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Table-top Soft X-ray Source for XAS Experiments with Photon Energies up to 350 eV

O. A. Naranjo-Montoya, M. Bridger, R. Bhar, L. Kalkhoff, M. Schleberger, H. Wende, A. Tarasevitch*, and U. Bovensiepen
University of Duisburg-Essen, Faculty of Physics and Center for Nanointegration (CENIDE), Lotharstrasse 1, 47057 Duisburg, Germany.
(*alexander.tarasevitch @uni-due.de)

(Dated: March 12, 2024)

We present a table-top setup for femtosecond x-ray absorption spectroscopy based on high harmonic gener-
ation (HHG) in noble gases. Using sub-millijoule pump pulses at a central wavelength of 1550 nm broadband
HHG in the range 70 to 350 eV was demonstrated. The HHG coherence lengths of several millimeters were
achieved by reaching the nonadiabatic regime of harmonic generation. NEXAFS experiments on the boron K
edge of a boron foil and a hexagonal BN (hBN) 2D material demonstrate the capabilities of the setup.

I. INTRODUCTION

Soft x-ray spectroscopy is a well established methodology
which comprises various photon-in photon-out techniques to
probe core level excitations of atoms, molecules, and con-
densed matter. X-ray absorption spectroscopy analyzes the
transition from a core level to unoccupied states and x-ray
emission detects the x-ray fluorescence induced by 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 absorption probes the un-
occupied and x-ray emission the occupied valence electronic
structure ].

In the spectral range near the resonant core level excita-
tion element and orbital selective insights on the unoccupied
valence electronic structure are obtained primarily in near x-
ray absorption fine structure absorption spectroscopy (NEX-
AFS) (1, 2] In the extended spectral range the locally emit-
ted photoelectron wave function upon resonant core level ex-
citation 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 absorption fine structure absorption spectroscopy (EX-
AFS). This technique analyzes the local ion core structure 3.

More recently, resonant inelastic x-ray scattering (RIXS)
has become available as a tool to measure low energy excita-
tions and their dispersion relation in momentum space [4,15].

Clearly, x-ray spectroscopy is a very important tool in var-
ious fields of the natural sciences, like, e.g., material sci-
ence [B—E], interface science [@], coordination chemistr [@],
energy conversion and catalysis (L1, photosynthesis [ﬁ], and
biology [13]. Moreover, it is widely used in conservation of
cultural heritage and art [@, |E].

A major effort in setting an x-ray spectrometer is dedicated
to the x-ray source. Early efforts exploited the emission of
x-ray tubes (16,[17]. The required spectral resolution and sig-
nal to noise ratio lead to very long times needed for data ac-
cumulation in such laboratory based instruments. The high
brilliance provided by synchrotron light sources resulted in
considerable improvement in this regard and nowadays most
x-ray spectroscopy experiments are conducted at synchrotron
light sources [18]. Higher x-ray photon fluxes and shorter
pulse durations became possible after having shifted from
storage rings used in synchrotron light sources to linear accel-
erators in x-ray free electron lasers which provide dedicated

instruments for soft x-ray spectroscopy 119-22].

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. Es-
sentially two mechanisms of light-matter interaction are ex-
ploited. For table-top x-ray spectroscopy light sources based
on laser plasma generation [é 24] and on higher harmonic
generation (HHG) in gases [23, 26] have been developed.
Such laser based sources allow generation of ultrashort x-
ray pulses [27-33], which provide highly relevant opportuni-
ties for pump-probe experiments and time domain x-ray spec-
troscopy [34]. The plasma based approach provides sufficient
photon flux also at hard x-ray photon energies. HHG allows
shorter pulse duration 133] reaching the attosecond limit; a de-
velopment that was recognized by awarding the Nobel Prize
in Physics 2023 to P. Agostini, A. L’Huillier, and F. Krausz.

Using mid-infrared femtosecond pump pulses HHG with
photon energies exceeding 1 keV became available 25, 34,
and for competing with the accelerator based sources in terms
of the x-ray photon yield a phase matched harmonic emis-
sion from a larger atomic ensemble becomes essential. The
phase matched HHG by adjusting the gas pressure in the in-
teraction volume has been discussed and demonstrated for
HHG in gas jets [37-41]], in hollow core waveguides (HCWs)

@ 42H44) or both [45]. Using HCWs in longitu-
d1na1 geometry for the HHG is more promising, because of
longer interaction lengths compared to transverse geometry
(jets, etc.). Important limitations in this case, are absorp-
tion [37] 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 the phase contributions
have to be taken into account: the time independent (neutral
gas dispersion and geometrical contribution) and time depen-
dent (plasma dispersion and nonlinear refraction). The time
dependent one comes into play at higher pump intensities and
the HHG switches correspondingly from adiabatic to nonadi-
abatic [30, 38, [46] (or time gated [44]) regime.

In this paper we demonstrate a table-top x-ray source
based on HHG in noble gases using low energy (compared
to [25,336]) pump pulses at the wavelength of 1550 nm. The
generated x-ray pulses were applied to the measurements of
the x-ray absorption spectra (XAS) on the boron K-edge. We
show that switching to the nonadiabatic regime is essential for
the phase matched harmonic emission.
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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 the 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 the wavelength of 1550 nm are

used for pumping of the harmonic source.

II. EXPERIMENTAL SET-UP

The pump laser for the HHG was an upgraded version of
the optical parametric chirped pulse amplification (OPCPA)
set-up reported in [47). Tts schematic is depicted in Fig.[[l The
system was seeded by a Ti:sapphire (Ti:Sa) oscillator produc-
ing 6 fs pulses at the central wavelength of 800 nm with an
energy of 2.5 nJ per pulse and the repetition rate of 80 MHz.
A fraction at the wavelength of 1030£2 nm of the broad-band
oscillator emission was used to seed the OPCPA pump chan-
nel. The 1030 nm seed pulses were stretched to a 2 ns duration
and amplified in a two-stage amplifier to the energy of 27 mJ.
After the amplification, the pulses were compressed to a dura-
tion of 1.2 ps. A 1 mJ fraction of the compressed pulse energy
was frequency doubled and used to pump the first two OPCPA
stages.

The 6 fs seed pulses at the central wavelength of 800 nm
provided by the Ti:Sa oscillator were first stretched with the
help of a 10 cm BK7 slab to the 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.

The set-up was running at the repetition rate of 100 Hz. In
the first OPCPA stage the pump (wavelength 515 nm) and the
seed were interacting noncollinearly in a 3.9 mm thick type I
BBO crystal (6 = 24.3°). The noncollinear interaction with
the angle of 2.4°(0 = 24.3°) allowed reaching high amplifica-

tion while keeping a broad amplification spectrum. The next
OPCPA stage was used for the difference frequency genera-
tion. The pump at the wavelength of 515 nm and the signal
beam with the central wavelength shifted to 770 nm were in-
teracting 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 the central wavelength of
1550 nm were amplified in the third OPCPA stage. A 3 mm
thick type II KTA crystal (0 = 48.6°) was pumped by the
pulses at the wavelength of 1030 nm in the noncollinear ge-
ometry (noncollinear angle of 4.2°), providing high amplifica-
tion in a wide spectrum. In the fourth and last OPCPA stage,
pumped by the 1030 nm pulses, the radiation at the wave-
length of 1550 nm (signal wave) was further amplified up to
the energy of 1.8 mJ per pulse. For this purpose a 4.5 mm
thick type I LilO3 crystal was chosen because of its wide
amplification bandwidth for a collinear interaction. The en-
ergy of the idler pulses at the wavelength of 3050 nm reached
0.8 mJ.

For the compression of both signal and idler pulses, combi-
nations of material dispersion (MD) and chirped mirror (CM)
dispersion were employed (Fig. [[). Such a combination al-
lows better compensation of the second and third order disper-
sion and the possibility of dispersion fine-tuning. The pulse
durations were determined using FROG [48]. An example of
the measured and retrieved second harmonic FROG traces for
the signal pulse is shown in Fig.2h and b. The retrieved pulse
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FIG. 2. Measured (a) and retrieved (b) SH FROG traces of the
pulses at the central wavelengths of 1550 nm. The retrieved pulse
shape (37 fs FWHM) and spectrum are shown with red solid lines
in the 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 dash-
dotted line in (d) shows the retrieved spectral phase.

(Fig.2k) had the duration of 37 fs. The retrieved spectrum was
in qualitative agreement with the independently measured one
(Fig.BH). The pulse energy after the compression was 1.6 mJ.
The duration of the compressed idler pulses was found to be
43 fs using a third harmonic FROG. The energy of the com-
pressed pulses was 0.6 mJ.

For the HHG generation a specially adapted "XUUS”
source from KM Labs (USA) was used [49]. The signal beam
at the 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 um and the 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 diam-
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FIG. 3. The beam at the wavelength of 1550 nm is focused at the
entrance of the HCW using a CaF2 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.

eter at 1/e? was set to 64 um. The inset in Fig. 3 shows the
beam energy distribution in the focal plane of the lens. The
gas at the pressure up to 30 bar was injected through a hole in
the middle of the HCW (Fig.[3)) and evacuated at its 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 McPher-
son model 251MX flat field spectrometer with a Greateyes
(GE 2048 515 B1 UV1) charge-coupled device (CCD) cam-
era (Fig.[3). The spectrometer chamber was pumped out with
an additional vacuum pump down to the pressure of 10—
10~3 mbar depending on the experimental conditions. The
spectrometer was equipped with a pair of grazing 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 nom-
inal wavelength ranges of about 5 to 20 nm (250 to 60 eV) and
about 1 to 6 nm (1240 to 200 eV).

III. SWITCHING TO THE NONADIABATIC REGIME

Due to a constant gas flow through the HCW, a gas density
drop is expected along the waveguide axis. Figurel] top panel
shows the density distribution along the axis calculated using
an Autodesk CFD (Computational Fluid Dynamics) software.
Below we estimate the influence of this gradient on reaching
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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 dash-dotted lines) third harmonic
spectra at the output of a He-filled HCW. The pump intensity was
about 5 x 1014 W/ecm?2. Red solid and black dash-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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FIG. 5. Normalized high harmonic emission in Ar (left panel), Ne, and He (right panel) using the 1550 nm fundamental wavelength. In case
of Ar the spectrum was recorded using the LEG, while for Ne and He the HEG was used. The pump radiation and lower harmonics were cut
using a 200 nm thick Ti-foil. The dashed blue line corresponds to transmission of a 3 mm path in He at 5 bar and the Ti-foil.

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. [@])

2 u, A
Ak:—qTL(nL—l)(l—n)p—i—qNareanp—i—q:;r”azL, (1)

where ny is the refractive index of the gas at the pump wave-
length Az, 1 is the ionisation fraction of the gas, N, is the
number density of atoms, r, is the classical electron radius,
Uy 1S 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 — n takes into account the
reduction of neutral atoms due to ionization. In () we have
neglected the nonlinear refractive index of the gas.

The phase matching pressure tolerance is given by Ap =
Akpwap (dAk/dp)~'. Above Akpw py corresponds to the full
width at half maximum of harmonic intensity as a function of
Ak and satisfies the condition Akpwpy = 5.56/L [@ where
L is the interaction (HCW) length. In the adiabatic regime
with 1 =~ 0 one gets:

5.56 1 ﬁ
21 nL—l L’

Ap(n=0)= (2)

above Ap(n = 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 pho-
ton energy using A;, =1550 nm and L = 1 cm Ap(n = 0) lies
in the mbar range and no phase matching along the HCW is
possible.

At higher intensities with the developing ionisation the
phase matching can be achieved for the fraction of a pump
pulse because of the time dependent 11 (nonadiabatic or time
gated regime [@, @, , ]). However, the pressure toler-
ance can be sufficiently increased. Indeed, it follows from (T

that

Ap(n =0)

, 3
1—n/Ner ©

Ap(n) =

where Ap(n) is the pressure tolerance in the nonadiabatic
regime and 1. is the critical ionization fraction, starting
from which the phase matching is no more possible (1. =
[AZNare/(2m(ng, — 1)) + 1]~ [Eigj 420).

The possibility of sw1tch1ng to the nonadiabatic regime in
our experiments was checked for helium, because it has the
highest ionization potential. The ionisation onset was moni-
tored by measuring the blue shift of the spectrum of the third
harmonic at the HCW output using a compact Ocean Optics
USB spectrometer (Fig. [ bottom panel). The pump inten-
sity 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 bar the blue shift
ALz of about 25 nm was measured. Assuming the ratio of
the fundamental shift AA, to that of the third harmonic to be
about 2, as our simulations show, one gets Ay, =~ 50 nm. This
shift corresponds to the electron production rate of d{n,) /dt ~
105 cm™3 fs~!, where the angle brackets indicate averag-
ing along the HCW. Dividing this rate over N,(p) one gets
dn/dt =2 x 1073 fs~!. At this rate the ionization fraction 1
can approach 1., (which is about 10~3) within the pulse du-
ration, and according to (3) a larger pressure tolerance can be
achieved.

IV. HIGH HARMONIC GENERATION

Figure[3]shows the harmonic spectra generated in the nona-
diabatic regime using Ar, Ne, and He. Altogether the spectra
cover the range from about 70 to about 350 eV. For max-
imum harmonic emission the pressures and pump energies
were 1.5 bar and 0.3 mJ for Ar, 3.7 bar and 0.7 mJ for Ne,
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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

and 9.3 bar and 0.8 mJ for He. Furthermore the pulse dura-
tion was increased to 54 fs. The photon fluxes at the max-
ima of the spectra were 107, 10%, and 10° ph/s in a frac-
tional bandwidth of 1% for Ar, Ne, and He, respectively.
The high energy cut-offs of the spectra follow the well-known
low i = I, +3.17U, [51]] with the ponderomotive potential
U, =9.33 x 10'4I, A7, 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 [d,)@] The dashed
blue line in Fig.[3shows the calculated transmission of He to-
gether with the foil. The He pressure was assumed to be 5 bar,
which is the average pressure at the end of the capillary ac-
cording to Fig.[ 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 in spite of a considerable
pressure gradient in the HCW (Fig.[] left panel) switching to
the nonadiabatic regime allows the effective HHG length of
several millimeters.

The pressure dependence of the intensity of the harmonic
emission for the He-filled HCW is shown in Fig. The
quadratic growth of the intensity and saturation at a certain
“optimum” pressure 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 is taken in the 0" diffraction order of the spec-
trometer grating with the slit widely open (2.5 mm width).
The beam is slightly elliptic with vertical and horizontal sizes
of about 2 mm FWHM.
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FIG. 7. Comparison of the transmission spectra (green-filled areas)
and reference harmonic spectra (violet-filled area) 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-filter and a
path of 3 mm in He at the pressure of 5 bar (top). In the bottom panel
additionally a 200 mm SizNy substrate is taken into account and the
best fit is achieved with a 2.5 mm path.

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 [@]. A set of two
samples with different boron configurations was placed in the
harmonic beam and the transmitted spectrum was measured
with our spectrometer described above (see Fig. B). A vac-
uum filter wheel was used as a sample holder and allowed a
rapid exchange of the samples without breaking the vacuum.
The first studied sample was a 100 nm thick boron foil, sup-
ported by a nickel mesh (Lebow Co). The second one was a
5 mmx5 mm stack of hBN monolayers with a total thickness
of 96 nm [53]. The sample was supported by a Si3Ny substrate
with a thickness of 200 nm.

Figure [7l shows the corresponding transmission spectra of
the samples (in green) together with the reference HHG spec-
tra (in violet), which were captured without the samples in the
beam path. The spectra are normalized to the maxima of the
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FIG. 8. XAS for a boron foil (top panel) and a hBN (bottom panel).
Red solid lines represent the absorption spectra calculated from those
shown in Fig.[ll The blue dashed lines correspond to the measure-
ments by Jiménez et al. [@] (top panel) and Wang et al. [@] (bottom
panel). Vertical black dashed lines indicate the positions of the 7*-
and most intense 6* resonance of hBN. Inset in the bottom panel il-
lustrates schematically the orientation of the electric field of the pulse
with respect to the 7* and o* orbitals in the 2D hBN layers.

corresponding reference. Each spectrum was obtained in a to-
tal time of 20 to 30 min. A clear difference in the transmitted
spectra can be observed.

Figure [§] represents the retrieved XAS for the boron foil
and the hBN sample. The retrieved spectrum of the boron foil
(Fig.[8l top panel) is in good agreement with the one recorded
by Jiménez et al. 1541 using polycrystalline boron at the Stan-
ford 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 mea-
surements of the XAS fine structures by Wang et al. (56]. The
well-resolved spectral structure can be attributed to the known
resonances of hBN. The spectral resolution of 2 eV was esti-
mated by comparing the measured and the reference curves in
the 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 6* resonances [@]. The relatively weak contri-
bution due to the 7* resonance in our measurements can be
attributed (as well as in [@]) 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 - ©* the
scalar product of the field and the corresponding matrix ele-
ment of the dipole momentum is small.

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 the wavelength of 1550 nm. It pro-
duces broadband spectra with the photon energies from 70 to
350 eV. Bcause of a small diameter HCW (100 um) the x-
ray emission is generated by pump pulses with the energies
below 1 ml. In spite of a substantial pressure gradient along
the HCW, switching to the nonadiabatic regime allows reach-
ing coherence lengths of the HHG of several millimeters. A
longer (1 cm) HCW allows a 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 demon-
strated 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 pump-probe XAS measurements.

The higher photon energy of the HHG source can be
achieved by switching to the idler pulses with the central
wavelength of 3050 nm (see Fig.[[l Switching to the nona-
diabatic regime also with these pulses will be possible after a
planned upgrade of the set-up.
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