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ABSTRACT

For over fifteen years, micro-Channel plate (MCP) optics, later termed “Micro Pore Optics” (MPOs) — have been under
development to replace the heavy Wolter Type 1 replicated or foil mirrors currently used in X-ray astronomy. Noting
other possible applications, including X-ray Lithography and imaging X-ray fluorescence spectroscopy — and after
considerable, sustained investment from the European Space Agency Technology Research Programme (TRP), a
reliable manufacturing process has now been established, able to produce high quality, low mass X-ray and UV optics
in a variety of formats. Optimisation of the glass preparation and drawing technology, in line process controls and
metrology as well as improvements in the fibre stacking processes, core glass etching and plate slumping have all been
developed. Channel coating methods have also been developed to enhance the high energy response. All these
improvements enable Photonis to offer MPOs with square pores from 10x10 pum up to 100x100 pm, with channel
aspect ratios of up to 500:1 in both square and radially packed geometries in various shapes and with focal lengths in
the range 10 cm to several metres. Space science projects such as LOBSTER (an X-ray all-sky monitor), the Wide Field
Auroral Imager for Kuafu B and the Mercury Imaging X-ray Spectrometer (MIXS) for BepiColombo are likely to
benefit from this unique technology. Other applications are, however, under consideration, such as X-ray pulsar- based
navigation systems for autonomous terrestrial and space navigation. The potential industrial-commercial market interest
in developing these compact X-ray lenses for ground-based applications is the subject of our paper.
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1. INTRODUCTION

Micropore Optics (MPO), first proposed by CSIRO and the University of Melbourne [1] and subsequently investigated
by the University of Leicester [2,3], are a key technology for the realisation of lightweight X-ray optics. Slumped MPOs
focus 0.1-10 keV X-rays by reflection at near-grazing incidence (at angles 0.1 to 5°, dependent on the photon energy
and the surface composition of the glass). The X-rays are focused onto a suitable detector at the focal plane, providing a
cruciform (square pore square pack geometry) or a point like Point Spread Function (PSF) (radial packing geometry).
The first space missions to use this new lightweight optics are the LOBSTER class of all sky X-ray monitor [4,5,6], wide
field auroral imagers and X-ray telescopes and collimators for the study of airless planetary bodies (e.g. BepiColumbo
MIXS-T and —C[7]).

The name “lobster eye” arises from the similarity of the all-sky monitor geometry to the reflective eyes of certain
crustacea. Here, the basic optic unit is a 1mm thick 40 mm square plate composed of 20um square-packed square-pores,
spherically slumped to a radius R of 0.75m. X-rays entering the channels of the array will be focused at a distance R/2
along the axis of symmetry. The quality of the true focus is determined ideally by the pore size, but in practice by the
quality of the channel co-alignment and by the rms surface roughness of the reflecting walls (less than 15 A). The
aspect ratio L/D of the channels (see figure 1) and the plate slump radius determine the band pass. For the Lobster class
of telescope, the angular resolution goal is 3 to 4 arc minutes FWHM and the band pass is 0.2 — 3.5keV.
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Figure 1: Micropore optic. Square pore — square pack geometry. Channel aspect ratio: L/D

This type of optic can be also configured as collimators’ beam expanders or concentrators.

The MIXS-T imaging telescope on ESA’s BepiColombo Mercury Planetary Orbiter (MPO) is designed to determine the
surface composition of the planet Mercury, in particular, the elements (O, Fe, Na, Mg, Al, Si, Ca and K) with
characteristic lines with energies between 0.5 and 5 keV. The telescope will map selected elements on the surface by
means of the X-ray florescence excited by the Sun’s coronal X-ray flux. The field of view will be 1° with an angular
resolution goal of 2 arc minutes. To maximise the effective area over a small field of view, MIXS will use a 200mm
diameter radial array of pairs of 20um square pore sector arrays approximating the Wolter Type 1 telescope geometry.
Pairs of plates are individually slumped to radii Rc and R¢j;: 4.0m and 1.33m to achieve a focal length of 1m. The
matched plates are assembled together in lightweight frame.

Another important space-based application is based on the detection of X-rays emitted by pulsars (0.1 to 20 keV). Each
pulsar has a unique frequency and location in the sky. A satellite could use these X-ray clocks as the basis for a
positioning system independent of the Earth. The X-ray source based NAVigation for autonomous position
determination (XNAV) [8,9] is a program of the US Defense Advanced Research Project Agency (DARPA), with
cooperation from NASA and is led by the Los Alamos National Laboratory. Here, an array of micropore optics is
intended to focus X-rays coming from the pulsars onto an array of non-imaging detectors, one in the focal plane of each
plate.

There are several possible industrial applications of micropore optics. An imaging X-ray Fluorescence Spectrometer
(IXRFS) has been developed by the University of Leicester [10]. The sample to be analysed is uniformly illuminated by
a primary X-Ray beam, and the resulting fluorescent flux focussed, using a planar micropore optic as relay lens, onto
the surface of a Charge Coupled Device (CCD). The plate used had a 40mm by 40mm format and an open area fraction
of >70%.

MPOs can also be used for collimation of divergent X-rays beams ie as concentrators. Next generation lithography
technologies investigated by the semiconductor industry include EUV lithography and X-ray lithography [11]. The
expanded, quasi-parallel X-ray beam produced by an appropriate MPO geometry with a pulsed laser plasma source at
its focus could be used to etch silicon, without using a synchrotron.

Certainly, all these - and as yet undefined industrial applications — will need the same tight manufacturing
specifications, as described in the next section.
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2. Glass Micro Pore Optics production

Micro Pore Optics are composed of thousands of capillaries fused together to form plates containing millions of square
glass pores having aspect ratio (L/D) of several hundred to one, depending on the application. MPOs have been proven
to be effective as X-ray collimators and focusing elements. The processes to produce MPOs are described in Figure 2.

The initial materials are a glass cladding tube and a soluble glass core bar. The cladding glass tube will form the future
channel walls and contains some high Z elements such as lead which contribute (in principle) to the X-ray reflectivity.
The core bar forms a square mandrel. A high precision-machined and polished square core and cladding glass are
assembled together and is drawn down into sub mm single fibres through a vertical oven using conventional fibre
drawing techniques. Several thousand single fibres are then stacked together to form a pretack which is subsequently
drawn down into sub mm multi-fibres. Several thousands multi-fibres are then manually stacked in a square or radial
moulds and thermally fused together to form square or radial blocks. The block is then sliced. The slices obtained are
ground and polished to the required thickness. The core glass is then dissolved away leaving a matrix of millions of tiny
square pores, after which the plates can be thermally slumped to the desired radius. The possibility of slumping MPO
into a spherical-shape allows the concept of the lobster-eye telescope and Wolter arrays to be realised. Finally a metal
coating: like Nickel or Iridium can be deposited on the channel walls to enhance the X-ray reflectivity. The MPO
technology described above is well-proven for producing large open area ratios up to 70%.

The performance of such light weight optics were, in the past, limited by the geometrical distortions caused during the
drawing and the stacking operations and by the high roughness of the channels walls due to the etching out the core
glass from the capillaries. Photonis has in collaboration with ESA, Cosine BV and Leicester University developed a
viable technology for the production of square micro pore optics possessing focusing qualities superior to that
previously obtained, as well as having developed pore wall coating and slumping technologies.

@) ’
I ‘
L Assemble— QLJ 1st draw——

Stack:
Channel cladding ~ Soluble core Assembled preform HJ

2nd draw stack

-~

Fuse and slice

Radial block

Grind and polish

Etch and process

Figure 2: Steps to produce MPO slices

3. Methodology of the improvements

Brunton et al. [12] demonstrated by a Monte Carlo model based on experimental data that the main contributions to the
focal spot broadening of X-rays focussing with a flat square-pore optics are channel long axis misalignment, channel
rotation about long axes, multi-fibre long axis misalignment, multi-fibre rotation about long axis, surface roughness for
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