
 
 
 

Electron recollision in an intense laser field is at the centre of attoscience 
research and gives rise to a variety of phenomena, ranging from the photo 
effect to coherent X-ray emission. We have, over the years, developed intense 
sources of waveform controlled mid-IR light, i.e. few-cycle duration and carrier 
to envelope phase stable pulses, to exploit ponderomotive scaling, quantum 
diffusion and quasi-static photo emission. I will describe the laser technology 
that enables this new direction of strong field research and our recent 
achievements in sub-Angstrom resolution imaging of aligned polyatomic 
molecules, the generation of attosecond pulses at the oxygen K-shell edge 
(530 eV) and application to soft X-ray absorption spectroscopy in condensed 
matter (see fig). 

photon flux of (1.85! 0.12" × 107 photons∕s∕1% band-
width at 300 eV. Our photon flux is around twice as high
than previously reported, moreover this flux is achieved
for the first time from a CEP-stable source, which
presents a significant step toward femtosecond and atto-
second transient absorption spectroscopy in the water-
window spectral range. Contrasting our source with

Ref. [11], we achieve brighter x-rays despite our longer
driver wavelength, our lower driver pulse energy, and
in a simple effusive target without the need for special
x-ray capillaries.

Finally, we demonstrate the applicability of our table-
top x-ray source to carbon K-edge NEXAFS spectroscopy
of a 200-nm free-standing polyimide film. Figure 5 shows
the absorption spectrum and the peaks around the car-
bon K-edge. The data were extracted from a single
5-min measurement. We can clearly identify the individ-
ual fine structure peaks with the known orbitals in poly-
imide (shown in Table 1) and the data are in agreement
with state of the art synchrotron [15] and incoherent
x-ray [14] data.

In conclusion, we present the first high-flux table-top
source of coherent x-ray radiation in the water
window that reaches a photon flux of (1.85! 0.12"×
107 photons∕s∕1% bandwidth at 300 eV with a cutoff
at 400 eV. The x-ray source is driven by a 1 kHz, sub-
2-cycle CEP-stable laser system at 1.85 μm with demon-
strated control over the x-ray spectral shape and cutoff.
We demonstrate the excellent performance of our source
with a first NEXAFS spectrum, recorded with only
5 min of integration at the carbon K-edge of a polyimide
film and identify the fine-structure peaks of the
carbon binding orbitals. The ability to generate fully
waveform-controlled water-window harmonics with
sufficient pre- and post-carbon K-edge spectral coverage
presents a crucial step toward time resolved core-
shell x-ray absorption spectroscopy with attosecond
resolution.
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Fig. 3. HHG spectra as a function of neon backing pressure.
The highest harmonic yield coincides with the highest cutoff at
a backing pressure of 3.5 bar.
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Fig. 4. HHG spectra for two specific driving-pulse CEP values
(ϕ and ϕ# Δϕ) illustrating a clearly visible spectral amplitude
modulation at the pre- and post-carbon edge (dotted line
labeled C at 284 eV).

Fig. 5. NEXAFS measurement of a 200-nm free-standing
polyimide foil (red circles). A peak fit with known transitions
(blue) from Ref. [15] agrees very well (black curve) with the
measurement.

Table 1. Energies of the NEXAFS Peaks and their
Corresponding Orbital Assignments from Ref. [14]

Position (eV) Orbital/Orbitals

284.9 π $ C % C (Aromatic)
286.9 and 287.4 π $ C % C (Phenolic) and σ $ C −H
288.9 σ $ C % O
291.7 σ $ C − C
294.3–295.8 σ $ C − O and σ $ C − C
298.0–303.2 σ $ C − C and σ $ C % C
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