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ABSTRACT

We present a table-top setup for x-ray absorption spectroscopy (XAS) based on high harmonic generation (HHG) in noble gases. Using
sub-millijoule pump pulses at a central wavelength of 1550 nm, broadband HHG in the range of 70-350 eV was demonstrated. The
HHG coherence lengths of several millimeters were achieved by reaching the nonadiabatic regime of harmonic generation. Near edge
x-ray absorption fine structure spectroscopy experiments on the boron K edge of a boron foil and a hexagonal boron nitride (hBN) 2D
material demonstrate the capabilities of the setup. Femtosecond pulse duration makes pump-probe XAS experiments with corresponding

time resolution possible.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0219921

I. INTRODUCTION

Soft x-ray spectroscopy is a well-established methodology that
comprises various photon-in photon-out techniques to probe core
level excitations of atoms, molecules, and condensed matter. X-ray
absorption spectroscopy analyzes the transition from a core level to
an unoccupied state, and x-ray emission detects the x-ray fluores-
cence induced by the creation of a core hole. While both techniques
provide information on the excited core levels, they complement
each other regarding the valence electronic states. X-ray absorp-
tion probes the unoccupied and x-ray emission probes the occupied
valence electronic structure.’

In the spectral range near the resonant core level excitation ele-
ment and orbital selective insights into the unoccupied valence elec-
tronic structure are obtained primarily in near edge x-ray absorption
fine structure (NEXAFS)."” In the extended spectral range, the
locally emitted photoelectron wave function upon resonant core
level excitation is scattered back from the neighboring ion cores in
molecules and condensed matter, which leads to interference effects
in the absorption cross section detected in extended x-ray absorp-
tion fine structure absorption spectroscopy (EXAFS). This technique
analyzes the local ion core structure.’

More recently, resonant inelastic x-ray scattering (RIXS)
has become available as a tool to measure low energy

excitations and their dispersion relation in momentum
space.””’

Clearly, x-ray spectroscopy is a very important tool in vari-
ous fields of the natural sciences, such as, e.g., material science,”
interface science,’ coordination chemistry,'’ energy conversion and
catalysis,'’ photosynthesis,'* and biology."> Moreover, it is widely
used in the conservation of cultural heritage and art.'*"”

A major effort in setting up an x-ray spectrometer is dedi-
cated to the x-ray source. Early efforts exploited the emission of
x-ray tubes.'®'” The required spectral resolution and signal to noise
ratio lead to very long times needed for data accumulation in such
laboratory-based instruments. The high brilliance provided by syn-
chrotron light sources resulted in considerable improvement in this
regard, and at the present time most x-ray spectroscopy experi-
ments are conducted at synchrotron light sources.'® Higher x-ray
photon fluxes and shorter pulse durations became possible after hav-
ing shifted from storage rings used in synchrotron light sources
to linear accelerators in x-ray free electron lasers, which provide
dedicated instruments for soft x-ray spectroscopy.'” > This devel-
opment also provides interesting opportunities for non-linear x-ray

23.2

spectroscopy.””

The limited access to the necessary beam times has always
fueled the development of table-top x-ray light sources, and laser-
based approaches have led to considerable success. Essentially,
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two mechanisms of light-matter interaction are exploited. For
table-top x-ray spectroscopy, light sources based on laser plasma
generation”””" and high harmonic generation (HHG) in gases’
have been developed. Such laser-based sources allow the genera-
tion of ultrashort x-ray pulses,” ' which provide highly relevant
opportunities for pump-probe experiments and time domain x-ray
spectroscopy.”” ** The plasma-based approach provides sufficient
photon flux also at hard x-ray photon energies. HHG allows shorter
pulse durations** reaching the attosecond limit, a development that
was recognized by awarding the Nobel Prize in Physics 2023 to
Agostini, L’Huillier, and Krausz.

Using mid-infrared femtosecond pump pulses, HHG with pho-
ton energies exceeding 1 keV became available,”*” and for compet-
ing with the accelerator-based sources in terms of the x-ray photon
yield, a phase matched harmonic emission from a larger atomic
ensemble became essential. The phase matched HHG by adjust-
ing the gas pressure in the interaction volume has been discussed
and demonstrated for HHG in gas jets,”** " in hollow core wave-
guides (HCWs)#0499155% o1 both,*® in hollow core fibers or tubes
in transverse geometry,””""*” and in gas cells.”””*"” The advantage
of HCWs in longitudinal geometry is that they allow phase matched
emission at potentially higher gas pressures and/or on longer dis-
tances, which can be more promising from the standpoint of the
photon yield. Important limitations, in this case, are absorption®®
and the necessity to keep the gas pressure in the HCW constant
along the capillary to provide a long coherence length of the HHG.

For the phase matching, two types of phase contributions have
to be taken into account: time independent (neutral gas disper-
sion and geometrical contribution) and time dependent (plasma
dispersion and nonlinear refraction). The time dependent one
comes into play at higher pump intensities, and the HHG switches
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correspondingly from adiabatic to nonadiabatic’
gated™”) regimes.

In this paper, we demonstrate a table-top x-ray source based
on HHG in noble gases using low energy (compared to Refs. 27
and 45) pump pulses at a wavelength of 1550 nm. The generated
x-ray pulses were applied to the measurements of the x-ray absorp-
tion spectra (XAS) on the boron K-edge. We show that switching to
the nonadiabatic regime is essential for the phase matched harmonic

emission.

Il. EXPERIMENTAL SET-UP

The pump laser for the HHG was an upgraded version of the
100 Hz optical parametric chirped pulse amplification (OPCPA) set-
up reported in Ref. 61. The setup occupied six 2400 x 1200 mm®
optical tables, and its schematic is depicted in Fig. 1. The system was
seeded by a Ti:sapphire (Ti:Sa) oscillator producing 6 fs pulses at a
central wavelength of 800 nm with an energy of 2.5 n] per pulse and a
repetition rate of 80 MHz. A fraction at a wavelength of 1030 + 2 nm
of the broad-band oscillator emission was used to seed the OPCPA
pump channel. The 1030 nm seed pulses with an energy of 2 nJ were
stretched to a 2 ns duration and amplified in a two-stage amplifier.
The first stage (regenerative amplifier s-Pulse HP, Amplitude Laser)
and the second stage (Innoslab amplifier, Amphos 400 AMP), both
operating at 100 Hz repetition rate,*” increased the pulse energy to
1.4 and 27 m], respectively. After the amplification, the pulses were
compressed to a duration of 1.2 ps with a compressor transmis-
sion of 60%. A 1 m] fraction of the compressed pulse energy was
frequency doubled and used to pump the first two OPCPA stages.

The 6 fs seed pulses at a central wavelength of 800 nm provided
by the Ti:Sa oscillator were first stretched with the help of a 10 cm

Ti:Sa Stretcher and two-
Stretcher 800 "M | oscillator | 1030 nm |  stage amplifier Compressor
—~ -—q—
BB 1030 nm, 16 mJ, 1.2 pst
© 515 nm
= 4 LBO
< v 4
S - =
\ BBO BBO KTA LilO3 BB
~ 770 nm \
- O — . »
' 1550 nm
4 BB BB
BB
ZnSe BK7 1550 nm,
cM 1.8 mJ, 0.5 ps
P 3050 nm,
1550 nm, ' cm 0.8 mJ, 0.2 ps 7
70 - 350 eV 1.6mJ, 37 fs CaF,
Sl Xuus kM Labs |[¢ ¢ v/
3050 nm, Compressor
0.6 mJ, 43 fs

FIG. 1. Experimental schematic. A broadband Ti:Sa oscillator is used as a seed source for both the OPCPA itself and for the pump channel. The 6 fs pulses at a wavelength
of 800 nm are stretched and used as seed for the four stage OPCPA, consisting of two BBO crystals followed by KTA and LilO3 stages. The pump channel is seeded with
1030 nm pulses and consists of a stretcher, two-stage amplifier, and compressor. Part of the pump radiation is converted to the second harmonic (SH) in an LBO crystal
for pumping of BBO stages. BB stands for beam blocks. After the amplification, the pulses are compressed using CM and MD in ZnSe, BK7, and CaF,. The pulses at a

wavelength of 1550 nm are used for pumping the harmonic source.
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BK7 slab to a duration of 3 ps full width at half maximum (FWHM),
which is longer than the pump pulse duration. By changing the
delay between the pump and the strongly stretched seed pulses, one
could choose the central wavelength at which the amplification takes
place.

In the first OPCPA stage, the pump (wavelength 515 nm)
and the seed were interacting noncollinearly in a 3.9 mm thick
type 1 beta-barium borate (BBO) crystal (6 = 24.3°). The non-
collinear interaction with an angle of 2.4° allowed reaching high
amplification while keeping a broad amplification spectrum. The
next OPCPA stage was used for the difference frequency gen-
eration. The pump at a wavelength of 515 nm and the signal
beam with a central wavelength shifted to 770 nm were interact-
ing collinearly in order to avoid the angular chirp of the idler
wave. In order to maintain the broad spectral width, a much
shorter (0.6 mm) type I BBO crystal was used. The idler pulses
of the second stage at a central wavelength of 1550 nm were
amplified in the third OPCPA stage. A 3 mm thick type II KTA
crystal (6=48.6") was pumped by the pulses at a wavelength of
1030 nm in the noncollinear geometry (a noncollinear angle of 4.2°),
providing high amplification in a wide spectrum. In the fourth and
last OPCPA stage, pumped by the 1030 nm pulses, the radiation at
a wavelength of 1550 nm (signal wave) was further amplified up to
an energy of 1.8 mJ per pulse. For this purpose, a 4.5 mm thick type
I LilO;3 crystal was chosen because of its wide amplification band-
width for a collinear interaction. The energy of the idler pulses at a
wavelength of 3050 nm reached 0.8 m]J.

For the compression of both signal and idler pulses, com-
binations of material dispersion (MD) and chirped mirror (CM)
dispersion were employed (Fig. 1). Such a combination allows bet-
ter compensation of the second and third order dispersion and the
possibility of dispersion fine-tuning. The pulse durations were deter-
mined using frequency-resolved optical gating (FROG).®” An exam-
ple of the measured and retrieved second-harmonic-generation
(SHG) FROG traces for the signal pulse is shown in Figs. 2(a)
and 2(b). The retrieved pulse [Fig. 2(c)] had a duration of 37 fs.
The retrieved spectrum was in qualitative agreement with the inde-
pendently measured one [Fig. 2(d)]. The pulse energy after the
compression was 1.6 mJ. The duration of the compressed idler pulses
was found to be 43 fs using third-harmonic-generation FROG. The
energy of the compressed pulses was 0.6 mJ.

For the HHG generation, a specially adapted “XUUS” source
from KM Labs (USA) was used.®* The signal beam at a wavelength
of 1550 nm was coupled into HCW using a 300 mm focal length
CaF; lens (Fig. 3). The HCW with an inner diameter of 100 ym and
a length of 10 mm was filled with argon, neon, or helium. For the
optimum matching of the beam and the EH;; mode of the HCW,
the beam waist diameter at 1/¢* was set to 64 ym. The inset in Fig. 3
shows the beam energy distribution in the focal plane of the lens.
The gas at a pressure of up to 30 bars was injected through a hole
in the middle of the HCW (Fig. 3) and evacuated on both sides with
four roughing pumps.

The emitted radiation from the HCW was filtered with the help
of a 200 nm Ti foil and recorded using a McPherson model 251MX
flat field spectrometer® with a Greateyes (GE 2048 515 B1 UV1)
charge-coupled device (CCD) camera (Fig. 3). The spectrometer
chamber was pumped out with an additional vacuum pump down
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FIG. 2. Measured (a) and retrieved (b) SHG FROG traces of the pulses at a central
wavelengths of 1550 nm. The retrieved pulse shape (37 fs FWHM) and spectrum
are shown with red solid lines in panels (c) and (d), respectively. The blue dashed
lines in (c) and (d) represent correspondingly the bandwidth limited pulse (35 fs
FWHM) and the independently measured spectrum. The black dashed-dotted line
in (d) shows the retrieved spectral phase.

to the pressure of 107°~107 mbar depending on the experimental
conditions. The spectrometer was equipped with a pair of graz-
ing incidence gratings on concave spherical substrates. The lower
photon energy grating (LEG) with 1200 groves/mm and the higher
photon energy grating (HEG) with 2400 groves/mm had nomi-
nal wavelength ranges of about 5-20 nm (250-60 eV) and about
1-6 nm (1240-200 eV). The reference spectra for both gratings can
be found in Ref. 65. We have additionally checked the spectrometer
calibration using a McPerson soft x-ray source 642.°°

O

64 pm

[ oaaa—
02 04 06 0.8 1
Norm. amplitude
Gas

caFz len®

/’ HCW Ti foil

FIG. 3. Beam at a wavelength of 1550 nm is focused at the entrance of the HCW
using a CaF; lens. The noble gas (Ar, Ne, or He) is injected through a small hole
in the center of the HCW. The emission at the output of the HCW is filtered with
a Ti foil and can be used for the XAS of a sample. The transmitted radiation is
spectrally resolved with the help of a concave grating and recorded using a back-
side illuminated CCD camera. Inset: energy distribution in the focal plane of the
CaF, lens.
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I1l. SWITCHING TO THE NONADIABATIC REGIME

Due to a constant gas flow through the HCW, a gas density drop
is expected along the waveguide axis. Figure 4 (top panel) shows the
density distribution along the axis calculated using Autodesk CFD
(Computational Fluid Dynamics) software. Below we estimate the
influence of this gradient on reaching the phase matched harmonic
emission.

The wave vector mismatch Ak between the g-th harmonic and
the corresponding polarization wave induced by the pump can be
expressed as (see, e.g., Refs. 39, 51, and 67)

AL

2 2
i BamcL (1)
4na

Ak = —qﬂ(m =1)(1=#n)p +qNareryip +q

where ny is the refractive index of the gas at the pump wavelength
AL, 1 is the ionization fraction of the gas, N, is the number density
of atoms, r. is the classical electron radius, U, is the capillary mode
factor, and a is the capillary radius. Both n; and N, are taken at the
pressure of 1 bar, and p is the gas pressure in bar. The factor 1 — 5
takes into account the reduction of neutral atoms due to ionization.
In (1) we have neglected the nonlinear refractive index of the gas.

The phase matching pressure tolerance is given by Ap
= Akpwam (dAk/ dp)_l. Above Akpwrm corresponds to the full width
at half maximum of harmonic intensity as a function of Ak and sat-
isfies the condition Akpwum = 5.56/L,°° where L is the interaction
(HCW) length. In the adiabatic regime with # ~ 0, one gets
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FIG. 4. Top panel: calculated gas density distribution along the axis of the HCW
(X-axis). The distribution is symmetric with respect to the middle of the waveguide
(X = 0). Bottom panel: measured (solid lines) and calculated (dashed and dashed-
dotted lines) third harmonic spectra at the output of a He-filled HCW. The pump
intensity was about 5 x 10" W/cm?. Red solid and black dashed-dotted lines cor-
respond to a low He pressure. Blue solid and black dashed lines represent the
spectra for a high He pressure.
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above Ap(# = 0) is the pressure tolerance in the adiabatic regime,
and A, is the wavelength of the g-th harmonic. Simple estimations
show that for harmonics with about 1 keV photon energy using
Ar =1550 nm and L = 1 cm Ap(7 = 0) lies in the millibar range and
no phase matching along the HCW is possible.

At higher intensities with the developing ionization, phase
matching can be achieved for the fraction of a pump pulse because of
the time dependent # (nonadiabatic or time gated regime’”***>%),
However, the pressure tolerance can be sufficiently increased.
Indeed, it follows from (1) that

Ap(=0)
1-1n/her

where Ap(y) is the pressure tolerance in the nonadiabatic
regime and #, is the critical ionization fraction, start-
ing from which the phase matching is no longer possible
(Her = [A2Nare/ 2r(ng = 1)) + 1771979,

The possibility of switching to the nonadiabatic regime in our
experiments was checked for helium because it has the highest ion-
ization potential. The ionization onset was monitored by measuring
the blue shift of the spectrum of the third harmonic at the HCW
output using a compact Ocean Optics USB spectrometer (Fig. 4, bot-
tom panel). The pump intensity was about 5 x 10" W/cm?. At low
He input pressures (<100 mbar), the generated electron density is
too low, and no shift is observed (red solid curve). At 4 bars, the
blue shift A3, of about 25 nm was measured. Assuming the ratio of
the fundamental shift A, to that of the third harmonic to be about
2, as our simulations show, one gets AA, ~ 50 nm. This shift corre-
sponds to the electron production rate of d{n.)/dt ~ 10" cm™ fs™*,
where the angle brackets indicate averaging along the HCW. Divid-
ing this rate over N,(p) one gets dij/dt ~ 2 x 107> fs™'. At this rate
the ionization fraction # can approach 7, (which is about 107%)
within the pulse duration, and according to (3) a larger pressure tol-
erance can be achieved. The necessary ionization fraction could be
easily reached in Ar and Ne due to their lower ionization potential.

Ap(n) = 3)

IV. HIGH HARMONIC GENERATION

Figure 5 shows the harmonic spectra generated in the nonad-
iabatic regime using Ar, Ne, and He. Altogether, the spectra cover
the range from about 70 to about 350 eV. For maximum harmonic
emission, the pressures and pump energies were 1.5 bars and 0.3 m]
for Ar, 3.7 bars and 0.7 m] for Ne, and 9.3 bars and 0.8 m]J for He.
Furthermore, we have increased the pulse duration to 54 fs in order
to avoid self-focusing in ZnSe plates used for the pulse compression
(see Fig. 1) and reach 80% coupling efficiency to the HCW. The pho-
ton numbers Ny, as a function of photon energy E were calculated
from the corresponding counts of the CCD camera N(E) according
to

1 3.66eV 1
Ny (E) = —— —N¢(E), 4
Ph( ) T¢Ts E nx (E) @)

where TG is the grating efficiency, T is the spectrometer slit trans-
mission, 3.66 eV is the average photon energy for producing a charge
pair in silicon,”” and 7 and « are the quantum efficiency and gain of
the CCD camera, respectively.”’ The photon fluxes for the 100 Hz
repetition rate at the HCW output were evaluated from Fig. 5, tak-
ing into account the Ti foil and residual gas transmission. Thus, at
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FIG. 5. Spectra of harmonics in Ar, Ne, and He taken in 5 min using the 1550 nm fundamental wavelength. N, represents the number of photons reaching the spectrometer
slit within this acquisition time. In the case of Ar, the spectrum was recorded using the LEG, while for Ne and He, the HEG was used. The spectrum for Ne is limited on the
left by the wavelength range of the spectrometer, which was calibrated to match the HHG in He. The pump radiation and lower harmonics were cut using a 200 nm thick Ti
foil. The dashed blue line corresponds to the transmission of a 3 mm path in He at 5 bars and the Ti foil.

93 eV for Ar, 214 eV for Ne, and 270 eV for He, one gets fluxes of 107,
10%, and 10° ph/s, respectively, integrated within the 1% bandwidth
of the central photon energy.

The high energy cutoffs of the spectra follow the well-
known low fiw = I, + 3.17U,"" with the ponderomotive potential U,
=9.33 x 10"I;A}, where I, and I, are the gas ionization potential
and laser intensity, respectively. The gap at about 284 eV in the case
of He corresponds to the carbon K-edge and is due to the carbon
contamination of the spectrometer.

The decay on the low energy side of the spectra is due to the
absorption in the gas and in the Ti foil.”””* The dashed blue line in
Fig. 5 shows the calculated transmission of He together with the foil.
The He pressure was assumed to be 5 bars, which is the average pres-
sure at the end of the capillary according to Fig. 4. The path length
in He was taken to be 3 mm, corresponding to the best match to
the measured spectrum. The good agreement indicates that despite
a considerable pressure gradient in the HCW (Fig. 4, left panel),
switching to the nonadiabatic regime allows an effective HHG length
of several millimeters.

2.5 mm
1+ 1 T3l
Tt R o
Eof -]
208 > 5‘
7] Jep o
[=4 1 i s
£ 0.6 0‘ 1
£ X (mm)
£
S 04
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FIG. 6. Pressure dependence of the HHG intensity in He. Inset: spatial distribution
of the harmonic emission at the position of the entrance slit of the spectrometer.

The pressure dependence of the intensity of the harmonic
emission for the He-filled HCW is shown in Fig. 6. The quadratic
growth of the intensity and saturation at a certain “optimum” pres-
sure indicates the onset of the phase matched HHG. The shape of
the harmonic beam at the entrance slit of the spectrometer can be
evaluated from its image (see inset to Fig. 6) recorded with the
CCD-camera using HCW filled with He. The image was taken in
the zeroth diffraction order of the spectrometer grating with the slit
widely open (2.5 mm width). It can be seen that the harmonic beam
is slightly elliptic with vertical and horizontal sizes of about 2 mm
FWHM. The image in Fig. 6 was corrected for spectrometer astig-
matism. For the correction, the amount of astigmatism in the zeroth
order was measured with the help of a helium-neon laser beam.

V. NEAR EDGE X-RAY ABSORPTION FINE
STRUCTURE (NEXAFS)

The generated harmonic spectra allow XAS measurements on
carbon and boron K-edges. In our experiments, we have focused on
the boron edge, which has been shown to be very informative in
several boron compounds.”* HHG from HCW filled with He was
used. On the one hand, it was because of lower photon flux with
Ne, which we attribute to reabsorption of harmonics at a relatively
high gas pressure. On the other hand, the dip in the spectrum at
the position of the carbon K-edge, which was observed using He,
could be used for better spectrometer calibration. A set of two sam-
ples with different boron configurations was placed in the harmonic
beam, and the transmitted spectrum was measured with our spec-
trometer described above (see Fig. 3). A vacuum filter wheel was
used as a sample holder and allowed a rapid exchange of them with-
out breaking the vacuum. Since the holder was placed close to the
spectrometer entrance slit, the size and shape of the x-ray beam on
the samples were approximately the same as in Fig. 6. The first stud-
ied sample was a 100 nm thick boron foil, supported by a nickel
mesh (Lebow Co.). The second one was a 5 x 5 mm? stack of hBN
monolayers with a total thickness of 96 nm. The stack was prepared
following a fabrication protocol described in detail in Ref. 75, with
the modification of substituting the APS solution for 10% nitric acid.
The sample was supported by a SisNy substrate with a thickness of
200 nm.
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FIG. 7. Comparison of the transmission spectra (green-filled areas) and reference
harmonic spectra (violet-filled areas). The samples were a boron foil (top) and
an hBN sample (bottom). In the top panel, the dashed blue line corresponds to
absorption in 200 nm Ti foil and a path of 3 mm in He at a pressure of 5 bars (top).
In the bottom panel, additionally, a 200 mm SizN4 substrate is taken into account,
and the best fit is achieved with a 2 mm path.

Figure 7 shows the corresponding transmission spectra of the
samples (in green) together with the reference HHG spectra (in vio-
let), which were captured without the samples in the beam path. The
spectra are normalized to the maxima of the corresponding refer-
ence. Each spectrum was obtained in a total time of 20-30 min. A
clear difference in the transmitted spectra can be observed.

Figure 8 represents the retrieved XAS for the boron foil and the
hBN sample. The retrieved spectrum of the boron foil (Fig. 8, top
panel) is in good agreement with the one recorded by Jiménez et al.”
using polycrystalline boron at the Stanford Synchrotron Radiation
Lightsource. Both spectra show a step starting with the edge jump
around 190 eV and going up to around 195 eV, followed by a broad
feature of higher amplitude up to 210 eV.

The retrieved NEXAFS of hBN agrees well with the measure-
ments of the XAS fine structures by Wang et al.”® The well-resolved
spectral structure can be attributed to the known resonances of hBN.
A spectral resolution of 2 eV was estimated by comparing the mea-
sured and the reference curves in Fig. 8, bottom. The peak at 192 eV
is the 7" resonance, while the features at 198, 199, 204, 206, and
213 eV are due to different ¢* resonances.”” The relatively weak
contribution due to the 7* resonance in our measurements can be
attributed (as well as in Ref. 76) to the fact that the HHG beam was
nearly orthogonal to the sample, which is a 2D material. In this case,
the electric field, which lies predominantly in the plane of the hBN
layers (see inset in Fig. 8), cannot effectively excite the 7" resonance
because for the transition 1s-7* the scalar product of the field and
the corresponding matrix element of the dipole momentum is small.

The set-up provides synchronized laser and x-ray pulses,
which may allow for carrying out time resolved experiments. These

Photon Energy (eV)

FIG. 8. XAS for a boron foil (top panel) and a hBN (bottom panel). The red solid
lines represent the absorption spectra calculated from those shown in Fig. 7. The
blue dashed lines correspond to the measurements [top panel, reproduced with
permission from Jiménez et al., J. Electron Spectrosc. Relat. Phenom. 101-103,
611 (1999). Copyright 1999 Elsevier Science B.V. All rights reserved] and [bottom
panel, reproduced with permission from Wang et al., Nanoscale 7, 1718 (2015).
Copyright 2015 the Royal Society of Chemistry]. The vertical black dashed lines
indicate the positions of the 7z*- and most intense o*-resonance of hBN. The inset
in the bottom panel illustrates schematically the orientation of the electric field of
the pulse with respect to the z* and o* orbitals in the 2D hBN layers.

experiments require relatively long measuring times, which is pos-
sible with the present set-up. Several hours of accumulation with-
out additional adjustments were demonstrated using an active
stabilization system of the pump beam employed in the XUUS
source.”’

VI. CONCLUSIONS

In conclusion, we have presented a table-top soft x-ray source
for XAS experiments with a 100 Hz repetition rate. The source is
based on HHG in a noble-gas-filled HCW pumped with pulses at
a wavelength of 1550 nm. It produces broadband spectra with pho-
ton energies from 70 to 350 eV. Because of a small diameter HCW
(100 ym), the x-ray emission is generated by pump pulses with ener-
gies below 1 m]J. Despite a substantial pressure gradient along the
HCW, switching to the nonadiabatic regime allows reaching coher-
ence lengths of the HHG of several millimeters. A longer (1 cm)
HCW allows moderate gas consumption and pump rates of the
vacuum pumps. With the He filled HCW photon fluxes of about
10° ph/s at an energy of 270 eV in a fractional bandwidth of 1%
are reached. The characteristics and the overall performance of the
setup have been demonstrated with NEXAFS measurements on the
B K-edge with a 2 eV energy resolution and 20-30 min averaging per
recorded spectrum for a boron foil and a hBN sample.

The source provides opportunities for femtosecond time-
resolved XAS experiments. Our measurements (Fig. 8) demonstrate
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a rich, fine structure in the K edge absorption spectrum of B, which
is well resolved. The analysis of pump-induced changes in x-ray
absorption spectra at this absorption edge seems very promising, in
particular if it can be combined with polarization selectivity, as the
comparison of the spectra obtained for bulk B and h-BN indicates.

The reported photon flux at 270 eV is comparable to or higher
than that reported for most HHG sources (e.g., Refs. 29, 33, 57, and
59). Two orders of magnitude higher fluxes at about 300 eV have
been reported at 1 kHz repetition rates using higher pump energy*
or sub-2-cycle pump pulses.”’ The planned increase in the repeti-
tion rate to 10-15 kHz°” will allow us to reach this level and strongly
decrease the acquisition time per absorption spectrum. The higher
photon energy of the HHG source can be achieved by switching to
the idler pulses with a central wavelength of 3050 nm (see Fig. 1).
Reaching the necessary level of ionization for the nonadiabatic phase
matching will be possible with these pulses after a planned energy
upgrade of the set-up.
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