
1

Annular x-ray optics offer improved resolution for

radiation sensitive samples

Felix Wittwer1,2, Peter Modregger1,2

1Department of Physics, University of Siegen, Siegen, Germany
2Center for X-ray and Nano Science, DESY, Hamburg, Germany

E-mail: felix.wittwer@desy.de

Abstract. To detect faint signals from weakly scattering samples, high-resolution x-
ray microscopy typically requires a high photon flux. This exposes samples to high
radiation doses and can cause radiation damage. In this work we propose the use of
annular optics in scanning microscopy as an alternative to full-aperture optics. Annular
optics act as high-pass filters that produce a stronger signal from edges. Compared to
regular optics with the same numerical aperture, annular optics expose the sample to less
dose while producing the same signal from small sample features. Annular optics benefit
significantly from the high photon fluxes of the latest x-ray sources to compensate for
their overall smaller cross section. Using numerical simulations, we show that annular
optics offer superior optical performance for sample features close to the resolution limit
of the optic.

1 Introduction
Ernst Abbe showed that the resolution of an optical microscope is fundamentally limited by the light
wavelength [1]. By using wavelengths shorter than one nanometer, x-ray microscopy could potentially
resolve samples down to individual atoms. However, X rays have inherent drawbacks that limit the
achievable resolution [2]: At x-ray wavelengths, all materials have a refractive index very close to one.
This makes it difficult and expensive to build high-focusing x-ray optics. Furthermore, X rays are ionizing
radiation that cause radiation damage to the sample. Especially biological samples can be very sensitive
to radiation, tolerating only low radiation doses. This poses a problem, because small features tend to
produce weak signals and increasing the photon flux to boost these signals also increases the radiation
dose and potentially damages the sample [3].

Here, we present a method to increase the information that can be collected from the sample with-
out increasing the radiation dose. For scanning microscopy, we propose to increase the signal at high
resolutions by using focusing optics with an annular aperture. Blocking the central part of the aperture
creates a high-pass filter [2, 4], which is already used to increase the resolution in photolithography [5]
and electron microscopy [6]. Annular apertures were also proposed as a way to increase the signal in
x-ray pinhole imaging [7].

The basic geometries of a transmission and a scanning x-ray microscope are illustrated in Fig. 1a and
b. In transmission geometry, the lens forms an image by focusing the X rays scattered by the sample.
Abbe’s microscopy theory explains that the focusing by the lens causes scattered and unscattered X rays
to interfere and it is this interference that forms the image. Crucially, this can only occur if both scattered
and unscattered X rays are focused by the lens. Figure 1c shows this condition for a random scattering
vector. For large scattering vectors there is only a small aperture section, highlighted in gray, where both
the scattered and the unscattered X rays fit into the lens aperture. For differently oriented scattering
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Table 1: Structural similarity index between ground truth and scan images

central stop size 0% 25% 60% 85%

noise-free 0.126 0.160 0.217 0.086
Poisson noise 0.123 0.156 0.212 0.084

with 60% of the aperture blocked (green case), the result is different. The contrast between the bright
and dark lines is improved, the junctions are no longer brighter than the lines and even the isolated spot
is clearly resolved. This remains unchanged even when Poisson noise is added to the measurement. In
the last scenario, with 85% of the aperture blocked (yellow case), the resolution is similar to the previous
case. The lines are sharp, with no part brighter than any other part. At the same time however, the
contrast has decreased dramatically. Consequently, when Poisson noise is added to the measurement
(bottom row), the structures disappear in the noise.

We quantify these results using the structural similarity index measure (SSIM) [10] to compare the
simulated results to the ground truth image, see Table 1. The SSIM is designed to measure the perceived
quality of an image, combining differences in luminance, contrast and structure into one value. Here,
the low SSIM values are caused by the low contrast of the results. The SSIM values support the visual
impression that the third scenario is most similar to the ground truth, with and without noise. By
balancing high resolution and high contrast, the central stop blocking 60% of the aperture gives the
optimal result for this sample phantom.

4 Discussion
Optics with an annular aperture have a smaller cross-section than a full aperture optic with the same
diameter and focal length. For the same incident flux and exposure time, the radiation dose to the
sample will be lower, proportional to how much of the aperture is blocked. Crucially, the high-resolution
signal remains unchanged. Alternatively, if the exposure time can be increased or a higher incident flux
is available, the sample can be exposed to the same dose as before but with a boosted high-resolution
signal. Annular optics allow to trade signal strength at low spatial frequencies for an increased signal
at high resolutions. This works best for samples with a negligible spectrum at low spatial frequencies,
like in the numerical simulation. This can help to image delicate samples, for example to study the
formation of protein networks [11]. If the long-range information is important, it is possible to recover it
with a deconvolution using the PSF of the annular optic [6]. Dose efficient measurements are especially
significant for fourth generation synchrotron radiation sources. These sources are expected to generate
two orders of magnitude more photons than previous generations. For measurements of radiation-sensitive
samples, the signal strength will not be limited by the available flux but by the dose that the sample can
tolerate.

5 Conclusion
Annular aperture optics act as high-pass filters that are only sensitive to high spatial frequencies, sup-
pressing low-resolution features. Because imaging and scanning geometry are mathematically equivalent,
a scanning probe formed from an annular aperture is also most sensitive to high spatial frequencies. In a
scan that aims for highest resolution, a probe from an annular aperture can achieve the same resolution
as a full aperture probe at a lower radiation dose to the sample. We demonstrated this on a numerical
simulation comparing scans of a Swift-Hohenberg phantom using four different apertures. The best result
is achieved with a central stop that blocks 60% of the aperture. Apertures with smaller or no central
stop fail to capture all features of the sample, while larger central stops lead to a reduced contrast that
disappears in the noise. One drawback of annular apertures is their poor performance at low spatial
frequencies. Semi-transparent central stops might improve this, resulting in a more even OTF across the
spatial frequencies. Central stops have the advantage of being easy to integrate into current optics and
allowing a switch between different modes that are optimized for certain feature sizes. Dedicated optics
with an annular aperture might be attractive for simpler manufacturing and because the central area can
be used for other instruments, for example a sample holder with a short working distance.
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