidence plates (GIP),55 which con-
sist of a fused-silica substrate with an anti-reflection coating for
515 nm and a top-layer of SiO2. This allows for high reflection
of the high harmonics (50% for 26.5 eV) at a grazing incidence
angle of 10○ with simultaneous high transmission for the HHG
driver. In order to avoid overlapping photoemission spectra excited
by the neighboring high harmonics, the selection of one single
harmonic is necessary. This is achieved using a double mirror
monochromator with two multilayer mirrors (optiX fab GmbH),
which reflect the 11th harmonic around 46.6 nm in a 5 nm band-
width. This configuration preserves the pulse duration, in contrast
to the single-grating monochromatization schemes, which suffer
from spatial chirp. The monochromator has a total transmission
of 9% at 5○ angle of incidence on the mirrors. We measured an
extinction ratio of ∼1:470 with respect to the 13th harmonic.

We note that the reflectance and, thereby, also themonochrom-
atization properties of these mirrors are altered by carbon con-
tamination, which is a well-known problem for EUV and X-ray
beamlines.56,57 Regular ozone cleaning with the help of an UV
lamp avoids the reduction of the EUV flux.58 The last multi-
layer mirror has a radius of curvature of 1200 mm and is posi-
tioned such that the EUV beam is focused onto the sample in the
momentum microscope (MM). A 200 nm thick, free-standing alu-
minum foil is used to block the residual light from the fundamen-
tal beam and has a measured transmission of 12% for the 11th
harmonic, limited by thin oxidation layers on the aluminum sur-
face. The aluminum foil is mounted on a vacuum valve, thereby,
separating the ultrahigh, <5 × 10−10 mbar vacuum in the momen-
tum microscope from the high vacuum in the preceding cham-
bers. In total, we expect 0.3% of the generated 26.5 eV photons
to reach the sample in the momentum microscope resulting in
8.5 × 103 photons/pulse at the sample. We note that other schemes
of the monochromatization, e.g., with metal filters only,52 can be
considerably more efficient. However, the flux generated using our
beamline is more than sufficient to photoemit >1 electron/pulse,
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which corresponds to the limit of the detection rate of our time-of-
flight-based momentum microscope.

B. A versatile pump beamline

A versatile pump beamline with tunable wavelength, pulse
duration, polarization, and intensity enables pump-probe photo-
electron spectroscopy on a wide range of sample systems, address-
ing, for example, resonant transitions in many different materials.
We derive the pump pulses from the fiber laser system using a 90:10
beam splitter, positioned after the nonlinear pulse compression.
The 90% output is used for HHG as described above in Sec. II A.
The residual 10% is guided around the EUV generation and
monochromatization chambers onto a delay stage to control the rel-
ative pump-probe timing. An attenuator and a λ/2 waveplate in the
pump beamline allow themanipulation of the polarization and beam
intensity. Different pump wavelengths can be achieved through var-
ious nonlinear frequency conversion stages that can be inserted in
the beamline. This provides intense, femtosecond pump pulses at
the fundamental wavelength (1030 nm) and its higher harmonics
(515 nm, 343 nm, 258 nm). Furthermore, a part of the uncom-
pressed, 300 fs laser pulses can be split off to pump an optical
parametric amplifier (OPA, Orpheus-F/HP from Light Conversion).
This enables us to excite at wavelengths ranging from 310 nm up to
16 μm. We note that in the current setup, for efficient usage of the
OPA, the fiber laser has to be operated at 500 kHz. After the alu-
minum filter, the pump beam is coupled into the MM by a mirror
positioned such that the angle of the pump beam with respect to the
EUV beamline is less than 1○ (Fig. 2). This prevents the loss of the
temporal resolution due to non-collinear pump and probe beams,
and ensures optimal time-resolution limited only by the individual
pulse durations.

III. THE PHOTOELECTRON MOMENTUM MICROSCOPE

In this section, we provide a general description of the sur-
face science endstation. Subsequently, we characterize the capabil-
ities of the beamline for static band mapping, as well as real-time
monitoring of the photo-induced non-equilibrium dynamics.

A. Surface science end-station

The outstanding potential of the time-of-flight momentum
microscopy lies in the simultaneous detection of the three-
dimensional datasets containing energy- and in-plane-momentum-
resolved information on the detected photoelectrons. The gen-
eral working principle of our time-of-flight momentum micro-
scope (METIS, Surface Concept GmbH) is described in Ref. 7.
In short, electrons emitted from the surface region are collected
using an electrostatic lens (extractor) with a voltage of up to 29
kV. This enables the collection of photoelectrons with emission
angles of up to ±90○ for photoelectron kinetic energies up to 70 eV,
maximizing the accessible in-plane momentum range in a sin-
gle measurement without the need to rotate the sample. Subse-
quently, a compound lens system maps the momentum-resolved
photoelectron distribution obtained in the back focal plane of the
objective lens through a time-of-flight drift tube onto a position-
and time-sensitive delay-line-detector (DLD4040 R2.55, Surface

Concept). While the in-plane momentum information is obtained
by the two-dimensional point of impact, the energy information is
measured by the moment of incidence onto the detector.59 Thus,
by limiting the detection to one photoelectron per excitation light
pulse, for each individual detected photoelectron, full (E, kx, ky)-
information can be stored as a 3D histogram. Such a complete
measurement allows for extensive post-processing, such as the cor-
rection of the timing jitter, pulse energy, or other pulse-to-pulse
variations. However, we note that in contrast to measurements at
FELs, such major post-processing is not necessary in our case due to
the stability of the light source. A useful example for the calibration
and post-processing of the raw measurement data is summarized
in Ref. 9.

The specimen is mounted onto a motorized hexapod for align-
ment with respect to the electrostatic lens system of the microscope.
A continuous-flow cryostat is integrated into the hexapod to facili-
tate the cooling of the sample to below 20 K. The EUV and pump
beams are directed onto the sample at a grazing incidence angle
of 22○.

Multiple samples can be stored in a separate preparation cham-
ber that is equipped with a wide range of surface science tools
for specimen preparation and characterization, including sputtering
and annealing, evaporators, and low energy electron diffraction. The
preparation chamber is also equippedwith a load lock for fast sample
exchange.

B. Static momentum microscopy

The EUV beamline combined with the MM is a versatile
tool for mapping the equilibrium band structure of the solid state
materials as it enables the simultaneous measurement of (E, kx,
ky)-resolved photoelectron distributions. Very high energy- and
momentum-resolutions better than <15 meV and <0.01 Å−1 have
already been achieved using a hemisphere-based momentummicro-
scope in combination with a helium-discharge light source5 (note
that the same electrostatic lens system is used in our setup in combi-
nation with a time-of-flight detector). In this work, the momentum
and energy resolution is limited by the bandwidth of the photoe-
mission light source, the precise settings of the electrostatic optics,
and the used drift energy. In our case, we will provide an estimate
of the energy-resolution of our setup in operation at the end of this
section.

We performed exemplary measurements on an n-doped
graphene monolayer on a 4H–SiC (0001) substrate (10 × 5 mm2),
which was prepared by the polymer-assisted sublimation growth
technique60,61 and cleaned by subsequent heating cycles up to 600 K
in ultrahigh vacuum. Figure 4 shows band mapping data from
photoemission with 26.5 eV photons to illustrate the overall per-
formance of the setup. Satisfying signal quality within the full
(E, kx, ky)-stack is achieved in an integration time of 15 min when
the experiment is carried out at 1 MHz repetition rate in p-polarized
excitation geometry. The bottom-left plot shows a (kx, ky)-resolved
energy slice taken at E − EF = 2.1 eV; the first Brillouin zone of
graphene can be identified by the observation of six Dirac cones at
the K and K′ points, for which the so-called dark corridor is clearly
resolved.62,63 From the (E, kx, ky)-resolved data stacks, arbitrary cuts
in the (E, kx)- and (E, ky)-directions can be extracted; Figs. 4(b) and
4(c) show such cuts along the K–K′ and K′ –K′ directions. The data
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FIG. 4. Static photoemission spectroscopy at room temperature with 26.5 eV pho-
tons showing the band structure of n-doped graphene. (a) Photoelectron momen-
tum distribution at E − EF = 2.1 eV. [(b) and (c)] Selected cuts through the 3D data
in (E, kx) and (E, ky) direction. (d) Measurement with higher MM magnification
settings and focus on a single Dirac cone, showing the dark corridor to the right.

in Fig. 4 have been corrected for distortions arising from the elec-
trostatic lens system. This is achieved using a set of stretching and
shearing matrices, which optimize the known hexagonal symme-
try of the Dirac points.9 The plane of incidence of the p-polarized
EUV beam is aligned along the horizontal axis of the microscope,
but 10○ off with respect to the Γ–K direction of the graphene sample;
this twist between detector-coordinates and Γ–K is post-corrected
in the data shown in Fig. 4. The distortion-corrected band struc-
ture agrees well with the band structure predicted by a tight-binding
calculation.64 The presented analysis highlights that theMM in oper-
ation with the table-top pulsed EUV beamline is well suited for band
mapping.

For MM studies that concentrate on smaller in-plane momen-
tum regions, counting statistics can be significantly improved by
changing the electrostatic lens system such that only the desired
region of interest is mapped onto the detector. This allows for an
increase of EUV flux while staying below the detection limit of
the delay-line detector, effectively measuring more photoelectrons
in a reduced region of interest. Figure 4(d) shows exemplary data
for such a scenario, where the right-most K point is mapped in a
∼ 1 × 1 Å−2 window.

From our measurements, we estimate the energy resolution
of the setup by fitting photoelectron spectra integrated over the
full measured in-plane momentum with a Fermi–Dirac distribution
convolved with a Gaussian function. In our daily measurement rou-
tine, we extract a FWHMof 200± 30meV for the Gaussian broaden-
ing. This broadening is composed of the linewidth of the EUV light

(Fig. 3) as well as the energy resolution of the MM, which is mainly
determined by the used drift energy in the TOF.

C. Time-resolved momentum microscopy

The experiment is designed for the study of ultrafast non-
equilibrium dynamics in the whole Brillouin zone. We demon-
strate the performance of this combined setup using graphene as
a model system. We provide a brief description of the alignment
of the optical-pump-EUV probe experiment, and characterize the
temporal resolution of the setup.

An initial alignment of the system is performed in a micro-
scope setting where the real-space image of the sample is projected
onto the detection plane. In such an experiment, the effective beam
diameters of the 1030 nm pump and the EUV probe pulses are
determined to be 100 × 230 μm2 and 600 × 900 μm2, respec-
tively. The elliptical shapes arise due to oblique angle-of-incidence
of the beams combined with astigmatism in the EUV beamline. The
real-space mapping then allows the convenient optimization of the
spatial overlap of the pump and EUV beams. Within the micro-
scope, furthermore, a field aperture can be placed into the real-space
image to isolate a region where the spatial overlap of the pump and
probe beams is guaranteed. The temporal overlap of the infrared
pump and EUV probe beams can be optimized in a two-step pro-
cess: First, while scanning the delay between the pump and the
HHG driver beam, the multi-photon photoemission yield is mon-
itored and optimized for the maximum count rate. Second, tem-
poral overlap between the pump and the EUV light is verified by
optimizing the photoelectron count rate in the unoccupied states
above EF .

In the following, we present exemplary femtosecond TR-MM
data obtained on graphene. The hot charge-carrier dynamics of
graphene, as well as of its bulk analogue graphite, have been studied
in detail using time- and angle-resolved photoelectron spectroscopy
(TR-ARPES).27,28,65–70 Typically, these experiments have been per-
formed with hemispherical electron analyzers mapping energy- and
kx- or ky-resolved photoelectron distributions onto two-dimensional
imaging detectors. Subsequent scanning of azimuth angles of the
samples provides access to (kx, ky)-resolved photoemission data
(e.g., Ref. 67).

The TR-MM experiment provides simultaneous access to the
non-equilibrium dynamics occurring in the energy and in-plane
momentum dispersive π- and π∗-bands of graphene. We per-
formed TR-MM in the same in-plane momentum (kx, ky) area as
in static spectroscopy (Fig. 4), as illustrated in Fig. 1. Figure 5
shows selected delay-dependent (E, ky)- and (kx, ky)-cuts through
the measured data. In these experiments, graphene was excited with
the compressed output of the fiber laser (1.2 eV, 6.5 mJ/cm2, p-
polarized), and probed by a time-delayed EUV light pulse (26.5 eV,
p-polarized). Two dynamical processes can be identified in the data:
(i) Resonant excitation from the occupied to the unoccupied part of
the Dirac cone leads to a non-equilibrium distribution of hot elec-
trons, as indicated in the excitation diagram in Fig. 1. The thermal-
ization of the hot charge carriers can be followed in real-time. (ii) In
temporal overlap of the pump and probe pulses, side-bands spaced
by one pump photon energy from the main photoemission spectral
feature are resolved. In the following, we present a brief descrip-
tion of both processes. Thereby, we focus on the capabilities of the
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FIG. 5. Time-resolved momentum microscopy of graphene. (a) The ARPES spectra are obtained by slicing the 3D data cube at the K point in the ky direction and integrating
over 0.03 Å−1 along kx . The two dotted lines indicate the position of the momentum cuts shown in (b) and (c), respectively. At temporal overlap (Δt = 0 fs), a clear signature
of the sideband is seen, shifted in energy by the pump photon energy of 1.2 eV. In addition, the anisotropic distribution of excited charge carriers within the Dirac cone63,67

and its relaxation dynamics is clearly visible.

TR-MM experiment and point toward related references that treat
the observed phenomena.

As the ultrafast thermalization of hot charge carriers in the
Dirac cone of graphene has been studied in detail by several
groups,27,28,65–70 we do not provide a quantitative analysis of the
delay-dependent dynamics of our data at this point. However, we
give a qualitative description of the multi-dimensional MM data
for selected time delays to indicate the experimental capabilities
offered by the setup (Fig. 5): In temporal overlap, photoexcita-
tion with 1.2 eV pump pulses creates an asymmetric distribution
of electrons and holes in the Dirac cone, as defined by the pseu-
dospin of the Dirac electrons with respect to the polarization of
the impinging pump light;67 the time-dependent thermalization of
these quasiparticles and their underlying scattering processes can be
followed in real-time with high energy and momentum resolution.
For excitation with p-polarized light, enhanced population of the

initially unoccupied Dirac bands is localized around kx − K ≈ 0 Å−1

[Fig. 5(b), Δt = 0 fs]. With increasing Δt, the azimuthal thermaliza-
tion is observed (Δt = 40 fs) leading to a more homogeneous charge
carrier distribution that subsequently decays by electron–phonon
scattering.27

Replicated photoemission spectral features separated by the
pump photon energy from the main photoemission line are of par-
ticular interest in the framework of light-induced band structure
engineering, also known as the Floquet engineering; the equilib-
rium band structure of solid state materials might be interfered by
the time-periodic driving field, potentially manipulating band cur-
vatures, and even band topology.71 However, the separation of the
Floquet−Bloch bands from laser assisted photoemission (LAPE)72 is
not trivial, as has been shown in TR-ARPES data obtained on topo-
logical insulators at the Γ̄-point,73,74 Here, we highlight that we can
resolve these side-bands at large in-plane momenta at the edges of
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FIG. 6. Time-dependence of the sideband generation (blue dots), along with the
independently measured pump pulse (dashed gray line) and a fit to the data (green
line), in which a Gaussian probe pulse is convolved with the pump pulse. This
yields a probe pulse duration of 21 ± 5 fs. The inset shows the measured ARPES
spectrum at Δt = 0 fs. The box indicates the area over which the sideband signal
is integrated. Note that we carried out an additional measurement, here, where we
determined and optimized the pump pulse duration using FROG.

the Brillouin zone with good (E, kx, ky)-resolution (Fig. 5). Such data
facilitates the separation of Floquet and LAPE contributions to these
side-bands by following the routes discussed in Refs. 73 and 74.

At this point, we want to note that the generation of EUV
light with the second harmonic52 of the amplifier system is advan-
tageous for TR-MM. Although the neighboring 9th and 13th har-
monics are filtered in the EUV beamline by the multilayer mirrors,
residual intensity does lead to photoelectrons that are detected in
our experiment. This results in replicas of the main photoemission
spectral features at higher energies, spaced by 2× the driving laser
frequency (not shown). For the current setup, 0.25% of the total
photoemission signal is due to the thirteenth harmonic. The advan-
tage of a higher HHG driving frequency, here the second harmonic,
is, therefore, twofold: it reduces the bandwidth requirement for the
multilayer mirrors and it guarantees a maximal energetic separation
of the photoemission spectral features, facilitating background free
band mapping.52 Such considerations are especially important when
studying side-band formation, whose comparably weak photoemis-
sion signal might be overlapped with signal from a neighboring
harmonic.

Finally, we make use of the sideband generation to character-
ize the time-resolution of the TR-MM experiment. The intensity
of the sidebands, independent of their physical origin, follows the
intensity of the pump laser pulse. Therefore, we can measure the
cross-correlation between the IR pump and the EUV probe pulse by
integrating the photoemission signal from the sideband as shown in
Fig. 6. The asymmetry in the time-trace arises fromweak post-pulses
in the pump pulse, which has been confirmed using a frequency-
resolved optical gating (FROG) measurement.75 The convolution
of a Gaussian probe pulse and the measured pump pulse is fitted
to the measured sideband intensity. From this, a full-width at half
maximum of 21 ± 5 fs for the EUV probe is extracted.

IV. PERSPECTIVE AND LIMITATIONS OF TR-MM

In summary, we have presented a novel setup combining
the capabilities of a momentum microscope with a table-top
HHG, and a versatile pump beamline, all operating at a repe-
tition rate of 1 MHz. We demonstrate its capabilities for static

band mapping, as well as for femtosecond time-resolved momen-
tum microscopy with access to dynamics in the full Brillouin
zone.

TR-MM follows up on the preceding experiments using TR-
ARPES, where typically the photoelectron energy and in-plane
momentum in one direction is measured. Momentum microscopes
combined with time-of-flight analyzers, thus, offer new perspectives
because of their simultaneous measurement of the photoelectron
energy and complete in-plane momentum. However, due to the
novel photoelectron detection scheme, new challenges arise as well.
In the following, we outline the limitations and perspectives of the
setup.

A. Limitations of TR-MM

Limitations of the momentum microscopy have been reviewed
by multiple groups.2,4–8,11,12,41 Generally, the count rate and the
signal-to-noise ratio of the MM are limited by the photoelectron
detection scheme. Within the dead time of the delay line detector
(DLD), it is not possible to detect more than one photoelectron, gen-
erally limiting the count rate to one photoelectron per laser pulse.
It has been shown that the segmented detectors composed of mul-
tiple DLDs can be used to increase the count rate.12 Alternatively,
it is beneficial to increase the repetition rate of the excitation light
source to improve the count rate. However, it is necessary to also
consider aging of the MCP, which becomes increasingly relevant
above 106 counts/s for the used MCP in the DLD. The typical life-
time of a state-of-the-art MCP is >5000 h at 106 cps, which are
equally distributed. In terms of the integral load on the MCP, a
doubling of the repetition rate, while maintaining the one electron
per pulse regime, will thus lead to a halved lifetime. Additionally,
pump-induced secondaries at small momenta can lead to an inho-
mogeneous degradation of the MCP, which might shorten the life-
time further. Therefore, running our experiment at a 1 MHz rep-
etition rate with slightly less than 1 photoemitted electron/pulse is
a good trade-off between the maximum electron count rate and
the detector lifetime. In addition, for instrument settings where all
photoemitted electrons are detected, single-electron counting on the
DLD naturally avoids space-charge effects, a common cause of signal
distortion in photoemission spectroscopy.38–41

The MM is designed such that each photoelectron leaving the
surface region enters the electrostatic lens system.While this is desir-
able in order tomeasure the full width of the photoemission horizon,
it also intrinsically limits the signal-to-noise ratio if only a narrow
(E, kx, ky)-region is of interest in the experiment; the maximum
accessible 106 cps are distributed over a larger energy and in-plane
momentum region. The effective useful count rate can be improved
by aligning the microscope such that only the desired momentum
region is projected onto the MCP, as done for our measurement of
the K-point of graphene in Fig. 4(b). Complementary, the applica-
tion of an energy barrier in the electrostatic lens system can block
photoelectrons with low kinetic energies before they enter the time-
of-flight detector.6 In these scenarios, however, space-charge effects
may arise due to the increased photoelectron density at the sample
and in the electrostatic lens system up to the filtering mechanism.

Signal distortions due to space-charge effects become even
more serious when the pump pulses lead to significant photoe-
mission. This is most-relevant with infrared to visible frequencies
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at higher pump fluences, where only a few photons are neces-
sary to overcome the work function and lead to additional pho-
toemitted electrons. Photoelectrons, thus, generated via the process
of multi-photon photoemission,72,76 being possibly plasmonically
enhanced,77,78 contribute to the overall count rate, limiting the
effectively useful count rate in the region of interest. Further-
more, electrons emitted via secondary scattering processes or by
field emission due to the large extractor voltage can give strong
background signals. These photoelectrons are typically localized
at small kinetic energies and in-plane momenta and might be
suppressed by placing apertures or high-pass filters, as discussed
above.

Similarly, it is possible to select a different high harmonic to
optimize the useful count rate. The MM collects all photoelectrons
within the photoemission horizon, as defined by Eq. (1). Thus, by
reducing the EUV energy, the counts are distributed over a smaller
energy–momentum volume, facilitating an increased signal-to-noise
ratio for the desired region of interest. For example, when con-
sidering an imaginary sample with a (E, kx, ky)-independent flat
density of states, non-dispersive bands in the k�-direction, and a
h̵ω-independent dipole matrix element, photoexcitation with the
9th harmonic compared to the 11th harmonic would distribute
the count rate over a 43% smaller overall (E, kx, ky)-volume due
to a smaller photoemission horizon. Note, of course, that still the
EUV energy has to be chosen sufficiently high to reach the in-plane
momentum of the spectroscopic feature.

In pump-probe spectroscopy, it is commonly assumed that the
probed system returns to the ground state well before the next pair
of pump and probe pulses arrive to the sample. With increasing rep-
etition rate of the experiment, it becomes more important to validate
this assumption. In our experiments on graphene, the charge-carrier
dynamics is reversible when driven at 1 MHz. However, we observe
a significant heating of the sample due to the average incident power
of the pump pulses used for the excitation of the sample. This is
detected using a temperature sensor, which is incorporated in the
copper heat sink on which the sample is mounted, meaning that the
measured 60 ○C increase is most likely an underestimate of the real
temperature at the active surface area for our settings. Depending
on the sample under investigation, it might, therefore, be neces-
sary to reduce the pump-induced heating via a reduction of the
experiment’s repetition rate at the cost of increased measurement
time.

B. Perspectives of TR-MM

The momentum microscope combined with a high-repetition
rate EUV light source and a versatile pump beamline is a promis-
ing instrument to study the non-equilibrium dynamics of solid-
state materials on the few-femtosecond to picosecond time scale.
The simultaneous collection of (E, kx, ky)-resolved data stacks for
each time step Δt provides full information on the ultrafast non-
equilibrium dynamics within one experiment. Vice-versa, the usage
of the hemispherical analyzers requires a stepwise collection of the
full information on (E, kx, ky). However, with hemispherical analyz-
ers, a better signal/noise ratio can be achieved for a reduced (E, kx ,y)
cut and comparable integration times.

Furthermore, we would like to point out additional possibil-
ities offered by the momentum microscope. As the MM offers a

real-space mode similar to a photoemission electron microscope
(PEEM), it is possible to place apertures in the real-space image. This
enables the measurement of photoelectron spectroscopy data from
microscopic regions on the surface.79 Such experiments are use-
ful for samples that are only available in microscopic sizes, such as
stacked (twisted) transition metal dichalcogenides or graphene.80,81

Conversely, it is also possible to place apertures in the Fourier-
plane in order to record real-space microscopy images at specific
photoelectron momenta. This brings dark-field imaging capabilities
for photoelectron microscopy. Additionally, the real-space imaging
combined with the TOF allows energy-filtered detection of real-
space images. In a pump-probe approach, such experiments might
be used to observe charge transfer processes across interfaces in
real-time.82

Finally, the combination of the time-of-flight momentum mi-
croscope with an imaging spin-filter allows for efficient and simul-
taneous detection of multi-dimensional spin-resolved datasets.4,83,84

In an optical-pump-EUV-probe excitation scheme31,85,86 the simul-
taneous access to ultrafast energy–momentum-spin-resolved charge
carrier dynamics is within reach.
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