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ABSTRACT

Due to the weak interaction of X-rays with matter and their small wavelength on the atomic scale, stringent
requirements are put on X-ray optics manufacturing and metrology. As a result, these optics often suffer from
aberrations. Until now, X-ray optics were mainly characterized by their focal spot size and efficiency. How-
ever, both measures provide only insufficient information about optics quality. Here, we present a quantitative
analysis of residual aberrations in current beryllium compound refractive lenses using ptychography followed by
a determination of the wavefront error and subsequent Zernike polynomial decomposition. Known from visible
light optics, we show that these measures can provide an adequate tool to determine and compare the quality of
various X-ray optics.

Keywords: beam characterization, aberrations, ptychography, Zernike polynomials, hard X-ray nanobeam,
compound refractive X-ray lenses

1. INTRODUCTION

The unique property of X-rays – to penetrate matter and their wavelength at the atomic scale – have promoted a
rapid development of X-ray sources over the last century, leading to todays third generation synchrotron radiation
sources and X-ray free-electron lasers (XFELs). In order to effectively make use of these highly brilliant sources
suitable optics are required to focus X-rays and create small and intense beams confined to the sample region.
However, it are these unique properties of X-rays that put stringent requirements on optics manufacturing and
metrology.1 Thus, most X-ray optics suffer from aberrations.2–5 In order to generate a well-defined wavefront
and to further advance X-ray optics fabrication a thorough characterization of created X-ray nanobeams is a
prerequisite.

Over the past years, scanning coherent X-ray diffraction imaging – known as ptychography6,7 – has revolution-
ized not only the field of coherent X-ray imaging due to its ability to image extended objects8 with unprecedented
spatial resolution9,10 and sensitivity.11,12 It also has become a viable tool to characterize X-ray beams thor-
oughly.2–4 The algorithm provides the capability to reconstruct the complex object transmission function as
well as the complex-valued wave field illuminating the sample all at once.13 The retrieved probe function can
be propagated back and forth along the optical axis using the diffraction integral of Fresnel-Kirchhoff, yielding
the complete beam caustic.14 The technique can not only be applied at modern third generation synchrotron
radiation sources,15,16 but also at XFELs.17

In this article, we briefly review common techniques to characterize X-ray optics and extend the method by
retrieving the wave field in the exit pupil of the optics. We apply concepts and measures well known from the
visible light regime, e.g. the Zernike polynomial decomposition of the wave field, root mean square and peak-to-
valley wavefront error, as well as the Strehl ratio, to the field of X-ray optics. These pieces of information are
not only vital to judge the quality of various X-ray optics and compare them to one another, but also provides
invaluable information to improve current optical systems.
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represent the wavefront more accurately. The remaining phase error is displayed in Fig. 5c) and the coefficients
are shown in Fig. 5d). The fit improved from a standard deviation of σ37 = 0.045λ−1 to σ137 = 0.025λ−1

when going from 37 to 137 Zernike polynomials. In this way, the spherical deformation of the Be CRLs is well
represented. Despite the need for higher orders to be considered in this case, Zernike polynomials provide a
convenient base set to characterize X-ray optics. Their lower orders tightly represent Seidel aberrations, which
lead to typical imaging errors.

Table 1. Measures to describe the wavefront deformation caused by the investigated Be CRL stack shown in Fig. 5a).

unmasked impurities masked

root-mean-square phase error ∆ϕRMS [λ−1] 0.29 0.29

peak-to-valley phase error ∆ϕPV [λ−1] 1.58 1.32

4. CONCLUSIONS

Ptychography has become an invaluable tool to characterize X-ray beams. With the combination of techniques
well known from the visible light regime we have demonstrated several possibilities to quantitatively describe
the quality of X-ray optics that go beyond current methods in the X-ray regime:

• The often used focal spot size provides a good measure to determine the achieved NA of the optics, but
may not give much insight into present aberrations. We show that the Strehl ratio provides a convenient
way to additionally describe the quality of the focusing optics by comparing the measured peak intensity
in the focal plane to numerical models of the optics.

• A propagation of the complex-valued wave field from the vicinity of the focal plane back to the exit pupil
of the optics gives access to a highly resolved and very sensitive map of wavefront deformations. This
information can be used to determine the general magnitude of phase errors or to quantitatively identify
the strength of Seidel aberrations by a Zernike polynomial decomposition.

• The metrology provided by these techniques can be used to model aberrations in X-ray optics and to
identify manufacturing errors in great detail.

As most X-ray optics suffer from imperfections due to manufacturing limitations the demonstrated methods
provide excellent measures to assess the performance of various X-ray optics and to further refine their quality.
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