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With  the  recent  progress  in  high-order  harmonic  generation  (HHG)  using  femtosecond  lasers,  laboratory
photoelectron  spectroscopy  with  an  ultrafast,  widely  tunable  vacuum-ultraviolet  light  source  has  become
eywords:
igh-order harmonic generation
hotoelectron spectroscopy
g(0 0 1)

available.  Despite  the  well-established  technique  of HHG-based  photoemission  experiments  at  kilohertz
repetition  rates,  the  efficiency  of these  setups  can  be  intrinsically  limited  by the  space-charge  effects.
Here  we  present  recent  developments  of compact  HHG  light  sources  for  photoelectron  spectroscopy  at
high repetition  rates  up  to megahertz,  and  examples  for  angle-resolved  photoemission  experiments  are
demonstrated.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Photoelectron spectroscopy (PES) has evolved into a power-
ul method to explore the electronic structure of materials. With
he rapidly growing interest in material science with emphasis
n the novel electronic properties, further development of mod-
rn PES and its light sources is strongly motivated [1,2]. To map
he electronic structure in general, photoemission experiments can
e performed using polarized light with a widely tunable pho-
on energy range. Conventional light sources are the synchrotron
adiation and laboratory discharge lamps. Recently, with the devel-
pment of high-order harmonic generation (HHG) from gases using
emtosecond lasers, HHG-based laboratory PES has allowed charac-
erization of electronic systems on the sub-femtosecond time scale
3–6].

In the earlier development of HHG light sources, the repeti-
ion rate of HHG was limited at a few hertz due to the necessary
igh pulse energy of several mJ  using picosecond lasers [19,20]. By

sing Ti:sapphire femtosecond lasers Linder and Heyl et al. later
emonstrated HHG at 100 kHz with �J laser pulses [21,22]. Details
f the development of HHG light sources have been reviewed
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elsewhere [23–26]. The higher repetition rate of HHG light sources
is of crucial importance for photoemission experiments on solids
because of the space-charge effects. The space-charge effects result
from the Coulomb repulsion between photoelectrons from the
same light pulse. They impose a margin on the number of emitted
photoelectrons per pulse, beyond which an energy and momen-
tum broadening in photoemission spectra can occur [27]. As we
summarize in Fig. 1, conventional HHG-based PES setups mainly
work at few kHz, therefore the space-charge effects can limit the
photoemission intensity to several thousands photoelectrons per
second.

To further increase the efficiency of HHG-based PES, it becomes
necessary to extend the repetition rate of HHG light sources into
the megahertz range. As already demonstrated in several elegant
optical experiments, MHz  HHG can be achieved by using high
power laser systems working simply at MHz, or by additional
enhancements such as a resonant cavity or plasmonic nanostruc-
tures [28–33]. In addition to these approaches, we demonstrate
HHG at MHz  using a more compact setup and drive HHG directly
by a Ti:sapphire long cavity oscillator [34] or by a compact Yb-
fiber laser system. For PES with HHG excitation, the combination
with time-of-flight (ToF) electron spectrometers has been proven
to be highly efficient [35,36]. Detailed comparison of the absolute
photoemission intensity and efficiency of experiments have been
addressed before [36] and in this paper we  present examples with

tunable photon energy and light polarization as well as discuss the
new extensive development.

dx.doi.org/10.1016/j.elspec.2015.04.001
http://www.sciencedirect.com/science/journal/03682048
http://www.elsevier.com/locate/elspec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.elspec.2015.04.001&domain=pdf
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ig. 1. Overview of HHG-based PES setups highlighted by their photon energy range
nd  repetition rate [7–18]. For clarity, the overlapping kHz [9–12] as well as 10 kHz
xperiments are shown with different width [16–18].

. Photoelectron spectroscopy experiments

To demonstrate the tunability of megahertz HHG light sources
or laboratory PES, we choose photoemission experiments on a

g(0 0 1) surface as an example. Photoemission spectra from this
urface have been well-documented using synchrotron radiation
nd the details can be explained by the band structure [40,41].
or photon energies below 23 eV, the harmonics are driven by

ig. 2. (a)–(e) Angle-resolved photoemission spectra measured on the Ag(0 0 1) surface a
he  photon energy used is h� = 20 eV for (a) and (b), and h� = 17 eV for (c)–(f). The incid
ntegrated over �k  = 0.1 Å−1 perpendicular to the respective momentum direction. The e

 component in the Ag(0 0 1) surface parallel to kx . The relative orientation between the 

nset  with the surface Brillouin zone. Possible transitions for h� = 17 and 20 eV are indica
37] and estimated by an empirical band structure at selected momenta [38,39] in (b,d).
 and Related Phenomena 200 (2015) 15–21

a Ti:sapphire long cavity laser working at 4 MHz  with a photon
energy of 1.5 eV, a pulse energy of 650 nJ and a pulse duration of
50 fs [42]. For a wider photon energy range from 18 to 40 eV the
harmonics are driven by an Yb-fiber laser system at 0.7 MHz  with a
photon energy of 1.2 eV, a pulse energy of 14 �J, and a pulse dura-
tion of 300 fs [43]. The output of one of these lasers is focused into an
Ar or Xe gas jet in a vacuum chamber and the generated harmonics
are selected and focused on the Ag(0 0 1) surface using a commer-
cial monochromator designed for He discharge lamps [44]. The
photoelectrons are collected by a time-of-flight (ToF) spectrometer
and their energy (E) as well as the two momentum components par-
allel to the surface (kx, ky) are analyzed [35,45]. Details of the HHG
and the PES setups have been described in previous publications
[36,46,47].

The photoemission spectra measured with p- and s-polarized
harmonics are shown in Fig. 2 for photon energies h� = 17 and 20 eV
driven by the Ti:sapphire laser. From the three-dimensional energy
and momentum distribution I(E, kx, ky) of photoelectrons down to
a binding energy of more than 10 eV, we present in Fig. 2 the two-
dimensional slices I(E, kx) and I(E, ky). Using the s-polarized light at
17 and 20 eV, we observe a different distribution of photoelectrons
along the kx and ky directions when comparing Fig. 2a with Fig. 2b,
as well as Fig. 2c with Fig. 2d. The flat E − kx dispersion in Fig. 2a and
Fig. 2c at the binding energy of around 5 eV is attributed to the Ag
d band. At comparable binding energies in the E − ky dispersion in
Fig. 2b and Fig. 2d, the d band exhibits a slightly downward disper-
sion. The upward dispersive band at around 2 to 3 eV is assigned

to the Ag sp band. These assignments are based on the theoretical
band structure in Fig. 2g [37] and the observed dispersion can be
qualitatively described by the empirical band structure as shown
by the circles in Fig. 2b and Fig. 2d [38,39].

long the momentum directions kx and ky as indicated by the surface Brillouin zone.
ent light is s- and p-polarized for (a)–(d) and (e)–(f), respectively. The spectra are
lectric field of the s-polarization of light is parallel to ky and the p-polarization has
light polarization and the momentum directions of photoelectrons is shown in the
ted in a comparison with theoretical band structure of Ag from Eckardt et al. in (g)
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Fig. 3. (a) Photon energy dependent photoemission spectra measured on the Ag(0 0 1) surface. The photoelectrons emitted within ±15◦ from the surface normal are integrated.
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or  clarity, the spectra are shifted vertically. (b) The theoretical bulk band structure
ensity of states of Ag using empirical band structure [38,48]. Selected high symme

By going from s- to p-polarized light at the same photon energy
� = 17 eV, we  observe a significant change in the distribution of
hotoelectrons as seen in the comparison of Fig. 2c,d and Fig. 2e,f.
ith s-polarized light we observe only the d band along the kx

irection (Fig. 2c), and both the sp and the d bands along the ky

irection (Fig. 2d). In strong contrast, with p-polarized light we
bserve both the sp and the d bands along the kx direction (Fig. 2e),
ut mainly only the d band along the ky direction (Fig. 2f). The
bservation indicates that photoelectrons with momentum paral-
el to the polarization of light are emitted in optical transitions from
oth the sp and d bands, whereas photoelectrons with momentum
erpendicular to the light polarization are mainly emitted in tran-
itions from the d band. As the polarization of light is rotated from

 to p, the distribution of photoelectrons is rotated accordingly due
o the optical selection rules [49].

The wide tunability in photon energy of HHG-based PES is
urther demonstrated in Fig. 3a by the angle-integrated photoemis-
ion spectra. The photon energy dependence can be qualitatively
xplained by the band structure in Fig. 3b and by the density of
tates (DOS) in Fig. 3c [38,48]. At h� = 18 eV, a resonant transition
akes place between the occupied and unoccupied sp bands where
o significant feature in the DOS appears. As h� is increased, tran-
itions can occur between the occupied d and unoccupied bands
nd the dominant photoemission signal from the d bands is due

o their high DOS at 4–7 eV below the Fermi level. At around
� = 32 eV, a resonant transition may  occur at the bottom of the
p band and this is indicated in Fig. 3a at a binding energy of
bout 7 eV.
 with possible transitions indicated at various photon energies [37]. (c) Calculated
ints are marked.

3. Further developments

In contrast to the well-established kHz HHG setups for time-
resolved PES as summarized in Fig. 1, an efficient and space-charge
free MHz  HHG setup with reduced complexity can be operated by
an individual user for long-term measurements. In this section we
introduce the design of a compact generation chamber and a gas-
recycling system. The latter is of high importance for long-term
experiments due to the costs for rare gases as xenon. In addition, we
demonstrate a proof-of-principle long-term operation of the setup.
At the end of this section the pulse duration and the bandwidth of
the harmonics are discussed.

3.1. Compact generation chamber

The megahertz HHG setup follows a tight-focusing geometry for
phase-matching conditions at high backing pressure [26]. In order
to suppress mechanical vibrations as well as to be user-friendly, the
ideal generation chamber should have a minimal size, which is only
limited by the front flange of the vacuum pump with a sufficient
pumping speed. Here a turbo pump with a nominal pumping speed
of 700 l/s and a front flange with an inner diameter of 150 mm is
used [50]. Therefore the generation chamber has about the same
inner diameter. In Fig. 4a a photograph of the generation chamber

is shown and in Fig. 4b the 30 �m glass capillary [51] for the gas jet
can be seen. The laser beam is focused into the gas jet by the lens
assembly which consists of an achromatic lens sealing the cham-
ber [52] and a bellow allowing mechanical adjustment. The glass
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ig. 4. Photographs of the generation chamber for the harmonics (a), with the glass
apillary and the pinhole assembly visible through the viewport as in (b).

apillary in Fig. 4b is mounted in a holder on the top flange of the

eneration chamber in Fig. 4a. Its position can be adjusted by the
ripod via three micrometer screws. Behind the gas jet, a 150 �m
in hole blocks the fundamental driving laser beam and reduces
he gas loading in the monochromator chamber thereafter [44].

ig. 5. (a) Simplified flow diagram of the gas-recycling system with high (red) and low 

as  jet from a glass capillary (CA); MC:  monochromator chamber; EC: photoemission exp
ompressor; V1,...,10: valves; PR: pressure regulator. (b) Mass spectra of residual gas in th
C.  The difference spectrum is shown in the lower panel together with the relative natur
olor  in this figure legend, the reader is referred to the web  version of this article.)
 and Related Phenomena 200 (2015) 15–21

3.2. Gas-recycling system

The HHG spectrum strongly depends on the generation gas
medium [20,23,25]. For higher photon energies gases with higher
ionization potential such as He, Ne or Ar are used. On the other
hand, HHG from gases with lower ionization potential, e. g. Xe and
Kr, can lead to several orders of magnitude higher photon flux at
lower photon energies. Due to the cost of Xe and Kr in a long-term
HHG experiment, it is necessary to recycle the gas from the gener-
ation chamber and to compress it to the backing pressure for the
gas jet. In Fig. 5a, a simplified gas flow diagram of our recycling
system for Xe is presented. The gas jet with a backing pressure
of 5 bar is injected into the generation chamber (GC) by the cap-
illary (CA). During the HHG operation, the background pressure
of Xe is about 10−2 mbar in GC and 1 bar after the scroll pump
(SP1). From the gas reservoir (B1), the recycled gas can be further
compressed by a dry membrane compressor (C) up to 10 bar and
stored in an expansion tank (B2). From there the gas is fed to the
pressure regulator (PR) for regulation of the backing pressure of
the gas jet. For maintenance the recycling systems can be divided
into several parts by the valves (V1,...,10) and the gas is stored in B1
and B2.

During the operation of the recycling system with Xe, we  char-
acterize the recycled gas by a quadrupole mass spectrometer in
the experiment chamber (EC) behind the monochromator cham-
ber (MC). In Fig. 5b the black (gray) mass spectrum in the upper
panel is measured during (without) the operation of the recycling
system about a week after its installation. The gray spectrum shows
the residual gas of CO in EC, and the F+ signal can be attributed to
the outgassing of the mass spectrometer itself (electron stimulated
desorption). The difference of these two  spectra is displayed in the
lower panel, showing dominantly the signals of singly and dou-
bly ionized Xe. For comparison the red vertical bars indicate the
signals estimated by the relative natural abundance of Xe isotopes
[53]. With this gas-recycling system the HHG setup has been oper-
ated with the same xenon loading for more than 6 months. For
longer operation we observed CO in the residual gas, which could
be suppressed by installing an additional adsorption pump in the
recycling system.

3.3. Long-term operation
By using the compact generation chamber in combination with
the Xe recycling system, we demonstrate the proof-of-principle for
a long-term operation of HHG-based photoemission using the Yb-
fiber laser. In Fig. 6a,c the count rate of photoelectrons excited by

(blue) pressure region indicated. GC: generation chamber for the harmonics with
eriment chamber; TP1,2: turbo pumps; SP1,2: scroll pumps; B1,2: gas reservoirs; C:

e photoemission experiment chamber with (black) and without (gray) using Xe in
al abundance of Xe isotopes (red bars) [53]. (For interpretation of the references to
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F  source for photon energies (a,b) 25 eV and (c,d) 23 eV. Each data point in (a,c) is measured
f 100 and 800 counts/s for (a) and (c), respectively. In (b,d) the histograms (red) of the data
i onal histogram (blue) is taken from a longer measurement for 76 h. (For interpretation of
t n of this article.)
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Fig. 7. (a) Red data points are the measured 10–90% width of the Fermi-edge in pho-
toemission spectra in Fig. 2a at the kinetic energies of photoelectrons shown by the
top scale and photon energies by the bottom scale. Blue data points are the simulated
energy resolution of the ToF spectrometer settings using a conservative estima-
tion of the time resolution of 300 ps for the electronics [47,56]. Gray area indicates
ig. 6. Photoemission count rate in 24-hour-long measurements with the HHG light
or  about 2.5 s and the average count rate is indicated by the blue horizontal lines at 1
n  (a,c) are shown with their full-width-at-half-maximum (FWHM). In (b) an additi
he  references to color in this figure legend, the reader is referred to the web versio

he HHG light source is shown for two independent experiments
asting 24 h. These experiments were performed in conventional
aboratory condition without active temperature regulation and
he laboratory temperature varied about ±0.5 ◦C around 22 ◦C
uring these days. In order to compensate the influence of the tem-
erature variation on the fiber laser, we actively changed the pulse
ompressor settings inside the fiber laser and minimized the out-
ut pulse duration. In Fig. 6b,d the histograms of the photoelectron
ount rate in Fig. 6a,c are displayed and the full-width-at-half-
aximum (FWHM) is estimated. In addition we show in Fig. 6b

 histogram from a longer measurement for 76 h. By comparing
he histograms in Fig. 6b we see that the operation of the HHG
ight source can be extended to several days without additional
egradation of its stability.

For a quantitative estimation, we derive the ratio of the FWHM
o the average count rate from the histograms in Fig. 6b,d and
btain values of about 0.8 and 0.5 for 25 and 23 eV, respectively. The
arger variation for 25 eV could be attributed to its higher harmonic
rder and a consequently more sensitive generation condition. For
omparison, Leitner et al. characterized the shot-to-shot intensity
istribution of their HHG setup for a photon energy range from
7 to 27 eV at a repetition rate of 3 kHz, and the FWHM varia-
ion amounts to 0.53 of the average intensity [54]. A much smaller
WHM intensity fluctuation of about 0.08 has been demonstrated
n a short measurement with 430 shots using a 10 Hz HHG setup
t 33 eV for seeding the sFLASH beam line [55]. The stability of
ur HHG light could be further improved by reducing the temper-
ture variation in the laboratory and by additional damping of the
echanical vibration from the vacuum pumps.

.4. Bandwidth and pulse duration

Due to the ultimate pulse duration down to a few hundreds
f attoseconds, HHG light sources have great potential for time-
esolved PES [3,4,6]. To get a train of these short pulses, the
armonics need to be selected and compressed properly after the
eneration. Moreover, much effort is required in order to single
ut an isolated sub-femtosecond pulse and to precisely character-
ze its pulse duration. Details of the available approaches have been
eviewed recently [6,57]. Here we estimate the lower limit for the
ulse duration of the harmonics according to their bandwidth in
hoton energy.

The bandwidth of the harmonics can be quantitatively estimated

n photoemission experiments. In Fig. 7a we present the width of
he Fermi-edge in the photoemission spectra in Fig. 3a. These values
red circles) represent the total energy resolution in the photoe-

ission experiments and they include the energy resolution of the

the 100 meV  thermal broadening at 300 K. (b) Red points show the full-width-
at-half-maximum bandwidth of light estimated from data in (a). For comparison,
gray squares show the directly measured bandwidth from our previous publication
[34]. (c) The transform-limited pulse width (full-width-at-half-maximum, FWHM)
estimated from the bandwidth in (b).
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oF electron spectrometer (blue circles), the thermal broadening
t 300 K (gray area), as well as the bandwidth of the harmonics.
rom these data, we estimate the bandwidth of the harmonics in
ig. 7b. In addition, we extract the bandwidth of low energy har-
onics driven by the Ti:sapphire laser from a direct measurement

ublished previously (gray squares) [34].
From the bandwidth in Fig. 7b, we estimate the transform-

imited pulse duration of a single harmonic pulse in Fig. 7c. The
stimated pulse duration ranges from about 3 to 10 fs for photon
nergies from 40 to 17 eV. In our setup, we use a monochromator
rating after the generation in order to select a single harmonic as
ell as to focus it onto the sample. In this diffraction process, the
ulse width is stretched to about 2 ps [58]. However this temporal
tretching might be compressed by a second identical grating or
ther designs [59,60]. In addition to the duration of an single iso-
ated pulse, the duration of the pulse train of the harmonics can be
stimated by the pulse duration of the driving lasers, which cor-
esponds to about 50 and 300 fs for Ti:sapphire and Yb-fiber laser,
espectively. In order to achieve a better time-resolution, further
evelopment to compress either the driving laser or the harmonics

s required.

. Summary

To summarize, light sources based on high-order harmonic
eneration (HHG) provide a unique opportunity to perform labo-
atory photoelectron spectroscopy (PES) using linearly polarized
ight with a wide photon energy range of more than 20 eV. By
sing the harmonics generated from lasers with megahertz rep-
tition rates ranging from Ti:sapphire oscillators to Yb-based fiber
asers, efficient and space-charge free photoemission experiments
re nowadays possible that last for many days without interrup-
ion. Here we demonstrate such photon-energy and polarization
ependent PES experiments on a Ag(0 0 1) surface. The develop-
ents of the compact generation setup, the recycling system for

he gases as well as the long-term operation of the HHG light source
re presented. In addition, the bandwidth of the harmonics is esti-
ated from the energy broadening in the photoelectron spectra

nd the lower limit of the pulse duration is given. These modern
evelopments should provide an efficient way for laboratory PES
nd microscopy as well as for time-resolved experiments in the
uture.
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