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ABSTRACT
We report on a compact high-photon-flux extreme ultraviolet (XUV) source based on high harmonic generation. A high XUV-photon flux
(>1013 photons/s) is achieved at 21.8 eV and 26.6 eV. The narrow spectral bandwidth (ΔE/E < 10−3) of the generated harmonics is in the
range of state-of-the-art synchrotron beamlines and enables high resolution spectroscopy experiments. The robust design based on a fiber–
laser system enables turnkey-controlled and even remotely controlled operation outside specialized laser laboratories, which opens the way
for a variety of applications.

© 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/10.1063/1.5133154., s

INTRODUCTION

The rapid development of table-top ultrafast laser systems over
the last decade has enabled the scientific community to perform
a significant number of experiments that were formerly confined
to large scale facilities such as free-electron lasers (FEL) and syn-
chrotrons.1–3 Among others, the development of high harmonic
generation (HHG) sources opened access to photon hungry applica-
tions that require laser like extreme ultraviolet (XUV) radiation.4–8

In particular, the ultrashort pulse duration paired with a high pho-
ton flux is a unique property of these sources.9 In contrast to the
typically short pulse duration and corresponding broad bandwidth
of HHG sources, there are a number of applications in spectroscopy
which require a narrow spectral bandwidth at XUV wavelengths.
For example, material studies based on time-resolved photoelectron
spectroscopy usually require a narrow bandwidth (≤100 meV) to
discern the electronic structure and a high photon flux for reason-
able acquisition times.10 In high resolution spectroscopy, similarly
narrow bandwidths and high count rates are required. Here, small
atomic and molecular species such as hydrogen and helium and
their ionic and more exotic counterparts, antihydrogen or antipro-
tonic helium, are the focus of spectroscopic studies. A few of their

electrons result in a relatively simple energy level structure, which
allows precise calculations based on quantum electrodynamics
and subsequent comparisons with spectroscopic measurements.11–15

Highly charged ions provide additionally extreme conditions which
challenge state-of-the-art theories.16 A few of their electrons are
exposed to very strong electric and magnetic fields of the nucleus.
Laser spectroscopy of their electronic structure typically requires
XUV and x-ray photon energies, a narrow bandwidth, and a high
photon flux.17 Meanwhile, the latest generation of high-harmonic
sources appears powerful enough to enable such studies with table-
top light sources, e.g., in combination with heavy ion storage rings
or ion traps.18 Nevertheless, the requirements on the source are
demanding, and the combination of a high photon flux and a narrow
spectral bandwidth has not yet been achieved. Exceptionally nar-
row bandwidth harmonics (∆E/E ∼ 10−4. . .10−5) have already been
generated by high harmonic generation with ∼100 ps pulses.19,20

Unfortunately, the long pulse duration severely limited the achiev-
able conversion efficiency, and consequently, the generated pho-
ton flux has been very low (<107 photons/s). Recently, it has been
shown that a cascaded frequency conversion scheme, namely, sec-
ond harmonic generation (SHG), into the VIS subsequently fol-
lowed by high harmonic generation allows for very efficient HHG
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in combination with a narrow energy bandwidth.9,22 By decreasing
the driving wavelength of the high harmonic process, the spectral
bandwidth of the created harmonics is reduced due to improved
phase matching. Simultaneously, the single atom response of the
harmonic generation is increased, which enables higher conversion
efficiencies.

So far, this approach has enabled HHG sources up to
1014 photons/s with a spectral bandwidth (ΔE/E) of ∼ 10−2 and an
average power of 1.4 × 1012 photons/s in combination with a narrow
bandwidth (ΔE/E) of ∼ 1.8 × 10−3 at 26.6 eV.21

This article reports on a high harmonic source achieving an
ultra-narrow bandwidth at the resolution limit of the employed
spectrometer (∆E/E = 7.5 × 10−4) in combination with a high-
XUV-photon flux in a single harmonic line (>1013 photons/s). This
unique performance is achieved by cascaded frequency conversion
of a table-top ∼300 fs infrared femtosecond fiber laser and opens
up a new field of photon hungry laboratory-scale spectroscopy
experiments. Moreover, the alignment-free and turnkey design of
this source will enable applications outside specialized laser labo-
ratories. For example, we envision XUV spectroscopy experiments
on highly charged ions within heavy-ion storage rings and ion
traps.18

SETUP

In this setup, we employ a commercially available, robust, and
compact ytterbium-doped fiber laser system at a fundamental wave-
length of 1030 nm as the driving system. A scheme of the experi-
mental setup with all relevant parts is shown in Fig. 1. For the results
presented here, the laser is operated at an average power of 61 W
at 334 kHz for the fundamental wavelength. Subsequent frequency
doubling in a 1 mm long beta barium borate (BBO) crystal yields
pulse energies of 90 μJ at an average power of 30.5 W. The measured
pulse duration is <300 fs. Consecutively, the beam is expanded via a
telescope (f1 = −54 mm, f2 = 217 mm) to a beam diameter of 8 mm.
For control over the beam size, a water-cooled pinhole with a fixed
diameter of 8 mm is placed between the telescope lenses. An aver-
age power of 25.3 W corresponding to a pulse energy of 75 μJ is
transmitted through the pinhole. Adjusting the position along the

propagation direction provides direct access to the beam size and
pulse energy and enables control over optimum generation of the
harmonics. Hereafter, the beam is coupled to a vacuum chamber
and tightly focused (f = 100 mm) to a spot size of 15 μm. A motor-
ized nozzle with a diameter of 270 μm is placed close to the laser
focus to transport Ar gas into the focus. The generated high order
harmonics are separated from the driving laser by grazing incidence
plates (GIPs)22 and two 1 μm thick aluminum filters. Subsequently,
the generated EUV emission is analyzed by a flat-field grating spec-
trometer (1200 l/mm grating) equipped with a CCD of 2048 × 2048
px2 and a pixel size of 13.5 × 13.5 μm2. The driving laser itself is a
turnkey type system where different amplified spectra can be cho-
sen via the SLM. The fixed position of the focusing optics and the
gas jet for different driving wavelengths enables a quick and hands-
off run-up phase. A run-up time as short as 30 min is, in principle,
only caused by the thermalization time of the driving laser and the
starting-time of the vacuum pumps at the HHG–XUV generation
chamber. Note that the system presented here is fully remote con-
trolled in the sense that the driving laser parameters, as well as the
HHG optimization via the gas-jet position and the gas flow itself, can
be handled remotely without a person being next to the experimen-
tal setup. For a fixed driving laser condition, the position of the gas
nozzle is optimized, while the harmonic yield is monitored via the
spectrometer. Correspondingly, the position of the pinhole and the
backing pressure of the driving gas are adjusted for the highest HHG
output in an iterative process. The optimum Ar-backing pressure is
found to be 2.4 bars. For efficient retraction of the inserted Ar-gas,
a second nozzle is placed on the opposite side of the Ar-inlet nozzle.
This nozzle is attached to a separate vacuum pump and reduces the
pressure by an order of magnitude. Correspondingly, the transmis-
sion of the created XUV is significantly increased by a factor of two.
The two Al foils of 1 μm thickness each in front of the spectrometer
serve also as an attenuator of one order of magnitude per foil to pre-
vent the saturation of the detector and to fully attenuate the residual
green light.

The setup described here has already successfully been used
outside a scientific laser laboratory. In this industrial-like environ-
ment (factory hall, no temperature stabilization, no additional vibra-
tion stabilization, and no cleanroom technology), the source was

FIG. 1. Scheme of the setup. The main part of the driving laser comprises a fiber oscillator (Osc) and a spatial light modulator (SLM) to shape the amplitude and phase
of the fundamental at 1030 nm. Thus, shaped pulses are further amplified (Amp) and frequency doubled (SHG) to 515 nm. Lenses f1 and f2 act as telescopes, where the
position of the water cooled 8 mm pinhole defines the beam size. The beam is focused in vacuum via f3. Ar gas is introduced via a 270 μm nozzle at the focus position and
directly retracted from the vacuum chamber via an exit tube attached to a pre-vacuum pump (gray triangle). Grazing incidence plates (GIPs) separate XUV–HHG from the
fundamental light. Residual fundamental and visible light is suppressed by two 1 μm thick Al foils. A variable line space (VLS) grating separates and images the different
harmonics on a CCD.
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operated remotely from another building over the course of several
hours.

RESULTS
Photon yield of the high harmonics

To determine the absolute photon yield, a number of optical
elements in the beam path as well as absorption and beam narrow-
ing elements have to be considered. The reflectivity of the GIP in the
respective XUV wavelength range varies between 50% and 56%.23,24

From the measured divergence, we can infer the beam size of the
XUV harmonics at the grating and account for the spatial cutting
at this free aperture. A loss of 60%–70% of total intensity is deter-
mined due to cutting of the beam in the horizontal direction. The
diffraction efficiency of the grating was calculated to be 4.5%–8% in
the applied configuration with an incidence angle of 4○.25 By spa-
tially integrating along a Gaussian-fit to the 11th harmonic and the
knowledge of the quantum efficiency of the detector, we can extract
the total number of photons hitting the CCD. The measured trans-
mission of either of the Al foils in front of the spectrometer varies
between 1.2% for the 9th harmonic and 1.8% for the 11th harmonic.
The residual pressure in the vacuum chambers and spectrometer is
2.2 × 10−4 mbar. Since the main contribution arises from the partial
pressure of the Ar gas used for the HHG, the transmission through
the vacuum system can be estimated from Ref. 26 to be ∼95%. Apply-
ing all corrections to the raw data, a typical spectrum, as shown in
Fig. 2, is obtained, where the number of generated photons in the
11th harmonic reaches 6.5 × 1013 photons/s and in the 9th har-
monic reaches 2.0 × 1013 photons/s. Analyzing the spectral images
in the non-dispersive direction yields the beam profile of the gen-
erated harmonics. Figure 3 displays the corresponding profiles for
the 9th and 11th harmonic. A divergence of ±6.2 mrad for the 9th
harmonic and ±6.3 mrad for the 11th harmonic is measured. To
estimate the photon flux at a target in a potential application, one

FIG. 2. Spectra of the 9th (21.5 eV, i.e., 57.6 nm) and the 11th (26.7 eV, i.e.,
46.4 nm) harmonic.

FIG. 3. Horizontal beam profile for the 9th (red) and the 11th harmonic (black).

cannot neglect the XUV transmission through a series of optical ele-
ments. Efficient filtering of the driving laser can be achieved using 2
GIPs and a 200 nm Al-filter, as described in the section “Filter trans-
mission.” In such a case, the photon flux at the target reaches 7.8 ×
1011 photons/s at the 9th harmonic and 5.1 × 1012 photons/s at the
11th harmonic.

Spectral bandwidth

The entrance-slit size of the spectrometer can be altered to
merge between spectral resolution and optical throughput. To maxi-
mize the spectral resolution of the created harmonics, the spectrom-
eter entrance opening slit, which serves as the virtual source, is set
to 150 μm. A spectral bandwidth of ∼20 meV [full width at half
maximum (FWHM)] is determined. This corresponds to a relative
energy bandwidth of ΔE/E = 7.5 × 10−4. Note that the measured
bandwidth in this case is only limited by the spectral resolution of
the spectrometer.

Demonstration of spectral tuning

Control over the spectral properties of the driving infrared
(IR) pulses is enabled via an amplitude shaper in the driving laser.
Thereby, the spectrum can be patterned within the amplification
bandwidth of the main amplifier.27 Additional shaping of the spec-
tral phase ensures pulse compression close to the Fourier limit. Fig-
ure 4 displays four different fundamental spectra which are shaped
via the SLM to successively cover the amplification capabilities of
the driving laser. For a better recognition throughout this publi-
cation, these spectra are numbered starting from longest central
wavelength λ1, which corresponds to the lowest photon energy. The
fundamental IR pulses are then frequency doubled in a 1 mm thick
BBO crystal and separated from the respective fundamental radi-
ation via dichroic mirrors. A pulse energy of 90 μJ is measured
for the frequency-doubled pulses. Spectra of the SHG pulses are
recorded and resemble the imprinted wavelength shift of the central
wavelength of the fundamental. For all cases, we achieved sim-
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FIG. 4. IR spectra of the driving laser for different phase masks and amplitudes of
the amplifier.

ilar pulse durations between 250 fs and 300 fs for the second
harmonic.

To demonstrate the tunability of the XUV photon energy, XUV
spectra are measured at four different amplitudes and phase masks.
Figures 5 and 6 display the corresponding spectra and photon flux
of the 9th and the 11th harmonic. The photon energy of the 9th
harmonic can be tuned between 21.70 eV and 21.80 eV, while the
photon energy of the 11th harmonic can be tuned between 26.5 eV
and 26.62 eV. A comparison of the central wavelength of the har-
monics to the spectral widths yields a tuning range 6 times larger
than the spectral bandwidths for the 11th harmonic.

FIG. 5. Spectra of the 9th harmonic for different driving laser spectra.

FIG. 6. Spectra of the 11th harmonic for different driving wavelengths.

Filter transmission

The XUV source described here is employed to determine the
transmission of different Al filters. These ultra-thin foils are com-
monly used in XUV sensitive experiments where residual visible (or
infrared) light is present. The visible light can be caused by various
reasons, such as active pressure gauges, the driving laser, window
flanges at the vacuum system, plasma glowing, and others. Typi-
cally, a few hundred nm thick Al foils are used as visible light (VIS)
blocks for the XUV detectors. Transmission values for these foils in
the XUV wavelength regime are usually extracted from Ref. 24. Note
that the typically present surface layer of aluminum-oxide (Al2O3)
of <5 nm thickness per surface28–30 has to be added manually to the
data. In our experiment, a pinhole with 2 mm diameter has been
set in front of the investigated foil to only illuminate the central
part of the foil to avoid spatial clipping, e.g., by the filter holder.
The transmission of each foil is determined from the accumulated
detector counts in each harmonic with and without the particular
filter in the beam. A transmission is measured for two filters with
1 μm thickness each (Lebow Corp.), a 200 nm filter (Lebow Corp.)
and an ultra-flat 200 nm Al filter (Luxel Corp.), with a low degree
of surface roughness. Figure 7 displays the measured transmission
values for the 9th and the 11th harmonic. For comparison, tabu-
lated values of the corresponding filter including surface oxidation
are shown as dashed lines in the diagram. Note the striking dis-
agreement between tabulated and measured transmission, except for
the 26.5 eV transmission of the ultra-flat 200 nm Al filter. In par-
ticular, the measured transmission at 21.7 eV differs strongly from
the tabulated transmission values. The ultra-flat foil holds a higher
transmission for either harmonics than the standard foils. In the
case of the 1 μm thick Al foils, only standard commercial foils were
observed, and their measured transmission differs by an entire order
of magnitude from the tabulated value at 21.7 eV, which cannot be
explained by oxidization alone. Since all foils have been used in XUV
experiments before and have, meanwhile, been stored during several
weeks in an ambient environment, we suspect additional contami-
nation of the foil surfaces to be the main cause of the low transmis-
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FIG. 7. Transmission of different Al filters. Single data points mark the measured
transmission of the respective 9th and 11th harmonic. Dashed lines mark the tab-
ulated values of Al foils including 5 nm surface oxidation. Like colors mark foils of
the same thickness. Data for tabulated values are taken from Ref. 24.

sion. Particularly, at low photon energies, it is thus advisable to use
only well-stored uncontaminated foils. In addition, this measure-
ment shows that one cannot solely rely on tabulated transmission
values but one rather has to consider the experimental history and
storage conditions of a foil. Measuring the actual XUV transmis-
sion of a VIS-blocking foil throughout the experiment is strongly
recommended.

CONCLUSIONS

We have set up and demonstrated a high-photon-flux XUV
source based on ytterbium-doped fiber laser driven SHG–HHG. We
extensively investigated the properties of the 9th and the 11th har-
monic at 21 eV and 27 eV photon energies. A high photon flux
of 2.0–6.5 × 1013 photons/s together with an ultra-narrow energy
bandwidth of ΔE/E = 7.5 × 10−4 limited by the spectrometer reso-
lution is measured for this source. Tuning of the central wavelength
of the fundamental driving pulse comes along with the tunability
of the harmonic wavelength within a range of 6-times the spectral
bandwidth. In addition, the entire setup is a turnkey and remote con-
trolled system due to the fixed setup and the easy hands-off driving
laser. The combination of these features make this lab-scale XUV
source a versatile tool for a number of applications that are usually
carried out at synchrotron sources. We predict potential application
of photoionization spectroscopy of charged ions at heavy ion storage
rings, where the compact setup and high photon flux are inevitable
properties.31,32
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