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Summary

High harmonic generation (HHG) provides a table-top source of co-
herent extreme ultraviolet (EUV) radiation. A particularly promising
application of HHG is in coherent diffractive imaging (CDI), where
the short wavelengths enable much higher spatial resolution than what
can be achieved with visible light. One of the key features of HHG
is that it produces a broad spectrum consisting of narrow harmonics
spanning the EUV spectral range. As CDI on the other hand requires
monochromatic illumination, HHG-based CDI experiments effectively
have to dump most of the EUV flux generated.

In chapter 4, we demonstrate spatially resolved Fourier transform
spectroscopy with high harmonics. This is possible because of the
unique coherence of the HHG process: generating high harmonics with
identical driving pulses yields identical EUV pulses. Using a common-
path interferometer based on birefringent wedges, we generate a pulse
pair with which we generate two high harmonic beams.

The laser from which these pulses are derived is described in chap-
ter 2. The non-collinear optical parametric chirped pulse amplifier,
which is seeded by a Ti:sapphire modelocked laser, has been subject
to a significant development during this project. As a result of this,
the output has changed from 45 fs, 4 mJ pulses to 25 fs pulses with
more than 10 mJ per pulse. This leads to a pulse energy of more than
2.5 mJ after the birefringent wedge interferometer with similar pulse
duration. Operating at 300 Hz, this system is capable of creating a
large photon flux at extreme ultraviolet wavelengths, which is crucial
for coherent diffractive imaging.

To ensure that both driving pulses generate HHG independent of
each other, the pulses are separated by at least 300 micron in the focus.
After the focus, the high harmonics diverge and form two overlapping
Gaussian beams in the far field. Due to the sub-attosecond timing
stability of the interferometer, we are able to observe EUV interference
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at wavelengths as short as 17 nm.
We perform Fourier transform spectroscopy (FTS) by measuring

the EUV interference on a CCD camera as a function of delay. This
yields a spectrum for every pixel on the camera. We use FTS to
measure the high harmonic spectra as generated in argon, krypton
and neon, and in order to demonstrate that spatial resolution can be
obtained from this measurement, we measure the spatially-dependent
spectral absorption of a thin titanium film.

In chapter 5, we demonstrate diffractive shear interferometry (DSI),
a type of spectrally resolved lensless imaging. This extends the spatial
resolution obtained in spatially resolved FTS to beyond the camera
pixel size. The main difference with traditional CDI is caused by the
slight angle between the two beams, arising from the two separate foci.
This shears the diffraction pattern of one beam with respect to the
other. Fourier transform spectroscopy measured the complex-valued
overlap between the diffraction patterns.

In chapter 5, an image reconstruction algorithm for such inter-
ference patterns is developed and demonstrated. We show that the
algorithm enables diffraction-limited image reconstructions similar to
those achieved in traditional CDI. In particular, it is possible to recon-
struct images of highly complex samples. From simulations comparing
DSI and CDI, it is clear that the interferometric measurement and
reconstruction leads to a faster image reconstruction. Finally, we
demonstrate that DSI is compatible with Fourier transform holography.

Chapter 6 focuses on the measurement of spectral phases. Fourier
transform spectroscopy is sensitive to the phase difference between the
beams. This is used to measure the optical path length introduced
by a thin film sample in one of the beams. This provides a direct
measurement of the group velocity dispersion of a sample, and it can
be extended to a full refractive index measurement. If the refractive
index is known, this can be used to measure the thickness of the sample.

In chapter 7, a few possible future developments are discussed. In
particular, further demonstration of spectrally resolved lensless imag-
ing will allow the determination of elemental composition and thickness
for structured thin films. A promising extension of DSI is the combi-
nation with scanning illumination techniques based on ptychography.

In chapters 8 and 9, an alternative solution to spectrally resolved
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metrology is investigated. A carefully designed Hartmann wavefront
sensor with gratings inscribed in the apertures is used to disperse
the high harmonics. From the near-field diffraction pattern of this
spectral Hartmann mask (SHM), Hartmann wavefront measurements
can be extracted for the individual high harmonics. After analysis,
this yields full wavefront information in addition to the wavelengths
and linewidths of the high harmonics.

In chapter 8, the SHM is demonstrated using our high harmonic
generation beam line. After the publication of these results, we initi-
ated a collaboration with Prof. Anne l’Huillier and her coworkers at
Lund University, Sweden. Chapter 9 provides a short report on the
first measurements that were taken as part of this collaboration, which
aims to demonstrate that HHG in a focused beam leads to a natural
chromatic aberration of the high harmonics.

Although one of the measurements hints at chromatic aberration
in high harmonics produced in xenon, the achieved precision in this
first measurement series was not enough to clearly demonstrate high
harmonic chromatic aberration. Chapter 9 therefore follows up with
a discussion on the signal strength and precision obtained in an SHM
measurement. This discussion yields the following recommendations:
The signal-to-noise ratio of raw SHM measurements must be optimized
as much as possible to achieve good wavefront sensitivity. This can be
achieved with long exposures and excellent infrared rejection. The
strength of the measured chromatic aberration will be stronger closer
to the source. It is therefore important to place the SHM as close as
possible to the HHG source. Furthermore, it is expected that stronger
chromatic aberration will be observed in a more tightly focused HHG
geometry.
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