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Reflective Optical Arrays
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Abstract. In this chapter the prospects of using grazing incidence reflection from
custom built nested mirrors or reflector arrays are discussed. The aim is to provide
a high gain in focused intensity from either laboratory or synchrotron sources. The
calculated performances of such systems are presented, taking into account man-
ufacturing tolerances and surface roughness. These calculations indicate that the
improvement of roughness is of primary importance, and ways of addressing this
during possible manufacturing processes are discussed.

19.1 Introduction

X-ray reflective mirrors are widely used in both synchrotron radiation and
laboratory sources to collimate or focus X-ray beams with high efficiency.
Improvements to fabrication technologies now allow manufacture of long X-
ray mirrors with slope errors less than 1urad and root-mean-square (rms)
roughnesses less than 0.1nm [1-3]. In the Kirkpatrick-Baez geometry, such
mirrors can provide significantly sub-micrometre focal spots. However, these
systems are very expensive and, in general, only large-scale facilities can afford
high precision mirrors. To improve flexibility, adaptive mirrors using benders
to give the required shapes have been developed [1] but alignment, stability
and optimisation of the curvature are critical issues.

If a given spot size is desired, i.e., if a given demagnification factor at a
certain distance from the source is required with high focusing efficiency, the
length of the mirror should not exceed an optimum value [4]. The flux density
of photons in the focal spot can be increased significantly compared to that
from a single surface if a system of confocal mirrors, similar to those used in
astronomy, is employed [5].

Mono- and poly-capillaries [6, 7] and microchannel plate arrays [8,9] have
also been used for X-ray optics. These work by grazing incidence reflections
along many small diameter channels, up to about 108 for poly-capillaries and
microchannel plates. They can have large apertures and bandpasses, with
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transmission efficiencies of several tens of percent. If there are two reflec-
tions from the same wall of each channel, they can approximately satisfy the
Abbe sine condition [10], thereby reducing coma. If there are more than two
reflections, correspondence between object and image points may be lost. Cur-
rent manufacturing methods, in which optical fibres undergo several stages of
pulling [7,11], limit channel diameters to ~0.5um, arrays to a few millime-
tres square and focal spots to ~10 um. Performances are limited by channel
tilting, curvature errors, waviness, diffraction, uncontrolled substrate bend-
ing and defects, i.e., misplaced channels [12]. In addition, microchannel plates
are primarily made for another purpose, i.e., X-ray detection, so that they
are not optimised for optical performance; for example, the channel wall
roughnesses are not a major concern for X-ray detection. Such optics can
also have very poor point spread functions [13]; in principle, it is possible to
improve their performances by using specific designs — microstructured optical
arrays (MOAs) [14]. These may also allow adaptivity and controllable focal
length [15].

In the following sections, the performances of such optics will be presented,
along with discussions of fabrication routes to compact systems adaptable to
a large range of photon energies and X-ray sources. These systems can be
tailored to be focusing, collimating or condensing devices.

19.2 Nested Mirror Systems

Nested mirror systems use arrays of confocal reflecting surfaces such as shown
in Fig. 19.1. In this example of elliptical mirrors, rays emanating from one
focus Fi, common to all the mirrors, converge after reflection to the second
common focus Fs. It is worth noting that, in general, the mirrors do not have
to be elliptical; the shape depends on the application.
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Fig. 19.1. Nest of confocal elliptical mirrors
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19.2.1 Computer Simulations

The proper choices of system configuration and material for the reflecting
surfaces are very important. For optimisation of the relevant parameters and
evaluation of the fabrication tolerances, a computer ray-tracing code allowing
parallel treatment of the optical elements has been developed [16,17]. This
code gives information about the intensity distribution in the focal spot, the
system efficiency and the gain. Gain is defined as the ratio between the output
and input flux densities, and corresponds to the enhancement in intensity with
respect to a hypothetical aperture of the same size as the focal spot placed in
the focal position. The code has been used to evaluate nested mirror systems
for a synchrotron radiation source and for a laboratory-scale source.

For the synchrotron, a bending magnet source of the European Syn-
chrotron Radiation Facility, namely the optical beamline BMb, was used as
an example. A geometry which focuses the beam in the horizontal plane was
considered, with a horizontal source size of 270 um, a divergence of 2.4 mrad,
a source-focus distance of 40 m and a wavelength of 0.1 nm. The focusing sys-
tem (Fig. 19.2) has four nickel mirrors with length of 25 mm, height of 300 um
and wall thicknesses of 37 um at the entrance and 20 um at the exit. The sim-
ulations indicate that this system can focus the incident beam into a spot of
~0.14 um full width at half maximum (FWHM) at 1 cm from the exit edge of
the system, with a gain of around 980.

For the laboratory-scale microfocus source, a focused electron spot size
of 15 um, a wavelength of 0.154nm and a source-focus distance of 150 mm
were assumed. The optimised system in this case has two symmetrical nickel
mirrors of length 25 mm, height 300 um and wall thickness 100 um (Fig. 19.3).
This provides focusing into a spot of around 0.8 um FWHM, 5 mm from the
exit edge of the system, and a gain of around 90.

A variety of characteristic distortions in technological processing and
errors that are inevitably introduced during manufacture can both lower the
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Fig. 19.2. Results of optimisation: (left) an optical system for a synchrotron
radiation source and (right) the distribution of intensity in the focal spot
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Fig. 19.3. Results of optimisation: (left) an optical system for a laboratory-scale
microfocus source and (right) the distribution of intensity in the focal spot

reflectivity and broaden the focal spot leading to significant reduction in the
gain. Simulations have therefore been carried out to take into account var-
ious deviations from the ideal design, including slope error, relative shift of
the mirrors and poor wall verticality, i.e., the angular inclination of the walls
with respect to the axis normal to the surface. To minimise deviations which
cause blurring at the scale of the focal spot size, for the synchrotron radia-
tion source, the slope error should be less than 2 urad, relative shifts of the
mirrors should not exceed 0.16 um and the wall verticality should be better
than 1.5 mrad. For the microfocus source, the fabrication tolerances are not so
tight but are still quite severe. The slope error must be better than 30 urad,
relative shifts of the mirrors must be smaller than 1 um and wall verticality
must be better than 6 mrad.

The surface roughness required for efficient mirrors can be estimated from
the amount of power reflected in the specular direction. Using the simple
Debye-Waller model, the total intensity I in the geometrically focused beam
is given approximately by

. 2
I=Iyexp (—(4”";”19) ) , (19.1)

where Ij is the intensity in the absence of roughness, ¢ is the rms surface
roughness and 6 is the grazing incidence angle. To obtain 50% power into the
geometrical image and with 8 ~ 3mrad, the surface roughness must satisfy
o < 2nm for photon energies around 12keV.

19.2.2 Mirror Fabrication Procedures

As discussed in Sect. 19.2.1, the tolerance limits are rather tight, especially
for synchrotron radiation sources. Thus, control of the fabrication process is
critical and advanced procedures are required. Moreover, in addition to the
accuracy requirements in shape and positioning, etc., it is important to have
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Fig. 19.4. (a) A mirror system in SUS resist fabricated using process steps involving
electron-beam and optical lithography. A bridge aimed at mechanically reinforcing
the structure is visible. (b) A detailed view of the system shown in (a)

Fig. 19.5. (a) A nickel mirror system made using electron-beam and deep X-ray
lithography and electro-deposition. (b) An enlarged view of the mirror system shown
in (a)

long structures in the direction of the optical axis, at least in the hundreds of
micrometres range, to allow significant acceptance of radiation, as suggested
by Fig. 19.1. Thus, if the system is composed of more than two symmetrical
mirrors as, e.g., in Fig. 19.2, the aspect ratio must be high, typically greater
than 10. If only two mirrors are used, as in the case of the system for laboratory
sources shown in Fig. 19.3, large structures and low or moderate aspect ratios
are sufficient.

To satisfy these requirements, several fabrication routes can be followed,
involving one or more of electron-beam lithography (always necessary to
define the shape of the reflecting surface with sufficient precision), optical
lithography, X-ray lithography and electro-galvanic growth of material [17].
Figure 19.4 shows a prototype made directly in SU8 photoresist by optical
lithography using a mask made by electron-beam lithography. A second pro-
totype is shown in Fig. 19.5; this was made in electro-deposited nickel after
electron-beam and X-ray lithography steps.
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In both cases, the mirrors follow the design shape, and the overall struc-
tures are satisfactory. The main problem is the wall roughness which presently
exceeds the acceptable limits. Very recent results on post-fabrication treat-
ment have given interesting indications of possible routes to reduce wall
roughness significantly. This will be discussed in Sect. 19.3.2.

Despite the technological problems related to fabrication issues, such
systems are very promising, with the great advantages of flexibility and com-
pactness. Using modern microfabrication tools, mirrors of virtually any shape
can be manufactured, so that focusing, collimating or condenser systems can
be easily designed for different types of source.

Here, simulations involving just one reflection have been presented, but
systems working with more reflections (see also Sect. 19.3), including whis-
pering galleries [18], can be conceived. Since an entire system has lateral
dimensions of the order of 0.5 mm, several systems with different character-
istics can be arranged side by side, allowing easily interchangeable optics.
Another aspect of flexibility is provided by the wide operating energy range
of such reflective optics.

19.3 Microstructured Optical Arrays

MOAs [14,15], as shown schematically in Fig. 19.6, work on the same principles
as poly-capillary and microchannel plate optics. Now, however, the reflecting
channels are made to specific designs and are, for example, etched into thin
silicon (100-200 um) which can be flexed to provide adaptivity and/or focal
length control. To reduce aberrations such as coma, two reflections are needed
in such systems; since the channel lengths are small (due to the thin silicon),
reflections from two successive components must be used. In Fig. 19.6, the
channel widths are shown as increasing radially outwards, to compensate for
the increased grazing incidence angle. In practice, to date, this has not been
necessary as achievable aspect ratios (i.e., the ratio of channel length to chan-
nel width), means that most X-rays pass straight through without reflecting,

source

focus

(b)

Fig. 19.6. (a) A microstructured optical array, face on, and (b) arrangement of two
MOAs, in which either or both can be flexed to change the position of focus
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Fig. 19.7. An MOA consisting of an arrangement of 1D strips to give a 2D focus

whatever the radial distance. Additionally, in practice, many more channels
would be used compared to the number shown in the schematic diagram; typ-
ically channels would be ~10pum wide, with walls of comparable thickness,
over areas of a few square millimetres.

Flexing may be carried out either mechanically or by coating piezo material
on, for example, the spokes shown in Fig. 19.6a. By controlling each piece
of piezo independently, the X-ray beam could be further manipulated, for
example to reduce aberrations in an adaptive or active way.

The two-dimensional focusing capabilities of such arrays could be simu-
lated by making a series of 1D strips, as shown schematically in Fig. 19.7.
As well as being technically less challenging to manufacture each strip could
also be flexed independently. Other arrangements, designed for specific appli-
cations, would also be possible.

19.3.1 Computer Simulations

Modelling the performances of MOAs, even in the simplest way, is challeng-
ing. It requires both finite element analysis (FEA), to determine the effect
of flexing on the channel walls, and ray tracing to characterise the optical
performances. More sophisticated analyses will require wavefront propagation
and studies of the effects of diffraction.

FEA and ray tracing are both complicated for such optics, as the effects
of many channels have to be taken into account. For FEA, this means that
the number of elements to be analysed is very large, leading to problems with
mesh sizes, while ray tracing has to be carried out non-sequentially as at
most two optical surfaces out of many hundreds will be encountered by an
individual array. So far, only rudimentary FEA studies have been carried out,
but many characteristics of the optical performances have been investigated
using the optical design software ZEMAX®. Recently, ray-tracing analysis
has been carried out using the much more flexible (and user-friendly) “Q”
software developed at the University of Leicester (UK) [19].

As an example, a silicon MOA designed for X-rays of energy 4.5keV
(Ti K¢) has been modelled using ZEMAX®©. This type of optic will be suit-
able for irradiating cells, in studies related to cancer research, using an X-ray
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Table 19.1. Parameters of the prototype MOA for the Gray Cancer Institute
microprobe

Source size 5 Hm
Source to optic distance 160 mm
Diameter of optic 2mm
Separation of optic components 1 mm
Length of channels 200 um
Width of channels 10 pm
Bending radius of first component 00
Bending radius of second component 100 mm
Focal distance 73 mm

Fig. 19.8. Results of ray tracing the MOA for the Gray Cancer Institute microprobe.
The source (left) emitted 4.5 x 10° keV photons, of which (right) 8,600 were doubly
reflected and brought to focus. The scale bars are 2 um

microprobe at the Gray Cancer Institute (UK) [20]. The parameters are shown
in Table 19.1.

The bending radius of the second component (the first was unbent) was
chosen to give a focal spot size of about 2um, assuming a 5um diameter
source. Although zone plates can give smaller focal spots than this, the inten-
tion was, in the first instance, to aim for something experimentally feasible at
an early stage, while providing a focal spot size useful for studies using the
microprobe. Smaller spot sizes could be achieved by using a smaller bending
radius, or by bending both components. Although this would mean that fewer
X-rays would pass straight through without reflection, the effects of roughness
would be more pronounced and a detailed analysis needs to be carried out to
determine the optimum configuration.

The ray tracing took into account the efficiency of each reflection, which
decreases radially outwards as the grazing incidence angle increases, as well
as the channel wall roughness. Results for zero roughness (Fig. 19.8) indicate
that the configuration of Table 19.1 results in a focusing efficiency of slightly
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under 1% (primarily since most X-rays pass straight through). However, the
focused flux is some two orders of magnitude higher than that which could be
achieved by a state-of-the-art zone plate with a diameter ~100 um. A channel
wall roughness of 10nm, the effects of which were modelled using (19.1),
reduces this gain by a factor of about 3, suggesting that a roughness of a few
nanometres is acceptable at energies of a few keV. An additional advantage of
MOASs, over zone plates, is that the focal length is independent of energy, so
that (unless energy-dependent effects are being studied) the bremsstrahlung
as well as the characteristic radiation could be used, enhancing the gain in
useful flux. To date, using zone plates, all studies using the microprobe have
been concerned with cell death [21], rather than the much more important
phenomenon of mutation which occurs at a rate several orders of magnitude
lower; hence the need for increased focused flux.

19.3.2 Manufacture of Microstructured Optical Arrays

Because of the necessity for high aspect ratios, techniques such as the Bosch
process [22] of deep etching in silicon are required to manufacture MOAs. The
Bosch process utilises successive etch/passivate stages to create the channels
while preventing side-wall etching. Until recently, the applications of such
manufacture did not require tight tolerances on wall roughness, and so values
of the order of micrometres were acceptable. MOAs require improvements of
around three orders of magnitude over this, and so new procedures have had
to be devised. By shortening the etch/passivate cycle time, the Scottish Micro-
electronics Centre at the University of Edinburgh has shown that channel wall
roughnesses of less than 20 nm are possible. Subsequent coating with 100 nm of
silicon dioxide improved this further to less than about 10 nm [23], which sug-
gests that the ultimate goal of roughnesses of a few nanometres is achievable.

19.4 Conclusions

The nested and array systems presented here show promising capabilities
as future generation X-ray optics. Some technological challenges, including
roughness, appear close to being overcome, while others, e.g., control of surface
shapes for adaptive systems, must still be addressed in detail.

Recent experiments involving coating of nested mirror systems with silica
sol-gel showed very promising wall roughness reduction, and 50% reflectivity
at Cu line from SUS walls coated with sol-gel.
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