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This Special Issue of X-Ray Optics and Instrumentation
comprises ten review papers and six research articles,
which collectively offer a broad overview of X-ray focusing
techniques and applications in laboratory measurements, in
synchrotron beamlines, and in X-ray astronomy. Focusing
enables not only more intense illumination for reduced
exposure time and higher signal-to-noise ratio, but higher
spatial resolution through true imaging. Although X-ray
focusing is accomplished through the application of some
basic physical principles, such as reflection (mirrors), refrac-
tion (lenses), and diffraction (crystals or zone plates),
stringent performance requirements coupled with physical,
mechanical, environmental, and manufacturability impera-
tives or limitations make the task technically challenging. The
diverse X-ray focusing techniques and applications covered
in this Volume provide a glimpse into the scope, challenges,
and future of this expanding field.
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Focusing X-ray telescopes have been the most important factor in X-ray astronomy’s ascent to equality with optical and radio
astronomy. They are the prime tool for studying thermal emission from very high temperature regions, non-thermal synchrotron
radiation from very high energy particles in magnetic fields and inverse Compton scattering of lower energy photons into the X-ray
band. Four missions with focusing grazing incidence X-ray telescopes based upon the Wolter 1 geometry are currently operating in
space within the 0.2 to 10 keV band. Two observatory class missions have been operating since 1999 with both imaging capability
and high resolution dispersive spectrometers. They are NASA’s Chandra X-ray Observatory, which has an angular resolution of
0.5 arc seconds and an area of 0.1 m?> and ESA’s XMM-Newton which has 3 co-aligned telescopes with a combined effective
area of 0.43 m? and a resolution of 15 arc seconds. The two others are Japan’s Suzaku with lower spatial resolution and non-
dispersive spectroscopy and the XRT of Swift which observes and precisely positions the X-ray afterglows of gamma-ray bursts.
New missions include focusing telescopes with much broader bandwidth and telescopes that will perform a new sky survey. NASA,
ESA, and Japan’s space agency are collaborating in developing an observatory with very large effective area for very high energy
resolution dispersive and non-dispersive spectroscopy. New technologies are required to improve upon the angular resolution of
Chandra. Adaptive optics should provide modest improvement. However, orders of magnitude improvement can be achieved only
by employing physical optics. Transmitting diffractive-refractive lenses are capable theoretically of achieving sub-milli arc second
resolution. X-ray interferometry could in theory achieve 0.1 micro arc second resolution, which is sufficient to image the event
horizon of super massive black holes at the center of nearby active galaxies. However, the physical optics systems have focal lengths
in the range 10° to 10* km and cannot be realized until the technology for accurately positioned long distance formation flying
between optics and detector is developed.

next major X-ray astronomy observatory mission, named
the International X-Ray Observatory (IXO), whose telescope
will have far more throughput than any other to date

Over the past decade focusing X-ray telescopes have had
a very prominent role in astronomy, cosmology, and in
positioning astrophysics at the frontier of fundamental
physics. Currently (2010), four focusing X-ray telescopes are
in space. The most notable are aboard two complementary
missions. They are NASA’s Chandra X-ray Observatory
which has very high angular resolution and moderately
high throughput, and the European Space Agency’s XMM-
Newton, which has high throughput and moderate angular
resolution. There is also a Japanese led mission called Suzaku
and the Swift mission, whose payload includes an X-ray
telescope (XRT). NASA and ESA plus JAXA, the Japanese
space agency, are collaborating on the development of the

and whose X-ray spectrometers will be far more powerful
in every respect than any currently in space. Information
about all current and past X-ray astronomy missions in
which NASA has participated is available at the website
http://heasarc.nasa.gov/docs/observatories.html.

This paper provides background and general informa-
tion about X-ray optics for astronomy and is an introduction
to the more detailed descriptions of specific topics that
appear in other articles in this issue.

The energy band where focusing X-ray telescopes cur-
rently are operating is 0.2 to 10keV. These limits are not
strict. Below the low-energy limit the interstellar medium is
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TaBLE 1: Various types of optics for X-ray telescopes.
Best angular
Type resolution (half Energy band Status Astronomical applications
power diam.)
Grazing incidence reflection 0.5arcsec (actual) — 0.15-10keV Currer}tly* - Im.aglng and spectroscopy of all type
operating objects
Grazing incidence reflection 0.4 to 1 arcmin 5580 keV Balloon experiments, Broad band imaging of all t biect
with ML coatings** Ao tare € NuSTAR in 2012 oac band imaging of at type objects
Lobster-eye (grazing . Small payload A -
o Few arcmin 0.2-5keV Wide Field monitoring and surveys
incidence) prototypes
. . Balloon and
. Few % variable in Hard X-ray, soft gamma-ray spectroscopy,
Laue Crystal Lens 1 to 2 arcmin 0.1-1 MeV band labore}tory nuclear lines
experiments

Normal incidence reflection <0.25keV ~1%

<1 arcsec (actual)

with ML coatings** bandwidth

. . . 10 to >4 keV~ 10-20%
Diffractive-refractive 100* microarcsec bandwidth
Interferometer 0.1* microarcsec 0.2 to 10 keV

Recent missions, for

example, TRACE Imaging soft X-ray lines in the solar corona

Laboratory Central regions of galaxies + jets nearby
experiments stars

Laboratory Imaging the environments of super
experiments massive black holes

* Expected resolution. ** multilayer coatings. *** In 2010, the Chandra X-Ray Observatory, XMM-Newton, Suzaku, and Swift XRT Total telescope areas at

1 keV are, respectively, 0.09 m?, 0.43 m?(3 tel), 0.18 m?(4 tel), and 0.015 m?.

opaque to extragalactic sources along all directions and to
sources in the galactic plane more distant than 200 parsec
(650 light-years, 6 x 10" m). The upper limit has been
determined in practice by the high-energy cutoff of grazing
incidence optics. However, the employment of multilayer
coatings plus longer focal lengths will extend the upper
limit to nearly 80keV starting with the launch of the
NuSTAR mission, scheduled for 2012. Other papers in this
issue describe how a structured array of Laue crystals will
be able to concentrate hard X-rays and soft gamma-rays
including some nuclear lines onto detectors with good
energy resolution and low background.

The birth of X-ray astronomy, the initial discoveries,
and even the work cited in the award of the 2002 Nobel
Prize in physics to Riccardo Giacconi were all accomplished
with mechanically collimated large area gas proportional
counters. However, most of the progress of the past twenty-
five years can be attributed to the large increase in detection
sensitivity, positioning accuracy, high-resolution images, and
spectra obtained with focusing telescopes. They have had a
profound effect upon our understanding of stars, star forma-
tion, “normal” galaxies, active galaxies, clusters of galaxies,
cosmology, and other aspects of astronomy. Focusing X-ray
optics has also contributed greatly to our knowledge about
the Sun and even provided some surprising results about
comets and planets in our solar system. After nearly 30 years
of observing gamma-ray bursts (GRBs) and debating their
origin, a focusing X-ray telescope solved the mystery by pro-
viding precise positions of their longer lived X-ray afterglow
that resulted in optical identifications and the knowledge that
GRBs are extragalactic including some that are among the
most distant and therefore the youngest objects ever detected
in any band of the electromagnetic spectrum.

With IXO as the flagship, plans for future X-ray missions
are centered upon focusing telescopes as highly sensitive
imagers and concentrators for spectroscopy, polarimetry,

and timing measurements. However, as shown by the RXTE,
Swift BAT and INTEGRAL missions that are currently in
orbit, very large area and very large field of view collimated or
coded mask counters will continue to have important roles in
fast X-ray timing measurements of intense sources, as all sky
monitors of bursts and transient sources as well as surveying
the hard X-ray sky.

Nearly all of the focusing telescopes that have observed
sources more distant than the Sun have been based upon
grazing incidence optics. The only other so far is a short
observation of the Crab Nebula by a Laue crystal lens
aboard a balloon [1]. The various types of focusing X-ray
telescopes, which are in different stages of development, are
listed in Table 1. The major international general user X-
ray observatories will continue to be based upon grazing
incidence optics indefinitely. The others are special purpose
devices with a superior property for a limited range of
objectives.

2. X-Ray Reflection and Resolution

Nearly all the telescopes to date that have been engaged
in cosmic X-ray studies are based upon very low angle,
that is, “grazing incidence” or “glancing angle” reflection.
The reflective coatings are a very smooth, stable layer of a
heavy metal, such as gold, platinum, or iridium, sometimes
with a thin chromium sublayer bonding it to the substrate.
In the absence of absorption edges the reflectivity of an
elemental coating is high at small angles but declines slowly
with angle up to its “critical angle” beyond which it drops
precipitously. For a given X-ray energy the critical angle
is determined by the decrement in the coating material’s
index of refraction with respect to vacuum. The decrement
increases with density. The theoretical reflectivity of 30 nm
of iridium, the thickness of the Chandra coatings, with an
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Reflectivity of iridium versus energy

0.8

£ 0.6
B s 1deg
5
(5] \ i
% \ -
~ 04 | -
\
|
y)
0.2+ ! -
1
| 2des
0 L e P | S
0 2x10° 4x10° 6x10° 8§x 103
Energy (keV)

FIGURE 1: Reflectivity of 30 nm Iridium as a function of energy at
three angles. The dips occur at the M absorption edges*.
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FIGURE 2: Reflectivity of 30 nm Iridium as a function of angle at
three energies*.

rms surface roughness of 0.3nm is shown as a function
of angle for three energies and as a function of energy
for three angles in Figures 1 and 2. (These results were
obtained from the interactive CXRO web site of the Lawrence
Berkley Laboratory, http://henke.lbl.gov/optical constants/.)
The abrupt changes in reflectivity that occur near 2keV are
due to iridium’s M absorption edges. In the future this effect
can be moderated but not totally eliminated by depositing a
10 nm carbon overcoat [2].

The point spread function (PSF), or resolution function
of a grazing incidence telescope, consists of a core due mostly
to local slope errors and a halo. The source of the halo is
scattering by the irreducible small-scale surface roughness
of the substrates and coatings. While smooth on the scale
of visible light wavelengths the surface roughness of the
most finely polished mirror is finite on the scale of X-ray
wavelengths. Therefore the PSF is influenced by diffraction

as well as by figure errors [9]. The fraction of photons in
the halo increases with energy. The resolution is usually
defined in the X-ray astronomy community as the diameter
of the region that encompasses 50% of the total flux that
accumulates with increasing angle and is called either the
half power diameter (HPD) or the half energy width (HEW).
Chandra’s integral PSF on axis derived from a model that is
based upon measurements at several energies in the large X-
ray calibration facility at the Marshall Space Flight Center
is shown in Figure 3. At 1keV Chandra’s on-axis HPD is
about 0.5 arc seconds. At 9.7 keV Chandra’s on-axis HPD is
1 arc second. With a Wolter 1 figure (Section 4.1) the angular
resolution of the Chandra mirror degrades as the square
of the angle off-axis. For example, at 8 arcminutes off-axis
Chandra’s HPD is 8 arcseconds at 1.5keV. There is a more
detailed description of grazing incidence X-ray reflection in
a previous review by Aschenbach [10].

3. X-Ray Production in a Cosmic Setting

Many of the readers of this issue will have some degree
of familiarity with X-ray detectors and optics but perhaps
not with their astronomical applications. This section
provides a brief description of several important objects in
the X-ray sky that exemplify the broad range of topics that
X-ray astronomy encompasses. More information about the
science associated with X-ray astronomy can be found at
several web sites including those of the following: Chandra
X-Ray Observatory (http://cxc.harvard.edu/), NASA GSFC
(http://imagine.gsfc.nasa.gov/docs/introduction/xray_infor-
mation.html), Cambridge Institute of Astronomy (http://
www-xray.ast.cam.ac.uk/xray_introduction/), and the 2nd
edition of “Exploring the X-Ray Universe”, E. D. Seward and
P. Charles, Cambridge University Press, 2010.

The primary X-ray production processes include thermal
radiation from a hot, that is, ~10° to 103 degrees, plasma
that consists largely of H and He ions plus small quantities,
that is, 107 or less of the number of H atoms, of ions
of C, O, Ne, Mg, Si, S, Fe, and so forth. Although their
relative abundances are small, line emissions from highly
ionized heavier elements are very prominent components
of a thermal spectrum, especially at a temperature below
20 million degrees. By imaging the flux upon a position
sensitive cryogenic detector with very high pulse height
resolution and low background and/or imaging the output of
a dispersive grating, focusing X-ray telescopes are an essential
component of a high-resolution spectrometer.

Synchrotron radiation from high-energy electrons
traversing a magnetic field and Compton scattering of
longer wavelength electromagnetic radiation by high-energy
electrons that results in higher-energy photons, commonly
called “inverse Compton scattering”, are two other primary
X-ray production mechanisms. Other processes include
bremsstrahlung and fluorescence radiation resulting from
the impact of high-energy particles or higher-energy X-rays
upon cold material or a warm plasma and charge exchange
between ions and cold gases. Charge exchange from solar
wind ions to the H,O and CO, in the halos of comets is the
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FIGURE 3: The integral point spread function of the Chandra X-ray
telescope based upon measurements at several energies at the large
MSFC X-ray calibration facility.

FIGURE 4: The Perseus cluster of galaxies has indications of episodic
outbursts from the central galaxy, NGC 1275, very likely from the
super massive black hole at its center. The size of the region is
400 arc seconds.

mechanism responsible for the surprisingly high-intensity
and wide-spread X-ray emission from comets approaching
the Sun.

There are environments where several processes are
operating simultaneously. For example, the remnant of a
young supernova remnant can emit thermal radiation as the

X-Ray Optics and Instrumentation

FiGURE 5: The Chandra X-ray image (pink) of the hot gas is super-
imposed on an optical image of two merging galaxies. The blue
region shows the mass concentration as deduced from gravitational
lensing. Field is 5.5 X 5.4 arc min.

FiGure 6: Chandra image of the over three-hundred-year-old
supernova remnant, Cas A. The colors are “true” in that the higher
energy X-rays are shown in blue and the lower energy X-rays in red.
A point-like object near the center is not an ordinary star. It may be
a neutron star remnant of a core collapse supernova explosion [3].
The size of the region is 7.3 X 6.4 arc minutes.

expanding ejecta collides with and shocks material in the
interstellar medium or a shell of circumstellar matter shed
during an earlier, milder eruptive phase in the life of the pre-
supernova star. At the same time electrons may be accelerated
to high energies by the shock waves and emit synchrotron
radiation under the influence of a magnetic field.

The set of X-ray images that are shown illustrate the
broad scope of X-ray astronomy. All images of cosmic X-rays
sources were obtained by the Chandra X-Ray Observatory.
They are available at http://chandra.harvard.edu/index.html.
The principal sites of thermal radiation from hot plasmas
include the hot gaseous medium within a cluster of galaxies.
Figures 4 and 5 show two interesting examples of X-rays from
galaxy clusters. While nearly all clusters of galaxies exhibit
some structure or asymmetry in exposures with sufficiently
high statistics, the very visible succession of waves shown in
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FiGURE 7: Image of the 6.35 nm Fe!® line of the Sun’s corona taken
from a sounding rocket with a multilayer coated normal incidence
telescope [4]. An edge of the Moon appears on the right near the
time of an eclipse. Image was provided by Leon Golub of CfA.

FiGure 8: X-ray image of the Crab Nebula’s neutron star pulsar and
its wind nebula, which were created in a supernova explosion that
occurred in 1054. They are near the center of the much larger optical
image. The size of the region is 2.5 arc min.

Figure 4 is not typical of cluster emission but also not unique.
They are evidence for a series of explosions emanating from
the center of the central galaxy of the cluster, which houses a
super massive black hole.

Figure 5 shows two clusters merging. The hot gaseous
intracluster medium that each had contained (pink) pre-
viously has not yet settled into equilibrium with the new
morphology of the gravitational field that was created by
the merger. The mass concentration (blue) was determined
by identifying gravitational lens effects. The significance
of Figure5 with respect to dark matter is discussed in
Section 3.1. An X-ray image of a rich cluster of galaxies where
the gas and galaxies have relaxed to an equilibrium state
and are without an explosive center is an extended source
of thermal emission from a relatively smooth distribution of
hot (~50 million degrees) intracluster gas.

FIGURE 9: X-ray image of the remnant of a supernova that occurred
in 1006. The spectrum of the blue regions at the perimeter is
nonthermal and harder than the interior’s and is believed to be sites
of cosmic ray acceleration. The size of the image is 36 arc min.

F1Gure 10: X-ray image of the radio galaxy Centaurus A. Opposing
jets emanate from the center. The size of the image is 6.8arc
minutes.
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surfaces surfaces
T
—_—
E——
T——

Focal point

FIGUrE 11: Focusing action of the Wolter 1 type grazing incidence

telescope. Rays are reflected from the paraboloid to the hyperboloid
and to the focus.
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FIGURE 12: The Chandra telescope during integration of the four
mirrors. The fourth mirror shell waits in the background.

FIGURE 13: Lobster-eye optics are shown in one dimension. Except
near the boundaries the focusing action is azimuthally symmetric.
In the X-ray band the maximum graze angle is much smaller than
shown in this sketch.
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FIGURE 14: Soft X-ray reflectivity of a Co-C Multilayer coating [5,
Figure 9.5].
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FIGURE 16: The observed X-ray reflectivities of gold and of a W/Si
multilayer (oscillating line) at an angle of 3 mrad are shown [6].

The remnants of recent supernova explosions, Figure 6,
are another source of thermal X-rays. Debris from the explo-
sion expands and interacts with material from the interstellar
medium. In many cases the supernova’s environment is
a circumstellar medium that was created when the pre-
supernova star had experienced a previous, less disruptive
mass ejection. In either case the surrounding medium is
shocked by the rapidly expanding ejecta. In return, the
ejecta themselves are shocked, that is, the “reverse shock”,
by the material it has encountered and add another, lower-
temperature, thermal component to the total X-ray emission
spectrum.

Thermal emission emanates from the few million degree
coronas of the Sun (Figure7) and stars. Stellar X-ray
luminosities are only 10! to 1077 that of the most luminous
galactic X-ray sources. A base of more or less constant
solar/stellar thermal X-ray emission underlies episodes of
much higher-intensity transient nonthermal and thermal
emission from dynamic active regions and flares. Thermal
X-ray emission from plasmas with temperatures between
3 and 20 million degrees is characterized by very strong
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FIGURE 17: Laue crystal telescope illustrating that the energy that is
concentrated varies with radius [7].
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Figure 18: An example of the effect of chromatic aberration, in
theory, upon the angular resolution of a diffractive-refractive pair is

shown. The blue dotted line represents 1st order correction at 6 keV,
the solid red line, correction to 2nd order [8].

emission lines from excitation and deexcitation of the heavier
atoms. Both thermal and nonthermal processes account for
the much higher than solar levels of X-ray emission and
variability from members of star formation regions such as
the Orion Nebula.

Rapidly rotating pulsars with high magnetic fields and
their surrounding wind nebulae are sources of synchrotron
X-ray radiation, the classic example being the Crab Nebula
and its pulsar (Figure 8). Synchrotron X-rays are also a by-
product of the acceleration of cosmic rays at the outer regions
of expanding supernova remnant shells. A notable example
of this process is the bright rims of SN 1006 (Figure 9).

Active galactic nuclei, that is, quasars, Seyfert galaxies,
“BL Lac”, and radio galaxies, are powered by accretion
onto a super massive black hole (SMBH) at their centers.
Figure 10 shows the relatively nearby radio galaxy Centaurus
A, which is representative of many other radio galaxies.
There is a central source at the SMBH and jets propagate
outward from each side. Inverse Compton scattering is likely

to be the mechanism responsible for the X-ray emission
from the central source. Electrons are accelerated to high
energy by mechanisms not thoroughly understood but
probably involving the shock waves that are present. At
the center the low-energy photon source for the inverse
Compton scattering is the local environment of the accreting
SMBH, such as a hot corona. There is no consensus on the
mechanism powering the jets. According to Hardcastle et al.
[11] and others the broadband spectral energy distribution
and the X-ray spectrum imply a synchrotron origin for
the X-rays. That would require electrons to be accelerated
locally near the emission sites, not at the center. There
is an alternative model based upon high-energy electrons
experiencing inverse Compton scattering, the source of low-
energy photons being the pervasive microwave background
[12].

3.1. Dark Matter and Dark Energy. Observation of the X-ray
emissions of clusters of galaxies has provided independent,
corroborative evidence for the existence of dark matter and
dark energy, two cosmological features that are not seen
in fundamental particle experiments at accelerators. The
indicator of dark matter is the presence of an extended, hot
gaseous, X-ray emitting intracluster medium that pervades
rich clusters of galaxies. Assuming that the galaxies have the
same mass to light ratio as the Sun and nearby stars, the mass
of the gas exceeds that of the visible portion of the galaxies
significantly. However, the amount of mass that is needed
to retain a gaseous halo with the observed temperature and
spatial distribution is much greater than the mass of the gas.
That proves that an additional component of mass exists,
which is in fact the largest component. It is dark because
it has not been seen in any band of the electromagnetic
spectrum. The significance of Figure5 is showing that
the spatial distribution of the dark mass as inferred from
gravitational lensing measurements is associated with the
distribution of the galaxies, perhaps a surrounding dark halo,
not the gas.

The existence of dark energy, which acts as a repulsive
force that increases as the universe expands, is supported
by two independent series of X-ray measurements. One is
a standard candle approach based upon the premise that
the gas-to-mass ratio in a rich cluster of galaxies is constant
[13]. Its conclusion is in accordance with the earlier optical
measurements that assume that type la supernova remnants
are a standard candle. The other dark energy indicator is
based upon observing the rate at which rich clusters of
galaxies evolve. The evolution is influenced by a repulsive
force that increases with time, which is the signature of dark
energy [14].

4. Grazing Incidence Focusing X-Ray Telescopes

4.1. Introduction. The discovery of the first cosmic X-ray
source occurred in 1962. That and the impressive amount of
progress achieved in the subsequent 16 years, including the
body of work that is cited in awarding the 2002 Nobel Prize
in physics to Riccardo Giacconi, were all accomplished with
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FIGURE 19: The left panel shows a ray (solid line) arriving at an interface between two media. The clear region “1” is a metal and the shaded
region “2” is the vacuum, which has a larger index of refraction in the X-ray band. The dash-dot line is a continuation of the direction of
the incident ray. We assume the interface should have been perpendicular to the incoming ray where it would have had no effect upon its
direction. However, because of a slope error in the optic the interface is tilted at a finite angle of ;. The angle of the refracted ray (dash-dot
line) is 6, so the error in the direction of the refracted ray is 6; — 6,. Applying Snell’s law relating the indices of refraction to the ray’s directions
the right panel calculates 6,. All angles are small so the angle and its Sin are essentially the same. The error is proportional to the difference
in the indices of refraction. In the X-ray band the difference between beryllium and vacuum is of the order 107 to 107°. Therefore the error

is very small.

collimated gas proportional counters prior to the launch into
orbit of the first focusing cosmic X-ray telescope. However,
the potential power of focusing X-ray telescopes as a more
sensitive and higher-resolution tool was recognized prior to
all of those events in a 1960 paper by Giacconi and Rossi
that described the increase in sensitivity that a parabolic
concentrator would provide. In a paper appearing in a
special issue of Experimental Astronomy, honoring the 400th
anniversary of astronomical telescopes, Giacconi [15] reflects
upon the history of the X-ray telescope from his unique
perspective.

Although the focusing telescope concepts listed in Table 1
include several types, so far mostly one type, the grazing inci-
dence telescope, has actually observed cosmic X-ray sources.
The only exception is a brief balloon observation of the
Crab Nebula with a Laue crystal telescope [1]. Furthermore,
the figures of all of the grazing incidence telescopes that
have been in orbit were fabricated in accordance with or
approximating the Wolter1 geometry.

4.2. Wolter Type 1 Telescopes. Wolter [16] described several
variations upon an imaging device consisting of two seem-
ingly hollow cylinders in series with the diameter of each
varying along the axis as a conic section curve. They were
conceived as microscopes but the small dimensions and the
high-resolution requirements made fabrication difficult and
there are alternate approaches to X-ray microscopy [17].
However, the Wolter Type 1 geometry (Figure 11), sections
of paraboloid and a hyperboloid in series, became the model
for all of the cosmic X-ray telescopes that have been in orbit.
Most of them consisted of several and in some cases many
nested coaligned concentric Wolter 1 mirror pairs with a
common focus.

The first Wolter 1 telescopes to be launched into orbit
observed the Sun in 1973-1974 from the Apollo Telescope

Mount (ATM) aboard the Skylab Space Station, the first
mission to test the ability of humans to live and work in space
for a substantial period of time. The Skylab ATM hosted two
instruments, “S-054” [18] and “S-056” [19].

With a set of filters they recorded thousands of images
on film over a period of nearly nine months. The film was
returned to Earth by the Skylab astronauts.Van Speybroeck
and Chase [20] provided a prescription for the Wolter 1 that
high-resolution X-ray telescopes have followed or approxi-
mated. The high angular resolution telescope missions are
the Einstein Observatory (1978-1981), ROSAT (1990-1999),
and the Chandra X-Ray Observatory (launched in 1999),
culminating in Chandra’s 0.5arc second resolution, half
power diameter (HPD), on axis. In those three missions
the optics consist of several, concentric integral, that is, full
360-degree cylinders, made of a thick, stiff, heavy material
that can be accurately figured and finely polished without
distortion. The Chandra telescope prior to final assembly is
shown in Figure 12.

Wolter 1 telescopes with moderate or intermediate angu-
lar resolution and lower mass have been and are currently
in space. Their optics have integral substrates, that is, whole
cylinders, that are replicated from mandrels. The first of
this type was EXOSAT (1983-1986) with epoxy-replicated
Be backed mirror shells [21]. Next were electroformed nickel
integral mirror shells [22]. This type of optic has achieved
angular resolutions of 15 to 18 arc seconds and is probably
capable of being improved. The first example was the
focusing telescopes of the BeppoSAX mission (1996-2002).
BeppoSAX obtained the first precise positions of gamma-ray
bursts by imaging their X-ray afterglows. That led to identi-
tying their optical counterpart and its extragalactic location
[23]. At the beginning of 2010 the orbiting observatories with
electroformed nickel telescopes are XMM-Newton (1999-)
with three independent large area telescopes, each with 58
confocal parabola-hyperbola mirror shells and the much
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smaller area single telescope Swift XRT (2004-) with 12
concentric mirror shells. The XRT, which Italy provided,
is continuing the work of BeppoSAX by observing and
accurately positioning the X-ray afterglows of gamma-ray
bursts that are detected initially by the Swift Burst Alert
Telescope, a large field of view position sensitive detector
array with a coded aperture. Several of those positioned by
the XRT are at cosmological distances. The XRT is addressing
other objectives during the time between bursts that Swift
detects at a rate of two per week. A new mission scheduled
for launch in 2012 led by Russia includes an instrument
named eRosita, being constructed in Germany, that contains
a cluster of seven electroformed telescopes, each with 54
mirror shells. eRosita will extend the all-sky soft X-ray survey
that was carried out by ROSAT to higher-energy X-rays.
Many more AGNs are expected to appear because higher-
energy X-rays will be able to penetrate the local absorbing
matter surrounding a super massive black hole.

4.2.1. Segmented Telescopes. Lower angular resolution tele-
scopes, specifically those built by the Goddard Space Flight
Center for the Japanese ASCA (1993-2001) and Suzaku
(2005-) missions, contained mirror shells made of much
lighter, weaker aluminum foils that were segmented into
several sections along the azimuth [24]. They approximated
the parabola and hyperbola figures along the axis with
straight lines; that is, they were double cones. Dipping the
foils of ASCA in an acrylic lacquer solution under carefully
controlled conditions followed by the deposition of a gold
coating made their surfaces smooth and efficient X-ray
reflectors. Because its substrates were flexible, the angular
resolution of ASCA was about 3 arc minutes, limited by
figure errors rather than the deviation of a double cone
figure from the Wolter I paraboloid/hyperboloid. For Suzaku
the foils were made smooth by an epoxy replication process
that resulted in better than 2 arc minute resolution. Epoxy
replication is also being used to coat the foils of telescopes
for a future mission of the Japanese space agency [25].
Foil telescopes can accommodate a much higher packing
density of mirror shells than the higher angular resolution
telescopes and achieve a much better ratio of effective area
to mass. They are well adapted for use with nondispersive
spectrometer/detectors in the focal plane, such as solid
state devices and (in the future) very high pulse height
resolution cryogenic detectors. Foil mirrors are still an
evolving technology [26].

Thermal forming of glass sheets whose thickness range is
from 200 to 400 microns into telescope segments is another
means of fabricating segmented X-ray telescopes [27, 28].
This technique is being used to manufacture the telescopes
for the NuSTAR hard X-ray mission [29]. The thermal
forming process is being refined at several institutions in the
US and Europe for possible use in future missions including
the International X-ray Observatory (IXO) [30-33].

Despite their angular resolution being relatively poor so
far, segmented mirrors are the only practical option available
to future very large area grazing incidence X-ray telescopes.
The 3.3-meter diameter of the IXO telescope will be too large

for the mirror shells to be integral structures. For the figure
to be stable a complete cylinder of revolution with a 3.3-
meter diameter would have to be very thick and therefore
very massive. As described in other articles appearing in
this issue in both Europe and the US there are currently
major technology research projects devoted to improving
the angular resolution of segmented mirrors for IXO. One
approach is the aforementioned refinement of the process of
thermal forming of glass segments. The other is assembling
silicon mirror plates, known as “silicon pore optics” [34].
It is being developed under the supervision of ESTEC, the
technology branch of ESA. While there is reason to expect
significant improvement upon XMM-Newton, the 0.5arc
second angular resolution of the Chandra X-ray Observatory
is not likely to be surpassed by any new grazing incidence
telescope of its size or larger for a long time, if ever.
Improvement upon Chandra on a significant scale will occur
only with the development of a new technology.

In this issue, segmented optics are described in more
detail in the article by Petre. A particular type of segmented
X-ray telescope known as silicon pore optics is described in
the article by Bavdaz et al.

4.3. The Wide Field X-Ray Telescope (WFXT). WEXT is a
telescope concept that outwardly resembles the Wolter 1
but the figures of the front and rear sections are optimized
polynomials instead of a parabola followed by a hyperbola.
The field is “Wide” only in that the diameter where WEXT’s
angular resolution is less than 5arc seconds is significantly
larger than the Wolter 1’s. The effective area as a function of
angle off-axis is about the same for both. With polynomial
figures the angular resolution of the telescope becomes much
more uniform across the field of view and its average over the
field of view is much superior to the Wolter 1. With current
computer-controlled figuring and polishing techniques it
is no more difficult to impart a polynomial figure to a
mirror shell than a parabola or a hyperbola. Moreover, with
the resolution not needing to be better than about 5arc
seconds it should be much less expensive to construct and
less massive per unit area than the Chandra telescope. An
early polynomial design was described by Burrows et al.
[35]. Others have followed including a paper by Conconi
and Compana [36]. The objective of WEXT is performing
sensitive deep surveys that will discover and characterize
extremely large populations of high redshift AGNs and
observe the growth and development of clusters of galaxies.
The WXFT concept and its scientific objectives are described
in a “White Paper” [37] presented to the 2010 Decadal
Astronomy Survey Committee of the US National Academies
of Science.

4.4. Kirkpatrick-Baez Telescopes. Kirkpatrick and Baez [38]
described a grazing incidence focusing device consisting of
two orthogonal reflectors with each having the figure of a
parabola in one dimension (KB). One-dimensional KB X-ray
telescopes with several parabolic reflectors were constructed
for sounding rocket experiments that scanned several older
supernova remnants [39-41]. In a series of rocket flights



10

a 2D KB telescope imaged several clusters of galaxies [42].
A 2D KB telescope with a resolution of 35 arc seconds was
constructed and tested as a prototype unit [43] for a large
area modular array of telescopes that was selected as an
“Attached Payload” on the International Space Station but
the Attached Payload program was cancelled ultimately. A
KB telescope has not been in orbit. However, it should be
considered seriously as a candidate for the optics of IXO.

A KB telescope has certain advantages when the resolu-
tion requirement is not required to be better than several arc
seconds. It is much less difficult and less costly to fabricate,
especially with the availability of very thin, smooth, fairly
flat glass from Schott AG. The thermal forming process used
by X-ray that is being developed further in both the USA
and Europe for possible use by IXO should apply very well
to KB telescopes. In fact, the first use of heat slumping
glass for X-ray telescopes was the construction of a KB
telescope for the EUV/soft X-ray bands [44]. In addition
the silicon pore optics technology being developed by ESA’s
ESTEC for IXO for a Wolter telescope is also applicable to
the fabrication of KB telescopes [45]. A KB telescope can
be divided conveniently into modules of almost any size.
For each half of the telescope the figure of a reflector need
be highly accurate in only one dimension. The alignment
between the two orthogonal sections is not critical; so they
can be made independently without experiencing much
difficulty in the final assembly process. However, the optical
axes of the KB modules have to be coaligned in direction very
accurately. In contrast, front-rear section alignment is very
critical in the Wolter 1 geometry but the coalignment of the
optic axes is not as critical.

However, the KB geometry is inferior to the Wolter in
the following respects. In part because the KB geometry is
inherently a segmented telescope achieving very high angular
resolution like that of the Chandra mirrors is not feasible.
Up to about 10 arc minutes off axis, the theoretical angular
resolution of the Wolter is superior. For small angles the off-
axis resolution of the KB telescope varies linearly with angle
whereas it varies as the square of the angle for the Wolter 1.
At a fixed focal length the bandwidth of the Wolter mirror
is larger because its two reflections occur in series whereas
the two reflections of the KB are orthogonal. Consequently
KB reflector graze angles are higher; so their reflectivity is
generally lower at higher energies. On the other hand the
aperture of a KB telescope is filled with a smaller number
of reflectors and has therefore lower mass than a Wolter.
However, the aperture efficiency of the KB geometry is
less than the Wolter’s because open area is lost due to the
finite thickness of the reflectors in both dimensions. The
loss occurs in just one dimension for the Wolter because
the parabolic and hyperbolic sections of the telescope are
aligned or, for electroformed telescopes, consist of a single
continuous shell. This is a less important issue when the
substrate material is very thin. The article by Hudec that
appears in this issue discusses KB telescopes.

4.5. The Lobster-Eye Telescope. The lobster-eye telescope
differs from all the others in that its area and resolution
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are essentially independent of angle. Its principal application
is very broad sky surveying, monitoring, and positioning
soft X-ray transient and variable sources including X-ray
components of gamma-ray bursts, their X-ray afterglows, X-
ray “flashes”, and certain Type 2 supernovas as well as other
known and any yet to be discovered soft X-ray time variable
phenomena from random directions. Its function in the soft
X-ray band would be similar to that of the coded mask BAT
(Swift) in the hard X-ray band and that of Fermi in the
gamma-ray band. As shown by the fortuitous discovery of
a soft X-ray flare from a supernova while the Swift XRT was
observing the X-ray afterglow of a gamma-ray burst [46] the
variable soft X-ray sky contains sources that BAT and Fermi
would not detect.

The concept for one dimension was introduced by
Schmidt [47] and independently in a 2D geometry by Angel
[48], who noting, its resemblance to crustacean eyes, gave
it the memorable name. The geometry in one dimension is
shown in Figure 13. A real instrument is unlikely to cover
such a large angle.

This geometry is not suitable to imaging extended X-ray
sources. Its intrinsic angular resolution is inferior to both
Wolter and KB telescopes and its point response function is
rather complex. It includes a considerable number of X-rays
that are not reflected in either one or both dimensions. As
a result nearly as much or more power appears in multiple
side lobes as in the main image. A hybrid 1D lobster-eye plus
an orthogonal 1D coded aperture concept was described by
Gorenstein and Mauche [49]. The hybrid has significantly
more area and greater bandwidth than the 2D optic but the
background contained in a line is much higher than the
background in a point-like image. A small 1D lobster-eye
prototype was constructed by Gorenstein et al. [50] Hudec
etal. [51] constructed both orthogonal 1-D halves of a small
lobster-eye telescope. A very light weight 2-D lobster-eye
telescope prototype was made from square channel plates
by Fraser et al. [52] and is undergoing further development.
Because the square cells are very small, the core angular
resolution is potentially rather high although there will still
be side lobes from rays that are not reflected or reflected more
than once in either dimension.

Lobster-eye X-ray imaging systems are discussed in the
article by Hudec in this issue.

4.6. Multilayer Coatings: Normal Incidence X-Ray Telescopes
and Hard X-Ray Telescopes.

4.6.1. Multilayer Coatings. A multilayer coating consists of
alternate layers of two materials with very different indices
of refraction, that is, a heavy material and a light material.
Examples of heavy materials used in multilayer coatings are
cobalt, nickel, tungsten, and platinum. Low-density coating
materials include carbon, boron carbide, and silicon. The
virtuous property of multilayer coatings is that they reflect
at angles of incidence larger than the critical angle of the
densest materials. Spiller [5, Chapter 7] discusses multilayer
structures and the equations governing their reflection
properties. At every plane where there is an abrupt change
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in the index of refraction, a fraction of the incoming beam
is reflected. If the reflected beams from successive layers are
in phase, the amplitude of the net-reflected beam is greatly
enhanced. The action is very similar to that of a Bragg
crystal but the wavelengths are longer. However, X-rays are
still absorbed as usual by the materials; so the goal is to
reflect the X-ray before it can be absorbed by the coating
along its incoming and outgoing paths. The intensity of the
reflected beam is less, considerably less, at very large angles
of incidence than the incident beam. Multilayer coatings
benefit focusing telescopes at both the low-energy and high-
energy boundaries of the X-ray band. The reflectivity of a
multilayer at angles much larger than the critical angle of
grazing incidence is shown in Figure 14 [5, Figure 9.5].

On the low-energy end, that is, <0.25keV they make
normal incidence telescopes possible. At high energy grazing
incidence telescopes with multilayer coatings can have
significant effective area up to 80 keV, and even higher energy,
under certain conditions, although with decreasing efficiency
and smaller field of view.

Interface roughness is a much more critical factor in
the reflection efficiency of a multilayer than of a single
coating. It reduces the sharpness of the change in the index
of refractions that exists at each boundary between the two
materials. The result is lowering the reflection efficiency
at each interface, which is particularly destructive because
of the dependence upon coherence of reflection at several
interfaces. Two factors influence the interface roughness.
One is the physical roughness of the substrate. In most
common deposition processes the substrate’s roughness will
propagate to every interface of the multilayer. The other
factor is interdiffusion of the two materials. Both diminish
the abruptness of the change in refractive index at the
interface between the two materials and as a result diminish
its contribution to the amplitude of the reflected rays.

4.6.2. Normal Incidence Soft X-Ray Telescopes

Angular Resolution and Bandwidth. With grazing angles of
the order of a few degrees for each of two reflectors the
physical area of the substrates of a grazing incidence telescope
is the order of a hundred times larger than their projected
area. Furthermore, the projected area of a Wolter mirror
shell is a narrow annulus that occupies only a fraction
of the aperture it encloses. Limited by the allowed mass
and cost, the telescope will contain several or even many
concentric Wolter pairs that have to be aligned coaxially
to a common focus. In contrast the physical area of a
normal incidence mirror and the projected area of the
aperture are (almost) identical. Therefore a normal incidence
telescope has comparatively very light weight. The amount
of surface area that has to be machined and polished to an
accurate figure is much smaller. There is no need to coalign
multiple mirror shells. With those factors in its favor it is
reasonable to expect that the angular resolution of a normal
incidence telescope will be superior to that of a grazing
incidence telescope and will be much less expensive. It
should be possible to fabricate a normal incidence telescope
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that is diffraction limited with an angular resolution of a
milliarcsecond or better while Chandra’s half arc second
resolution may be better than a large area grazing incidence
telescope ever achieves.

However, normal incidence X-ray reflection occurs only
with multilayer coatings with a constant period. The band-
width is very small. The reflection efficiency is low and is
significant only at very low energies. In fact, the Sun is the
only target whose X-rays are currently being observed by a
normal incidence telescope. Its three-million-degree thermal
spectrum is populated with lines from highly ionized, C, O,
Ne, Fe, and other ionic species whose intensity is enough
to be imaged individually. Line intensities and their ratios
are important plasma diagnostics. To image multiple solar
lines a normal incidence telescope on the TRACE spacecraft
is divided into several pie sectors, each coated according
to a different multilayer prescription tuned to a specific
line. A rotatable blocking aperture with an open pie section
plus a detector that can accumulate and readout upon
command allows the Sun to be imaged in several lines
sequentially.

Figure 7 is an image of the 6.35nm line of the solar
corona taken by the Normal Incidence X-Ray Telescope
(NIXT) from a sounding rocket in July 1991 near a time
when the Sun was in total eclipse when viewed from the Big
Island of Hawaii, Mexico, and Central America. The circular
edge of the Moon can be seen at the right.

To counter the low efficiency for use in cosmic X-ray
astronomy, Windt et al. [53] described a configuration con-
sisting of an array of multiple normal incidence telescopes
that can function either individually or in concert as an
interferometer. They point out that the optics technology and
manufacturing tools already exist. Normal incidence optics
very similar to what they describe is being employed by the
photolithography industry to image EUV patterns for the
production of densely populated integrated circuits [54].

However, while normal incidence telescopes may be
effective in a few observations involving very soft solar and
stellar X-rays, their scope is very limited.

4.6.3. High-Energy Telescopes. Christensen et al. [55] showed
that a multilayer coating consisting of alternate layers of
a heavy and light material whose period decreases gradu-
ally with depth is able to reflect harder X-rays at angles
significantly higher than its critical angle. The reflection
mechanism is similar to what occurs in normal incidence
reflection. However while the multilayer coatings of a normal
incidence telescope have a uniform period and a very
small bandwidth, the depth variable period of a hard X-ray
multilayer reflector is effective over a broad bandwidth. A
hard X-ray will penetrate the multilayer stack until it arrives
at the depth where the Bragg condition is fulfilled sufficiently
by a range of consecutive layers (Figure 15). There it will
reflect with a significant fraction of the hard X-rays surviving
absorption by the heavier material along the incoming and
outgoing paths.

This method of broadening the bandwidth is not effective
at low energies because the absorption is too strong.
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Figure 16 is the reflectivity of a W/Si multilayer at an
angle of incidence of 3.0mrad as a function of energy
and that of gold as measured in monochromatic X-ray
beams at the European Synchrotron Radiation Facility [6].
In Figure 16 the reflectivity of gold begins to fall rapidly
at 20keV while the reflectivity of the multilayer which is
declining at the critical angle resumes at higher energy when
the coherent contribution of the multilayer becomes effective
as the absorption diminishes. The reflectivity is significant
up to the 68 keV K edge of tungsten. The oscillations in the
reflectivity of the multilayer as a function of energy that is
characteristic of monoenergetic X-rays are smoothed to a
large extent in practice because the hard X-ray spectra of
cosmic sources are generally continuous and the events are
accumulated in energy channels of finite width. In addition
a telescope is likely to contain multiple concentric reflectors
with a range of graze angles, whose contribution in total
also results in smoothing the effective area as a function
of energy. However, small amplitude oscillations in effective
area versus energy may still persist; so multilayer-coated
telescopes require a much more detailed calibration than
telescopes with single metal coatings.

Gold, platinum, and iridium have finite reflectivity at
higher X-ray energies only for very small graze angles
compared to multilayer coatings. The difference in effective
area above 20 keV between Wolter telescopes with multiple
mirror shells with gold (or platinum or iridium) and W/Si
coatings is even larger than the impression given by Figure 16
because the mirrors at larger graze angles where gold does
not reflect have more geometric area.

Several missions with multilayer-coated hard X-ray
telescopes are in development or have been proposed
that take advantage of the broader bandwidth. The first
will be NuSTAR, a NASA Small Explorer mission with
the Danish Technical University providing the multilayer
coatings, that is scheduled for launch in 2012 (http://www.X-
ray.caltech.edu/). The other missions are Astro-H of Japan
(http://heasarc.gsfc.nasa.gov/docs/astroh/), a hard X-ray
imaging/Polarimetry mission by Italy [56], and a hard X-ray
telescope for the International X-Ray Observatory.

5. The Laue Crystal Telescope

At energies above 80 keV it becomes increasingly difficult and
eventually impossible to focus X-rays by grazing reflection
with any type of coating. However, the band from 150 keV to
a few MeV includes both the continuum of AGN spectra and
nuclear lines. The signals are faint and detector background
per square centimeter is high. Bragg and Laue scattering are
processes that can focus or more accurately concentrate very
high-energy X-rays/gamma-rays onto a small area detector.
The distinction between the two virtually vanishes at very
high energies. Telescopes consisting of an array of mosaic
crystals have been constructed to address this regime. The
principal centers of activity are currently the University of
Toulouse [7, 57] and the University of Ferrara [58, 59].

The orientation of each crystal is adjusted such that
it diverts a narrow energy range of the incoming parallel
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beam to the focus. Each crystal is actually a mosaic of
many smaller crystals whose orientation varies slightly. A
gamma-ray entering the crystal will be reflected when it
encounters a section of the crystal where the Bragg condition
is fulfilled. The imperfections are beneficial because the
mosaic arrangement of the crystallites results in a larger
bandwidth.

The angular resolution of the optics is expected to be
about an arc minute and the field of view, 5 to 10arc
minutes. Depending on the energy Laue crystal optics
have longer focal lengths than grazing incidence optics.
Therefore expandable optical benches or short distance
formation flying between optics and detector are required.
An international consortium has proposed to ESA to develop
a major hard X-ray/gamma-ray mission based upon a Laue
crystal telescope [60].

There was a successful balloon flight of this type of
instrument, which detected soft gamma-rays from the Crab
Nebula [1].

The paper entitled “Laue gamma-ray lenses for space
astrophysics: status and prospects” by Frontera and Von
Ballmoss that appears in this issue provides a more detailed
description of this technique.

6. Diffractive and Refractive X-Ray Optics

6.1. Limitations on the Angular Resolution of Grazing Inci-
dence Telescopes. Although Chandra’s 0.5 arc second angular
resolution is far short of its 1keV diffraction limit of
14 milliarcseconds, it will be difficult for a sizable future
generation grazing incidence X-ray telescope to improve
upon it. The quantity of substrate area that was machined,
polished, and iridium-coated for Chandra is about 250 times
larger than its effective area, and this ratio would be about the
same for a future high angular resolution grazing incidence
telescope.

To avoid the intolerable problems of large mass and
thicker substrates that larger integral mirror shells would
require, the mirrors will almost certainly have to be seg-
mented into smaller and thinner parts. While it reduces
the telescope’s mass, segmentation increases the number
of substrates required to have the correct figure and be
aligned. The only viable approach to better figure control
is employing “active optics”, which consists of attaching
piezoelectric or other type controllers to the rear face of
deformable substrates and working interactively to form
the figure. This process is under study for the future
Generation-X observatory, which has a resolution goal of
0.1arc second [63]. Gen-X effective area goal is 50 m” at
1keV, nearly three orders of magnitude larger than that
of Chandra. This author’s view is that larger size future
grazing incidence telescopes will at best be able to achieve
only a modest improvement upon Chandra’s resolution.
Significant improvement requires a technology that is not
based upon grazing incidence optics. Normal incidence
optics with multilayer coatings is an option that has been
very successful in obtaining high-resolution X-ray images of
the solar corona. However, as noted in Section 4.6.2 normal
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3l Baseline mission concept:
Grazing incidence optics
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FIGURE 20: A possible configuration for an X-ray interferometer, Gendreau et al. [61]. In this example each of the collector optics are
“periscopes” consisting of four grazing flat reflectors in series aligned such that the outgoing X-ray is insensitive to small angle rotations of

the periscope [62].

incidence telescopes have low reflection efficiency and are
effective only at long wavelengths and only over a very
small bandwidth that must include a strong line to collect
a sufficient number of photons. It is at best a special purpose
device limited to imaging thermal X-ray lines with energies
below one-quarter keV in nearby stars. Its scope is much too
limited to be the technology for a future generation versatile
high angular resolution cosmic X-ray observatory.

6.2. X-Ray Transmission: Diffraction and Refraction

6.2.1. Introduction. An alternative approach to higher angu-
lar resolution X-ray optics is based upon components that
transmit rather than reflect X-rays. They include various
levels of diffractive Fresnel zone plates (FZPs), which act as
converging lenses, and refractive lenses [64], which can be
either converging or diverging. Very small devices of both
types are used routinely in experiments and microscopy at
X-ray synchrotron radiation facilities. However with very
intense, monochromatic beams at their disposal, laboratory
scientists are not confronted with the problems of chromatic

aberration, which is a characteristic of these devices. The
sub-millimeter diameter of the laboratory devices frees them
from the problems of very long focal lengths that are required
by the meter and larger size components for astronomy.

Researchers at Tubingen University in Germany obtained
images of the sun with very small Fresnel zone plates
[65]. A few researchers have begun to consider diffractive-
refractive optics as an option for high angular resolution X-
ray astronomy [66-69]. However, a critical enabling tech-
nology, precision formation flying between widely separated
spacecraft, does not yet exist. X-ray telescope missions will
continue to be based exclusively upon grazing incidence
optics as far one can foresee leaving ample time for better
or worse to develop the formation flying capability and for
the diffractive-refractive optics concepts to mature.

6.2.2. Chromatic Aberration and Resolution. The major issues
for diffractive and refractive optics are that both are highly
chromatic and that they have very low focusing power,
resulting in the devices having extremely long focal lengths.
The focal length of an FZP varies as the first power of
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the energy, a lens as the second power. Skinner [66, 67]
and at about the same time Van Speybroeck [70] in an
unpublished memo described combinations of a FZP with
an diverging refractive lens that correct chromatic aberration
over a limited but significant range of bandwidth.

As described in the article by Skinner that appears in this
issue, chromatic aberration can be corrected to first order
when an optic consisting of a diffractive zone plate and a
refractive lens is in direct contact. This occurs at the energy
where the focal length of the lens is equal to minus twice
that of the zone plate. That is the resolution and the first
derivative of the combined focal length as a function of
energy is zero. If the zone plate and lens are separated by
the appropriate distance, a second-order correction can be
achieved at a particular energy, that is, an energy where the
resolution and its first and second derivatives as a function of
the distance between the detector and optics are zero.

An example of the variation with energy of the resolution
as a function of distance of the image from the optics is
shown in Figure 18 for both cases. The average angular
resolution as limited by chromatic aberration deteriorates
as the bandwidth selected by utilizing the detector’s energy
resolution increases.

Figure 18 is a calculation of the contribution of chro-
matic aberration to the angular resolution of a diffractive-
refractive pair whose focal lengths and separation satisfy the
condition for a first-order correction (blue dotted line) and
second order correction (red solid line). In both cases the
prime energy is 6keV and diffractive element is the basic
Fresnel zone plate. For this calculation the diameter of the
diffractive optic is 25m and the focal length for the Ist
order correction is 27,000 km. In the simulated 1st order
correction the contribution of chromatic aberration to the
resolution is less than 1 milliarcsecond from 5.7 to 6.5 keV.
In the simulated 2nd order correction the contribution
of chromatic aberration is less than 200 microarcseconds
between 5.5 and 6.5keV. However, the 2nd order system
requires three spacecrafts to engage in precision formation
flying and would not be considered until a later phase. The
6keV diffraction limit as determined by the diameter of the
components is not taken into account in Figure 17.

Transparency of the refractive lens is a major issue. It
can be the most important factor driving the focal length
to high values and it determines the lower limit on energy.
The radius of curvature of the lens varies directly with the
focal length. For a given diameter a larger radius of curvature
results in a thinner lens. If a simple full body lens would
be too opaque, its spherical or parabolic surface would be
stepped back to a reference plane and become a Fresnel
lens consisting of concentric zones, each zone with the same
figure it had on the original parabolic surface. A refractive
Fresnel lens configured like that made of a very light material
such as beryllium can have very good transmission at 6 keV.
If that is done for transparency without paying attention
to maintaining phase coherence, each ring is essentially an
independent lens. Their intensities will add. rather than
amplitudes The diffraction limit will then be determined by
the average width of the zone rings rather than the full lens
diameter.
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For a metal lens there is a small loss of efficiency due to
large angle Laue scattering by the crystal planes of the metal.

6.2.3. Advantages of a Transmitting Optic. The most obvious
advantage of a transmitting optic is that the areas of
the aperture and the substrate are equal. The mass of a
transmitting optic is a factor of 10> smaller than its grazing
incidence counterpart. With essentially no depth other than
a web of support structure for the FZP and lens, an optic (or
several optics with different energy bands) can be stowed for
launch and deployed in space. These favorable attributes are
tempered by the fact that the product of the transmission and
bandwidth is low. The efficiency of the simple zone plate with
alternating open and closed zones is only 10% in the first-
order image, with the rest being in the zero-order and fainter,
higher-order images that mostly do not arrive at the detector.
For comparison, the aperture efficiency of the 1.2 m diameter
Chandra telescope is also only about 10%. As described by
Skinner [66] FZPs with a surface that is contoured or blazed
to maintain phase over the entire aperture can have much
higher efficiency at several energy intervals within a limited
range of bandwidth.

Figure errors have much more impact upon the resolu-
tion of reflective optics than upon that of refractive optics. If
the local slope of a reflector has an error of 8, the direction
of the reflected ray will have an error of 2 - 6. When the
ray is refracted at the interface between two media, the error
is much smaller especially if there is only a small difference
between the two indices of refraction. In the X-ray band the
index of refraction of all materials is less than the vacuum’s
by a very small quantity, §. It is shown in Appendix A that
for small angles the relation between the slope error at the
interface between the lens and vacuum, 6, and the direction
of the refracted ray is § - sin(8). For a refractive lens made of
beryllium the values of § at X-ray energies range from 107>
to 107°.

Surface roughness has much less influence upon
diffractive-refractive optics than it does upon grazing inci-
dence optics. A surface roughness of 10nm would be
disastrous for the efficiency of grazing incidence reflection at
X-ray energies. However, assuming that the effect of surface
roughness of a transmitting optic is to vary the path length
of an X-ray passing through the material, 10 nm variations
in path length through beryllium will result in very small
variations in the phase over the area of the incident beam.
The coherence of a beam traversing the optic will not be
disrupted significantly.

While the small difference in refractive indices between
the optic and vacuum mitigates the effects of slope errors
and surface roughness, it also results in focal lengths being
extremely long. A refractive optic with a diameter of 1 m
will have focal length of the order of 10° kilometers. Grazing
incidence optics cannot benefit from very long focal lengths.
The projected area of a mirror substrate would diminish and
its mass would become larger as the length of the substrates
increases to mitigate the reduction in projected area.

With less sensitivity to slope errors and surface roughness
plus a much higher ratio of effective area to physical
area diffractive and refractive optics should be much less
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expensive to construct and have lower mass than grazing
incidence telescopes.

However, it should be noted that although the angular
resolution of diffractive-refractive telescopes may be very
superior to Chandra’s and the effective area larger within
the energy band that is corrected for chromatic aberration,
the sensitivity may not be superior. The very long focal
length results in pixels with a large physical size that is
more susceptible to cosmic ray-induced background. Also
the detector is so far removed from the optics that the space
between them cannot be enclosed to exclude background
from diffuse cosmic X-rays and other sources. In any
formation flying configuration the detector requires a local
collimator, which is not nearly as effective in excluding
diffuse X-ray background as the complete cover that exists
over the space between a grazing incidence optic and a
detector that are aboard the same spacecraft.

Diffractive-refractive X-ray optics including correcting
chromatic aberration are described in more detail in the
article by Skinner that appears in this issue.

7. X-Ray Interferometry

An X-ray interferometer is the ultimate tool for high angular
resolution X-ray measurements and most likely for all of
astronomy. The possibility of X-ray interferometry was
demonstrated by Cash et al. [71] who observed interfer-
ence fringes in the laboratory. There are many potential
applications for an X-ray telescope with super high angular
resolution. The crowning achievement would be an image of
the event horizon of a super massive black hole (SMBH). A
mission concept named the Black Hole Imager and its tech-
nical requirements were submitted as two “White Papers”
to the U. S. National Academy of Science’s Decadal Review
of Astronomy and Astrophysics. One described the scientific
significance of observing SMBHs at the centers of active
galaxies [72, 73]. The other discusses the technology that
would have to be developed to enable the measurements [61].

The resolution required to image a SMBH in an
nearby external galaxy is about 0.1 microarcseconds. A few
microarcsecond resolution would suffice for imaging the
relatively small SMBH at the center of our galaxy, Sgr A*.
However, the absorption along the line of sight in the galactic
plane to Sgr A* may obscure important features of the event
horizon and corona. Furthermore, several SMBH images are
needed to obtain a consistent picture that not influenced
by anomalous local conditions that is may exist at a single
object.

For the diffraction limit to be below 0.1 microarcsecond
at 6keV, the diameter of the optics would have to exceed
500 m. Of necessity the Black Hole Imager would be a sparse
aperture telescope, that is, an array of optics aboard separate
spacecraft whose total area fills only a small fraction of the
aperture. The system would resemble that of the optical/UV
Stellar Imager concept [74], which consists of 30 static
elements across 500 m. In a study for the NASA Institute
for Advanced Concepts, Cash [75] estimated that an X-ray
interferometer system would require a few dozen spacecraft
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to obtain a suitable image. As an alternative fewer elements
can be used with changes in their alignments that create new
baselines. The major differences are that the 10km Stellar
Imager focal lengths are much shorter than the Black Hole
Imager’s and the resolution in the optical/UV band is 0.1
milliarcsecond as compared to 0.1 microarcsecond at the X-
ray energies. Also, the X-ray array has to be more stable and
their relative positions known more accurate.

One of the outstanding issues is what the individual X-
ray focusing or concentrating collectors should be. Currently
the baseline collector is a “periscope” consisting of four flats
in a grazing incidence configuration [62]. This geometry
acts like a thin lens in that a slight tilt in direction does
not affect the ray’s outgoing direction. Appendix B shows
a possible configuration for an X-ray interferometer with
periscope collectors. However, the periscopes are massive
and suffer from the shortcomings of grazing incidence
reflection, such as sensitivity to local slope errors of the flats.
Diffractive-refractive collectors would be much lighter, less
expensive, and less sensitive to slope errors. However, the
effect of chromatic aberration would have to be evaluated.
For observing interference fringes a certain level of chromatic
aberration may be tolerable when the detector is a cryogenic
device with an energy resolution of 2 to 3eV capable of
recording interference patterns in narrow energy bands.
More simulation studies are required to understand all the
issues that affect X-ray interferometry, including whether or
not a grazing incidence periscope or a diffractive-refractive
pair is suitable collector.

8. Prospects for the Future

8.1. Current and Future X-Ray Missions with Focusing
Telescopes. In 2010 four spacecrafts with focusing X-ray
telescopes are operating. They are the Chandra X-Ray
Observatory, XMM-Newton, Suzaku, and the Swift XRT. All
appear to be in good health and have ample reserves of
consumables, and the number of proposals from scientists
hoping to utilize their capabilities remains high. In fact, the
rate of oversubscription for observing time on the Chandra
X-ray Observatory has not diminished after eleven years of
operation. We can expect all of them to continue operations
for an indefinite period. The Japanese space agency may
possibly end support for Suzaku when a mission currently
under development, Astro-H, is launched in a few years.
Table 2 lists the new missions which feature focusing X-
ray telescopes that are in development plus three that have
significant support from the astrophysics community but
have not been approved. Those that have nominal launch
dates have been approved or are likely to be approved.
GEMS (http://heasarc.gsfc.nasa.gov/docs/gems/) is an X-
ray polarimetry mission that has been selected for flight
by NASA with the tentative launch date of 2014. The
focusing telescope acts as a concentrator rather than as an
imager; the targets are mostly point sources. eRosita [76]
is the core instrument on the Russian Spektrum-Roentgen-
Gamma (SRG) mission which is scheduled for launch in late
2012. The science driver is the detection of 50-100 thousand
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clusters of galaxies up to redshift z ~ 1.3 in order to study the
large-scale structure in the Universe and test cosmological
models including Dark Energy.

NHXM and WEXT are included in Table 2 while other
mission concepts have not because these two concepts are
recognized as potential missions by the Italian Space Agency
as well as from a team of astrophysicists. NHXM [56] consists
of four identical telescopes with multilayer coatings. Three of
the four telescopes will have at their focus identical spectral-
imaging cameras while the fourth will have an imaging X-ray
polarimeter. Other small-and medium-scale X-ray telescope
missions are likely to be proposed in response to future
announcements of opportunity from the space agencies.

While its launch date is very far off, the Generation-
X mission concept [63] was the subject of a NASA-funded
study and is generally recognized internationally as the
successor to IXO.

In addition there may be other missions such as EXIST
(http://exist.gsfc.nasa.gov/) where a focusing X-ray telescope
is an important adjunct, not a component of the principal
instrument.

IXO is the flagship mission of the major space agencies.
Except for Gen-X, which is in the concept definition,
phase IXO is the only observatory class mission of this
group. Its major distinguishing capability is high-resolution
spectroscopy from 0.15 to 10 keV with very high collecting
area plus a hard X-ray telescope to measure the continuum
up to ~80keV. While its angular resolution cannot match
Chandra’s, it will be better than XMM-Newton’s and is
the best of this group (if Gen-X is not included). While
Chandra is providing a library of high-resolution X-ray
images, neither it nor XMM-Newton has the spectroscopic
resolution and throughput required for a quantitative or
in some cases even a qualitative understanding of the
astrophysical processes occurring in those environments.
IXO will provide that spectroscopic capability.

IXO will have a grating spectrometer (http://constel-
lation.gsfc.nasa.gov/technology/xgs.html) that disperses X-
rays. The final configuration has not yet been determined.
Both of the two concepts under consideration by limiting
the range of azimuth covered by the gratings and dispersing
orthogonal to the plane of reflection make the spectral
resolution less sensitive to the PSF of the telescope [77].

8.2. Developing New Technology for High Angular Resolution
X-Ray Telescopes. Except for Gen-X (http://www.cfa.har-
vard.edu/hea/genx/) the essential technologies required by
the missions appearing in Table 2 already exist even if they
have not yet reached the state of development that fulfills
NASAs and ESA’s highest “Technology Readiness Levels”
(TRLs). They need support for the final effort required to
meet those goals.

The areas that are essentially still in the concept phase
and require major technical development include the grazing
incidence active optics for the Generation-X observatory,
diffractive-refractive imaging, and X-ray interferometry. It is
not possible to provide launch dates for missions based upon
those concepts.
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Gen-X’s angular resolution goal is 0.1 arcsecond on axis,
a factor of five better than Chandra’s on-axis resolution.
NASA supported an initial concept study of the optics
for Gen-X. Given the very large collecting area and the
characteristic feature of grazing incidence optics that the
physical area of the substrates is some hundred times later
than their effective collecting area the techniques used to
create the figure and polish the substrates of Chandra cannot
be applied to Gen-X. Also, whereas each mirror of Chandra
is two integral cylinders in series whose thickness increases
with shell radius, the many larger radii mirrors for Gen-X
will have to be segmented into multiple, light-weight parts
to keep the mass under control and innovative methods
of figure formation need to be developed. It is expected
that meeting Gen-X’s angular resolution goals will require
active optics. That is, the substrates will be furnished with
controllers that allow the figure to be controlled interactively
both on the ground and in orbit.

In contrast to Gen-X, fabricating the optics for
a diffractive-refractive imaging telescope should not be
difficult. High-accuracy machining should be sufficient,
although lithography may be needed to create small-scale
features for blazing. The enabling technology that is lacking
is not related directly to the optics or detectors; it is mission
operations, long distance formation flying between two
spacecrafts (or possibly three at a later stage) in particular.
Only one of the spacecrafts can be in true orbit. The
other (others) would have to be powered, most likely by
ion engines to maintain their alignment. The target, the
optics, and the detector have to be aligned along a common
axis with an accuracy of a centimeter in the two lateral
dimensions in order for the image to land on the detector.
The distance between the optics and detector, which is
relatively easy to determine, has a much larger margin. An
efficient means of finding and changing targets has to be
developed. One efficiency booster would be employing two
detector spacecrafts. While one is observing, the other is
proceeding to the next target position. Although NASA and
ESA are studying systems for measuring the positions of
widely separated spacecraft accurately for LISA, a general
relativity experiment, they are not addressing the issue of
aligning them accurately.

The very long focal lengths required by diffractive
and refractive X-ray optics preclude laboratory testing and
calibration of a full size system in X-rays. Testing will have
to be performed with centimeter size models rather than
with actual, meter size optics. Some tests may be performed
with visible light. Also, because the concepts are relatively
new, more simulation studies have to be performed to resolve
issues like how to best increase the bandwidth while dealing
with chromatic aberration and to what degree it is possible
or desirable to blaze the components to maximize the
throughput and resolution in certain energy bands possibly
at the expense of others.

X-ray interferometry has the most technology issues to
resolve, for example, defining the nature and method of
fabrication of the collector optics, establishing and main-
taining accurate alignment of up to some thirty spacecraft
distributed over a kilometer, as well as formation flying
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TaBLE 2: Future missions with focusing X-ray telescopes.

Mission or telescope Agencies or countries

Nominal launch

capabilities
P date

International X-Ray Observatory

(IXO) NASA/ESA/JAXA
NuSTAR NASA

eRosita (SRG) [76] Germany/Russia
Astro-H Japan (JAXA)
GEMS NASA

New Hard X-ray Mission (NHXM)  Italy (with collaborators)

Wide Field X-ray Telescope

(WXFT) Ttaly/US

Generation-X NASA (funded study)

High-Resolution, High-Throughput

X-ray Spectroscopy with Cryogenic

Detectors and Dispersive 2022
GratingsSoft/Hard X-ray Imaging X-ray
Polarimetry and Timing

Hard X-ray Imaging 2012

X-ray Survey 2012

X-ray Spectroscopy with Cryogenic 2013
DetectorHard X-Ray Imaging

X-Pay Polarimetry 2014

Soft/ Hard X-raylmaging X-Ray To be determined
Polarimetry

Cluster Evolution Medium Deep Survey To be determined

High angular resolution active optics,
Very large collecting area, High Res.
Spectroscopy, Polarization, and Timing.

Concept, Requires
New Technology

between all the optics spacecraft and a detector some 10* km
distant. A great deal of effort has to be applied to quantitative
simulations of the performance. An X-ray interferometer
and Stellar Imager have several issues in common including
formation flying, maintaining the stability of a cluster of
spacecraft, and reforming the configuration when the target
position is changed. The common need should motivate the
space agencies to proceed with the development of formation
flying technology.

Appendices

A. Error in the Direction of a Refracted Ray

See Figure 19.

B. Black Hole Imager/X-Ray Interferometer

See Figure 20.
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We present an overview on the EUV/XUV activities of the Laser-Laboratorium Géttingen based on table-top laser-produced
plasma (LPP) sources. As target materials, gaseous jets of noble gases or solid Gold are employed. In order to obtain high EUV
fluence, a Schwarzschild objective consisting of two spherical mirrors with Mo/Si multilayer coatings is adapted to the source.
By demagnified (10x) imaging of the Au plasma, an EUV spot with a maximum energy density of ~1.3 J/cm? is generated (3 ym
diameter, pulse duration 8.8 ns). First applications of this system reveal its potential for high-resolution modification and direct
structuring of solid surfaces. Additionally, an EUV/XUV setup for structural analysis was developed. Using a gas puff target
combined with a grazing incidence optics (Kirkpatrick-Baez arrangement), it offers the possibility to perform angular resolved
reflectivity, diffraction, and scattering experiments. For chemical analysis of various samples, an NEXAFS setup was built, based on
gaseous Krypton as a broadband emitter in the water-window range around the carbon K-edge (4.4 nm). Here, proof-of-principle

for NEXAFS with lab-scaled XUV sources is given on polyimide as a reference.

1. Introduction

The societal demand for ever faster electronic devices
requires a change in the manufacturing processes within the
next few years. Microstructures like transistors on silicon
chips are currently produced with deep UV lithography
which uses 193 nm laser radiation as light source. Expanded
by liquid immersion, this technique is able to generate
patterns with a resolution down to about 45nm [1]. Since
the resolution of an optical system is limited by the utilized
wavelength, there is no way for further reduction of the
structure sizes with common UV lithography.

In order to fulfill the roadmap of the semiconduc-
tor industry (Moore’s Law), new techniques have to be
invented. One of the leading candidates is extreme ultraviolet
lithography (EUVL [2]). Using reflective imaging optics
on the basis of multilayer mirrors, electronic devices with
structure sizes well below 45 nm could be manufactured at
a wavelength of 13.5 nm. For industrial lithographic systems,
EUV radiation with high average power is required, which
can be generated either by laser- or discharge-based plasma
sources. Such EUV sources and corresponding beam steer-
ing optics are currently being developed with tremendous
effort.

Besides semiconductor microlithography, there are also
other applications of EUV radiation, which can strongly
profit from the EUVL source and optics developments.
Currently, the application of EUV radiation apart from
microlithography comes more and more into focus. Main
goal of our research is to utilize the unique interaction
between EUV/XUV radiation and matter for probing, modi-
tying, and structuring solid surfaces.

2. Laser-Produced Plasma Sources at the LLG

For EUV/XUV applications at the Laser Laboratorium
Gottingen, a laser-produced EUV source was developed [3-
5]. EUV radiation is generated by focusing an Nd:YAG laser
(Innolas, fundamental wavelength 1064 nm, pulse energy
700 mJ, pulse duration 6-8ns) onto a target. Currently,
we are using gaseous (Oxygen, Nitrogen, Krypton, Xenon),
liquid (Argon) and solid (Gold) target materials which are
utilized for different applications.

For metrology purposes, we are using a gas puff target
produced by a Proch-Trickl valve. The nozzle tip is located in
the center of a vacuum chamber, which is evacuated below
10~% mbar due to the low mean free path of EUV radiation at
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FIGURE 2: Schematic drawing of the integrated EUV source and optics system (a) and photo of the whole setup. The sample is mounted on a
3-axes translation stage. Sample adjustment is facilitated by an integrated video camera. A pinhole camera picture is shown in the upper left.

atmospheric pressure. For applications where higher source
brilliances are needed, Argon (XUV spectral range) or Gold
(EUV spectral range) targets were developed (cf. Figure 1 for
spectra of different target materials).

The EUV/XUV plasma can be monitored with a pinhole
camera, consisting of a CCD chip with an EUV-to-VIS
quantum converter and a pinhole (diameter 30 um) coated
with a zirconium filter (thickness approximately 200 nm)
for blocking out-of-band radiation (see also pinhole camera
pictures in Figures 2 and 7).

3. Direct Structuring and Damage Tests with
EUV Radiation

Laser ablation and photo-etching of polymers have been
studied extensively especially in the visible and deep ultra-
violet (DUV) spectral range [6-9]. For these wavelengths,
ablation can be described in terms of thermal, photothermal,
and photochemical models, or as a combination of these
mechanisms [10]. A prerequisite for a preferable photo-
chemical process without thermal load is short wavelength



X-Ray Optics and Instrumentation

310 T T T T T T
120 -gg ® § 1
g7 A PMMA ©
E6 . o
— 100 ] 4 4
4 £ ¢ s ©
ES £2] « 4 E}
S 80 -%(1) O ank AAASMA 1
5 0 02 04 06 08 1 12 14
L 60 EUV energy density (J/cm?) o PTFE g
g + % s
a
.S 40 L q
E 34
)
< L [ | 0® g
20 | ° [ J PC A
0 ala e T
0 0.2 0.4 0.6 0.8 1 1.2 1.4

EUV energy density (J/cm?)
(a)

(nm)
100

50

=50

—100

(b)

FIGUre 3: Ablation rates of various polymers, depending on the EUV energy density (a). (b) picture shows the AFM image of PMMA,

irradiated with 1 EUV pulse at 1.3 J/cm?.

radiation with photon energies that are high enough to
directly break the polymer bonds [10]. Nevertheless, the
interaction processes between polymers and radiation below
a wavelength of 157 nm were investigated only in a few
publications up to now. Examples are the structuring
of PMMA using a capillary discharge Ne-like Ar laser
(wavelength 46.9 nm, pulse duration 1.2ns) [11], the free-
electron laser (FEL) in Hamburg (FLASH) emitting 32 nm
radiation at apulse duration of 25fs [12], and a zinc X-
ray laser (wavelength 21 nm, pulse duration 90 ps) [13]. In
this context, it is interesting to note that at the FLASH
light source, the ablation of PMMA is used also for
spatial characterization of the FEL beam. Besides the EUV
laser sources, also synchrotron radiation [14] and table-
top EUV/XUV sources [15-17] were used for structuring
of polymers. Usually the latter are capable to generate only
relatively low energy densities. Using a laser-induced Ta
plasma in combination with a grazing incident Au covered
collector mirror, an energy density of up to 0.3 J/cm? was
obtained that could be applied for ablation of silica glass
[18]. Unfortunately, grazing incidence mirrors are not useful
for mask-projection due to their inherently low numerical
aperture and corresponding low spatial resolution. In this
paper, we present a table-top EUV setup which is able to gen-
erate energy densities up to 1.3J/cm? at pulse durations of
8.8 ns with high spectral purity. By removing the zirconium
filter (T ~ 17%), the fluence can be increased to 6.6 J/cm?.
However, due to the increased spectral bandwidth (filtering
only by Mo/Si mirrors of the objective), radiation in the
visible and IR radiation might contribute to the observed
damage morphologies.

3.1. Setup. The ambition of the designed EUV source
and optics setup was to achieve a high energy density in
the focus plane of an objective, combined with a high
spatial resolution (several lines per micron) and a compact
setup. For this reason, a solid Gold-based LPP source was
adapted to a modified Schwarzschild objective [19]. By using
additional beam-shaping techniques for the Nd:YAG laser,

an energy density of 1.3J/cm? of spectral filtered 13.5nm

radiation could be determined in the image plane of the
Schwarzschild objective. This setup is currently used for
various experiments, for example, the direct structuring of
polymers or test of EUV optics and sensors.

3.2. Structuring of Polymers. For EUV lithography, photore-
sists based on PMMA are used. In this contribution, we
have investigated the interaction between EUV radiation and
polymers. Starting with ablation experiments on PMMA
[20], we have expanded the study to PTFE and PC [21].

As an example, Figure3 shows the ablation rates of
the different polymers depending on the EUV energy
density. Typical threshold behavior could be detected for
PMMA and PC. Saturation occurs for PTFE due to the
very high absorption and the resulting penetration depth
of approximately 53nm. Independent from polymer and
fluences, roughness increases due to the structuring process
by less than 30%, which makes this setup interesting for
the generation of smooth profiles in polymers. In sum-
mary, the interaction process seems to be photochemical
dominated, where the incidence EUV photons are able to
break the polymer bonds until fragments can escape into
vacuum.

3.3. Damage Tests on EUV Optics and Substrates. Addition-
ally, the setup was used for determining damage thresholds
for EUV optics and substrate materials [23]. As an example,
results for fused silica (Suprasil 1 by Heraeus, 2 mm thick-
ness) are displayed. The sample was cut into 1 X 1 cm? pieces
and cleaned with ethanol before irradiation

In Figure 4(a), measured ablation depths are displayed as
a function of the number of applied EUV pulses for selected
energy densities. Obviously, a linear behaviour is observed
for low intensities. However, at an energy density >5.4 J/cm?,
the crater depths for 10 pulses are deeper than expected
from the linear fit for lower pulse numbers. This might be
caused by a radiation-induced change of the material by
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the first pulses (incubation effect). From the linear fit of
the crater depths as measured with AFM, the ablation rate
(depth per pulse) is determined (Figure 4(b)). The ablation
rate d may be fitted by a logarithmic function according to
d = aer ! In(H/H;). A corresponding best-fit yields an
effective absorption coefficient aer = 0.0455nm~! and an
ablation threshold fluence H, = 3.22]/cm?.

It is important to note that the absolutely smooth crater
profile (see AFM micrograph) is comparable to laser ablation
reported for 157 nm radiation with nanosecond pulses [24].
As for 157 nm, this might be an indication for a photon-
induced direct bond-breaking process, in contrast to a more
thermally induced mechanism at wavelengths >190 nm.

For high reflectance, such fused silica substrates with
for example, toroidal or ellipsoidal shapes are coated
with a single (for grazing incidence reflectance) or mul-
tilayer structure (for reflectivity near to the surface nor-

mal). A commonly used material for single-layer optics is
Gold.

In Figure 5, the damage probability was measured for
Gold films of varying thicknesses. In the left, the damage
probability is plotted for a 70 nm thick Gold layer performing
a l-on-1 damage experiment. For this, the sample was
irradiated at 10 positions with 1 EUV pulse each at constant
fluence. The number of damaged sites divided by 10 is
the damage probability for this fluence. For this thin Gold
layer, surface melting (1) starts at 420 mJ/cm? and complete
film removal (2) at 650 mJ/cm?. Repeating this experiment
for different film thicknesses, (Figure 5(b)) yields a linear
dependence between layer thickness and threshold energy
density. This could be explained by a thermally dominated
process.

Further damage experiments were performed on Mo/Si
multilayer mirrors, silicon, and calcium fluoride. For each
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material, damage thresholds were determined. A more
detailed description of the experimental results can be found
in [23].

3.4. Radiation Damage Resistance of EUV Diodes. Beside
optics also damage resistance of sensors to radiation in
the EUV/XUV spectral range is important, for example, in
measuring absolute fluencies for EUV lithography. In this
contribution, we have tested standard silicon photodiodes
as well as AlGaN diodes. The latter was developed by the
IMEC in Belgium and offered an intrinsically blindness to
wavelengths above the UV spectral range [25]. For this
kind of diode, responsivity and radiation damage resistance
was measured at 13.5nm wavelength. For this reason,
the diodes were placed in the focus of the Schwarzschild
objective. For measuring the damage resistance, the diodes
were irradiated by high EUV pulse numbers. Plotting the
measured responsivity against the EUV dose (EUV fluence
times pulse number), the relative drop in responsivity can be
displayed. The result is shown in Figure 6.

Here, a decrease in responsivity of 7% was measured for
the silicon diode after 2 - 10'° photons/cm?. In contrast, for
the AlGaN diode no change in responsivity was registered
even after 3.3 x 10" photons/cm?. This makes it ideal for
applications where high radiation stability is needed during
extended exposure to short wavelength radiation.

4. EUV/XUYV Surface Analysis Using
a Reflectometry Setup

Since extreme-ultraviolet lithography (EUVL [2]) has
emerged as a leading candidate for next generation lithogra-
phy in the semiconductor industry, tremendous efforts have
been made to develop and optimize EUV sources and optical
elements needed for the task. For beam shaping and imaging,
multilayer optics are needed which have to be thoroughly
characterized with respect to figure error, surface roughness,
and especially reflectivity. For the latter, one of the employed
techniques is angular resolved EUV reflectometry. Lacking

other EUV light sources, at first this task was done mainly at
synchrotron facilities such as ALS at NBNL (Berkeley) and
BESSY (Berlin) and it is done there until today. But with
the availability of table-top EUV/XUV light sources (laser
produced and gas discharge plasma sources), optics analysis
is not limited to the synchrotron facilities any more.

Still the main focus for EUV reflectometry/scatterometry
setups is the characterization of EUVL components like
optics and masks [26-29]. Aside from that, only little
work seems to be going on with the application of EUV
reflectometry for surface analysis [30].

At the LLG, the developed plasma source is employed
for EUV/XUV surface analysis in a reflectometry setup.
With this setup, multiple types of measurements are pos-
sible: reflectometry (in 0-20-geometry), diffractometry (of
nanoscale structures), and scatterometry. The wide range
of measurement modes allows for analysis of a variety of
sample parameters for example, refractive index, roughness,
film thickness, density, and chemical composition.

4.1. Setup. The setup for EUV/XUV surface analysis is shown
in Figure 7. The light emitted by the source passes through
a 100 ym pinhole placed approximately 2mm behind the
plasma and a Zirconium filter which blocks higher wave-
length components of the spectra. In the optics chamber,
a Kirkpatrick-Baez arrangement (cf. Figure 8) images the
pinhole onto the sample placed in the middle of the
experimental chamber via an Mo/Si multilayer mirror. This
mirror works as a spectral filter in the EUV spectral region
and is adapted to the 1s?2p-1s24d emission line of Oxygen
at 12.98 nm (cf. Figure 1(a)). The reflectometer placed in the
experimental chamber consists of two independent rotation
stages for sample holder and detector diode, respectively. The
beam diameter on the sample (perpendicular to the incident
radiation) is approximately 300 ym in horizontal and 500 ym
in vertical direction.

For monitoring of intensity fluctuations of the plasma
source, a second EUV photodiode is used as a reference
monitor. It is illuminated by a second filtering multilayer
mirror with the same specifications as the main mirror.

4.2. Surface Analysis Measurements. Figure 9(a) shows a
basic reflectivity measurement on a 100nm carbon film
on silicon. As the penetration depth of EUV radiation is
in the range of some 10nm, the curve shows quasibulk
behavior. From such bulk measurements, the complex index
of refraction can be calculated by line fitting the data with a
mathematical model based on the Fresnel formulae.

To obtain structural information on the sample for
example, film thickness and/or surface roughness, the fitting
model must be expanded. For layered materials, either the
Parratt Algorithm [31] or the Transfer Matrix Algorithm
[32] is used and for fitting of surface roughness and/or
interdiffusion thicknesses between layers commonly the
Nevot-Croce Factor is used [33]. With this it is possible
to obtain the film thickness of a sample fitting of the
reflectometry data. Figure 9(b) shows the measurement of a
30 nm carbon layer on silicon. From the oscillations that are
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due to multiple reflections in the film, the layer thickness can
be obtained.

Furthermore, as the complex refractive index varies with
the relative mass densities of a compound material, it is
possible to distinguish different oxidation states for example,
in SiO,. Figure 10(a) shows reflectograms of SiO and SiO,
sample measurements as well as simulations.

Even the small influence of a surface plasma-treatment
on a Polyimide foil could be detected. Figure 10(b) shows the
reflectograms of the plasma treated (red) and the untreated
(black) samples.

5. Near-Edge X-Ray Absorption Fine Structure
(NEXAFS) Measurements

NEXAFS, formerly used mainly for surface- and interface-
analysis [34], is being utilized more and more in other
fields, such as X-ray microscopy [35], studies on the so-
called “silent” sulphur [36], or studies on transient electronic
structures of for example, rare earths [37, 38], to only name
a few. As the interest in NEXAFS grew, so the importance
to develop a table-top soft X-ray source became larger.
Especially for the spectral range of the “water-window”
(A = 2.2- - -4.4nm) laser-driven plasma-sources have been
developed in the last couple of years [39, 40].

In order to study the chemical structures of carbon-based
specimen at the LLG, a compact setup for near edge X-ray
absorption spectroscopy at the carbon K-edge based on a
laser driven plasma source was built. Employing a Krypton
gas puff-target, the required broad-band emission in the
spectral range of the “water window” is generated. The table-
top setup consists basically of the laser plasma source and
a flat-field spectrometer (Figure 11) and can be used for

Nd:YAG laser
(600 m]J, 7 ns)

Aperture (d = 5mm)

+ Ti-filter (200 nm) 100 ym slit

o - pm sample
—i— Translation stage Backside-illuminated
CCD-camera
E Grating
Krypton (24001/mm)
Gas-target
| —

Source chamber Sample chamber Spectrometer (1 - - - 5nm)

Ficure 11: NEXAFS setup, consisting of an LPP-XUV source and
an XUV flat field spectrometer.

NEXAFS experiments in transmission as well as in reflection
under grazing incidence conditions (ReflEXAFS).

The latter method offers the advantage that thin film
preparation is not necessary and the surface sensitivity is
strongly enhanced.

In Figure 12, a measured NEXAFS spectrum of Polyimide
is displayed, demonstrating the possibilities of this princi-
ple. Other applications are the determination of chemical
changes in UV/EUV irradiated polymers [41] or the inves-
tigation of the transient electronic structure of PCMO.

6. Conclusions

The LLG table-top light source for EUV/XUV radiation is a
very versatile tool for optical metrology as well as scientific
applications such as surface analysis or NEXAFS. With the
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help of various optical elements (Schwarzschild objective
with multilayer coating for focusing, flexible Kirkpatrick-
Baez arrangement for light guiding), the intensity distribu-
tion can be controlled, so that different experiments may
be set up. The energy density within the focus of the
Schwarzschild objective is sufficient to directly structure
various materials such as polymers (PMMA, PC, PTFE),
glasses (suprasil), crystals (Si, CaF,), or metals (Au). From
angular resolved reflectometry much information about
material composition, density and surface roughness may
be gained, whereas investigations on the near-edge X-ray
absorption fine structure (NEXAFS) yield information about
chemical bonding type and molecular orbitals.
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We present details of design of elliptically bent Kirkpatrick-Baez mirrors developed and successfully used at the advanced light
source for submicron focusing. A distinctive feature of the mirror design is an active temperature stabilization based on a
Peltier element attached directly to the mirror body. The design and materials have been carefully optimized to provide high
heat conductance between the mirror body and substrate. We describe the experimental procedures used when assembling and
precisely shaping the mirrors, with special attention paid to laboratory testing of the mirror-temperature stabilization. For this
purpose, the temperature dependence of the surface slope profile of a specially fabricated test mirror placed inside a temperature-
controlled container was measured. We demonstrate that with active mirror-temperature stabilization, a change of the surrounding
temperature by more than 3 K does not noticeably affect the mirror figure. Without temperature stabilization, the rms slope error

is changed by approximately 1.5 yrad (primarily defocus) under the same conditions.

1. Introduction

Beamlines at third- and fourth-generation synchrotron radi-
ation light sources achieve unprecedented high-brightness
and low emittance, producing coherent X-ray beams that
demand X-ray optics suitable for micro- and nanofocusing
and brightness preservation. The required quality of the
corresponding reflecting optics is characterized with root-
mean-square (rms) slope error tolerances below 0.3 yrad
with significantly curved and sophisticated surface shapes
(1, 2].

One of the most effective and widely used ways to
achieve precise focusing is to use two, orthogonal, elliptically
cylindrical reflecting elements at glancing incidence, the so-
called Kirkpatrick-Baez (KB) pair [3], which focuses the
beam separately in the tangential and sagittal directions.
Recently, significant progress in the direct fabrication of

elliptical surfaces has been achieved [4-6]. However, direct
fabrication of tangential elliptical cylinders is often difficult
due to the aspherical surface figure and sophisticated testing
techniques needed during the polishing process [7, 8]. This
is in contrast to flat optics, which are simpler to manufacture
and easier to measure by conventional surface profilometry.
In order to get the desired surface figure, a flat substrate,
appropriately shaped in the sagittal direction, is precisely
bent by applying torques (couples) at each end [9]. In
addition, bendable optics allow more flexibility for tuning to
different desired focal distances and are useful for adaptive
(active feedback) applications.

The precision of the bender setting is limited by the
metrology accuracy and fabrication tolerances, both are
currently achievable of the level of 0.2urad. The best
fabricated bendable optics had been set at the advanced
light source (ALS) optical metrology laboratory (OML) to
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a residual slope error below 0.3 yrad (rms). The bent optics
will relax over time due to the bending mechanics involved;
however, optics can be in good shape for months, which is
reasonable. Also, it is quite simple to recheck and rebend the
mirror every few months, if there is noticeable degradation
in optical performance.

The manufacture and use of high-quality X-ray optics
requires surface metrology with an accuracy of better than
0.1 pyrad [10]. While the accuracy of ex situ X-ray mirror
metrology and tuning techniques has improved over time
[11-17], the performance of optics on beamlines is still
limited by environmental factors specific to their beamline
applications [18-21]. Indeed, at beamlines, variations of
the ambient temperature, vibration, temperature gradients
due to X-ray absorption on the mirror’s substrate, and
so forth, are significantly different from that in an optical
metrology lab. These factors require sophisticated envi-
ronmental control of optical systems [22-24] and high-
accuracy, at-wavelength, in situ metrology techniques for
fine tuning and alignment of optics at beamlines [25-31].
The percentage of the impact of these environmental factors
on actual beamlines, are currently under investigation at
ALS beamline 5.3.1.

For the performance of bendable X-ray optics used
for fine focusing at the beamline end-stations, thermal
effects that depend on ambient temperature variation are
especially troublesome. Mirror shape changes are induced
by differences in the thermal expansion coefficients of the
various materials used in the mirror-bending holder. In
this paper, we present the design and laboratory testing
of an elliptically bent KB mirror with active temperature
stabilization. The same KB design is now used at BL 12.3.2
of the ALS, where focus spots around 1pm are routinely
achieved [32]. The smallest focus is limited by the alignment
of the optics and the environmental control at the actual
beamline.

2. Mirror Design

Figure 1 shows details of the mirror bender design. The
bending mechanism of the mirror is based on two cantilever
springs. With a wire, each cantilever spring is connected
to a displacement-reduction spring that is driven with a
Picomotor. The displacement of the Picomotor actuators
is monitored with linear variable differential transformers
(LVDT) with an accuracy of approximately 100 nm over the
useful range. The bender design allows extremely fine control
of the bending couples applied to the mirror substrate.

The mirror substrate is made of silicon. Most of the
elements of the mirror bender assembly are made of
aluminum which reduces the fabrication costs. Due to the
large thermal expansion coefficients difference between Si
(~2.6-10"°K~!) and Al (~23.1-10"°K~!), the mirror shape
changes as the environmental temperature varies.

Another effect which worth mentioning is the thermal
load from X-ray absorption on the mirror’s substrate,
when used at beamlines, which can lead to temperature
gradients on the mirror. Dissipation of the absorbed power is
important to provide good thermal conductivity between the
Si substrate and the Al bender. The mirror design (Figure 1)
and the materials used have been carefully optimized to
provide a high heat conductance between the mirror body
and the substrate. The Si mirror substrate is connected to
the Al bender assembly by molybdenum end-pieces glued to
the Si mirror substrate with special UHV compatible epoxy.
The thermal conductivity of Mo (at room temperature)
is approximately 138 Wm™'K™!, smaller than of Al (~
237Wm~!'K™!) by a factor less than two, and larger than
invar (~14 Wm™!K™1), which is commonly used in similar
applications, by a factor of approximately ten. The mirror
design and the selection of these materials allow efficient
temperature stabilization of the mirror with a Peltier element
attached directly to body of the mirror assembly (Figure 1).
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TasLE 1: Original specifications of the KB test mirror.

Mirror center

Substrate material Su.bstrate Substrate radius of Qb)ect I.mage Grazing angle
thickness length distance distance
curvature
Si 5.08 mm 101.6 mm 57.14m 2400 mm 120 mm 4.0 mrad

The mirror-bender design used in the present work is
closely related to the design of KB mirrors fabricated for
ALS beamline 12.3.2 [32]. Three similar mirrors are also
used for micro-focusing at ALS beamline 10.3.2. In both
cases, mirrors with active temperature stabilization based
on a Peltier element have shown a significantly better X-
ray focusing and stability performance than previous mirrors
without temperature stabilization.

In this paper we present the results of ex situ visible-light
shape measurement tests on a single KB mirror fabricated
for use as a test X-ray optic at ALS beamline 5.3.1. The
tests were conducted at the ALS OML. A new endstation
on beamline 5.3.1, developed in the course of an LDRD
(laboratory-directed research and development program)
project [33, 34], is dedicated to the investigation of at-
wavelength metrology of X-ray optics. The test mirror
substrate (with a pre-shaped sagittal width profile [9]) and
its intended surface figure profile, when bent, were designed
for vertical focusing on ALS beamline 10.3.2, with optical
specifications given in Table 1.

3. Assembly, Initial Alignment,
and Adjustment of the Test Mirror

The assembly, preliminary alignment, and the setting of the
mirror benders are performed by monitoring the mirror
surface shape with a 6-inch ZYGO GPI interferometer at the
OML.

First, with relaxed cantilever springs, the mirror sub-
strate, which is an optical flat (the mid-spatial-frequency
variation of the substrate slope is less than 0.2 yrad RMS,
and the roughness is less than 1 A RMS) with glued, Mo end-
blocks, is attached to the bender mechanism (Figure 1). The
downstream post is tightened to the mirror body, while the
upstream post is loosened. Final positioning and tightening
of the upstream post is made in such a way as to provide
the smallest possible curvature of the installed substrate.
The upstream post has two decoupling flexures that decrease
the parasitic stress applied to the mirror substrate due to
assembly error. The downstream post is equipped with an
anti-twist mechanism and has one decoupling flexure. The
flexures, which are 380-ym thick, do not provide complete
stress decoupling apparently due to a small misalignment of
the parts and a difference between the length of the substrate
and the distance between the posts. The latter perturbation
can cause a tension effect [9]. As a result, the mirror’s radius
of curvature due to residual stress begins at approximately
500 m (concave), with totally released cantilevers.

Second, the twist in the mirror substrate is removed using
the dedicated downstream anti-twist adjustment shown in

iramiii

()

e s

(b)

FIGURE 2: Mirror twist correction with the ZYGO GPI interferom-
eter. The interferograms of the mirror surface before (a) and after
(b) the twist correction are shown.

Figure 1. The anti-twist mechanism is designed with its axis
of rotation on the reflecting surface of the mirror. Figure 2
shows normal-incidence interferograms of the mirror sur-
face recorded before and after the twist correction.

Third, a ZYGO GPI interferometer is used to measure
the tangential radii of curvature from three sections of the
mirror’s clear aperture (upstream, central, and downstream).
The mirror is iteratively bent to a shape close to the desired
ellipse specified in Table 1 based on three local curvature
values. The interferometer’s measurements over the entire
clear aperture of the mirror are limited to a relatively
large radius of curvature, above ~200m. Therefore, its
measurements are only used to confirm that the benders have
the required range of tuning.

Finally, the anti-twist correction process is repeated for
the central part of the bent mirror. Later, a final, more precise
anti-twist correction is performed using slope measuring
profilers, including the upgraded ALS long trace profiler LTP-
II [14] and the developmental long trace profiler (DLTP)
[15], in the ALS OML. In this correction, the sagittal surface
slope profile along the entire clear aperture of the mirror
is measured, and the sagittal slope variation is minimized
by manually tuning the twist adjustment screws (Figure 1).
For illustration, Figure 3 shows the sagittal slope profiles of
the mirror measured before and after twist correction. The
twist correction removed a linear part of the sagittal slope
variation that initially had peak-to-valley (PV) variation
of 63 yrad. After the correction, the residual sagittal slope
variation has a quadratic dependence on the tangential
position with a PV variation of 24 yrad. We attribute the
uncorrected sagittal slope variation to an asymmetrical stress
of the substrate due to tolerances of the mirror assembly.
Note that at glancing incidence, the effect of sagittal slope
errors are reduced, relative to the tangential errors, by a
factor that is on the order of the grazing incidence angle.
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FIGURE 3: Mirror twist correction with the DLTP. The sagittal slope
profiles of the mirror measured (a) before, and (b) after twist
correction.

For this reason, sagittal errors of this small magnitude, across
the illuminated width of the mirror, will have little impact on
focusing performance.

Note that when setting a set of KB mirrors for a beamline
at the OML, the mutual perpendicularity of the mirror
surfaces is aligned using the ZYGO GPI interferometer and
a 90° optical reference cube.

4. Precision Setting and Characterization of
the Mirror Benders

For optimally setting the mirror benders with a slope-
measuring profiler, the DLTP [14] or the upgraded ALS
LTP-II [15], we use an original procedure developed at
the OML and described in Refs. [16, 17]. The procedure
utilizes the near linearity of the bending problem. In this
case, the minimum set of data necessary for characterization
of one bender consists of three slope traces: (1) an initial
measurement, «;(x;), (2) measurement after adjustment of
the bending couple Cs by ACy4, a2(x;), and (3) measurement
after adjustment of the second bending couple Cp by
ACg, performed at Cy, as(x;). These three measurements,
and their differences, provide a complete experimental
characterization of the mirror benders, using the benders’
characteristic functions

. o (x;) — a1 (x;)
fA(xi) = 7ACA s
(1)

_ o3 (x;) — a1 (%)
fB(xi) = 7ACB

Using a method of linear regression analysis with exper-
imentally found characteristic functions of the benders,
a prediction for a slope trace ap(x;), which is the best
achievable approximation to the desired slope trace, and
the corresponding optimal bending couplings, C4 and C3
are calculated. With this method [16, 17], the characteristic
functions of the benders given by (1) can be used for retuning
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FiGURe 4: Characteristic functions of the test mirror benders
measured with the DLTP: for the left-hand-side (upstream) bender
(fa) and for the right-hand-side (downstream) bender ( f3). Springs
driven by Picomotors control the bending forces applied to the
mirror. For convenience and linearity, we measure the Picomotor
travel (in gm) directly, using an LVDT for feedback. Thus, the unit
here is slope/um of Picomotor travel.

of the optics to a new desired shape without removal from the
beamline and ex situ remeasuring with a slope profiler.

Figure 4 shows the characteristic functions of the test
mirror, measured with the DLTP. As a measure of the
bending couplings C4 and Cp, we use the readings from
the LVDT sensors, measuring the displacements of the two
Picomotor screws, in unit of ym. Note that the characteristic
function of the upstream bender A (Figure 1) has a higher
slope for the region closest to its bender; the opposite
(downstream) side of the mirror surface is significantly less
sensitive to the change of the bending coupling C,. Similarly,
the downstream bender B produces stronger curvature
bending of its adjacent region of the mirror surface.

Once the predicted values of the optimal bending
couplings (C% and C}) are set, the mirror is measured
once more to verify its shape. The inherent accuracy of
the procedure is limited only by the current accuracy and
precision of the OML slope measurements with the LTP-1I
and DLTP, which are close to 0.1 yrad.

Figure 5 shows the residual variation of the mirror
tangential slope and height after subtraction of the desired
elliptical shape. The variation, characterized with an rms
slope variation of 0.5 yrad, is mostly due to the systematic,
fourth-order, “bird-like” residual surface figure, with very
little higher spatial frequency variation. There are a few
sources potentially contributing to this figure error. As we
have mentioned in Section 3, the current mirror assembly
design does not allow for total compensation of the tension
effect [9]. Fabrication errors of the sagittal shape and the
thickness of the substrate are also possible.

Note that for the present investigation (unlike a beamline
focusing application), the presence of the figure error is even
useful for distinguishing a real change of the mirror shape
from measurement errors.

From numerical simulations presented elsewhere [34],
we also found the image distance may be slightly altered
(then the mirror rebent according to the optimal bending
techniques [16, 17]) to correct the residual fourth order
aberration, thus resulting in a overall better mirror shape.
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FIGURE 5: The residual variation of the mirror tangential slope after
subtraction of (a) the desired shape. (b) The corresponding height
trace obtained by a numerical integration of the slope trace.
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F1GUrk 6: The container and the experimental arrangement for the
LTP investigation of thermal effects with the bendable KB mirror.
The mirror faces upward.

5. Experimental Setup for Thermal Tests

A special container with variable inside temperature was
built for the LTP-II surface profile studies of the thermal
dependence of X-ray optics. The container, with the KB
mirror assembly inside, and the front side temporarily
removed for inspection, is shown in Figure 6, as it was
arranged for LTP-II measurements. The time constant for the
current setup is about 35 minutes. For a longer mirror with
larger bending mechanism, the time constant may vary.

The design of the container is based on a standard
Thorlabs breadboard enclosure with plexiglass walls and
feed-through panels on one of the sidewalls. For thermal

isolation from the environment, the outside surface of the
container is covered with self-adhesive thermal insulation
material. The temperature inside the container is controlled
with two actively stabilized Peltier elements. A temperature
controller is utilized to supply current (5 A maximum) to the
Peltier elements, connected in parallel, and to stabilize the
temperature inside the container. A temperature transducer
AD590, used as a feedback temperature sensor, is mounted
on a bracket of one of the Peltier elements. One more
temperature sensor, mounted in the center of the container
breadboard, is used for monitoring temperature inside the
container. A comparison of temperatures measured with
the two sensors provides a measure of the temperature
gradient. Test experiments with the container found that
the uniformity of inside temperature variation is less than
0.3 C when the temperature range is within 4 C of room
temperature.

For precise alignment of the upward-facing mirror with
respect to the LTP-II light beam, there are four fine height
adjusting screws placed at the corners of the container base
plate (Figure 6). The LTP-II scans the mirror surface through
an open, 200 mm (length) x 10 mm (width) slit, movable in
the sagittal direction.

6. Thermal Effect on The Mirror Surface Shape

Mirror shape measurements at different stable, environ-
mental temperatures were made with and without mirror-
thermal stabilization.

After setting and characterization with the DLTP, the
mirror was placed in the container mounted on the LTP-II
optical table. The first set of LTP-II tests with the mirror were
to investigate the mirror shape dependence on ambient tem-
perature, without mirror temperature stabilization. Between
shape measurements, a one hour time delay was given to
reach thermal equilibrium inside the container.

A precise reference measurement at room temperature of
21 C was carried out after resetting of the mirror shape to
the desired ellipse with the LTP. In order to suppress random
noise and the error due to setup drift, a measurement run
consisted of eight sequential scans performed according to
the optimal scanning strategy suggested in [35]. At the best
bent shape, the KB mirror’s residual rms slope error was
0.55 yrad (Figure 7). While this is slightly larger than for
the optimal bending obtained with the DLTP, the difference
may be due to the increased systematic error of the LTP
measurements due to the large distance between the LTP
optical head and the mirror surface (Figure 1). See also a
relevant discussion in [14].

Figure 7 summarizes the surface shape measurements
performed at different temperatures inside the container,
without mirror temperature stabilization. As the tempera-
ture within the container increases, the slope error of the
originally best bent mirror increases.

The primary cause of the increase is the difference of
thermal expansion of the mirror holder’s aluminum body
and the silicon mirror substrate (see Section 2). A simple
estimation based on 100 mm substrate length gives a thermal
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FIGURE 8: Temperature-induced surface slope change from a 4.2C
(25.2 C-21.0 C) temperature rise. The linear behavior represents a
defocus with an effective convex radius of 15.7 km (dashed line).

expansion difference of 10um at AT = 5C. The thermal
expansion contributes to the tension the mirror assembly,
leading to a change of the mirror shape.

Figure 8 shows the surface slope change due to thermal
effects at the extreme temperature of T = 25.2C within
the measurement series. The slope change is obtained
by subtracting the 21C reference slope trace from the
25.2 C trace. The mirror slope change from the increased
temperature has a linear form (cylindrical shape). Since the
surface slope is the first order derivative of the surface height
(sag), the linear difference slope term manifests as a focus
error that will displace the focus longitudinally or blur the
focal spot in a fixed image plane.

The measured curvature changes with changing temper-
ature are given in Table 2. As in Figure 8, linear fitting to the
slope trace differences are used for this measurement. The
table also provides the corresponding values of the rms slope
variation. To compensate the thermal effects, we can intro-
duce defocus to the focal plane; the corresponding necessary
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defocus and the RMS slope error after the compensation are
listed in Table 2 also.

Figures 9 and 10 present the data of the first two rows
in Table 2 in a graphical form. The linear dependences in
Figures 9 and 10 can be predicted based on the linearity of
the temperature dependence of thermal expansion and on
the linear character of the bending equation [9, 17]:

42
5 = Cagal®) + Caga(x), @)

where

2= (3-1) 1

(1 x 1
gs(x) = (§+ E)El(x)’
(3)

and C4 and Cp are the bending couples, E is Young’s
modulus, and I(x) is the moment of inertia of the substrate
cross section. The best-fit linear approximations

8Cur = —1.6(T — 21.0) x 10°m ™},
(4)
dSlope = [0.28 (T — 21.0) + 0.55] prad (rms),

are shown in Figures 9 and 10 with the dashed lines.

In summary, without thermal stabilization, we observe
a high sensitivity of the mirror shape to the ambient
temperature. Temperature variations by a few degrees causes
several micro-radians surface slope error: a magnitude that
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FiGURrk 11: The residual variation of the mirror tangential slope measured at different temperatures inside the container without adjusting
the bending couplings. The temperature controller attached to the bender body was set to constant 21.3°C. The traces correspond to the
sagittal center of the mirror. Unlike the previous case, with no active temperature stabilization (Figure 7), the mirror figure remains constant.
The increase of the random noise is due to the air convection that becomes stronger at higher temperature inside the container.

TaBLE 2: Mirror curvature change and RMS slope error corresponding to different container temperatures, relative to the initial 21 C state.
The corresponding focal change and residual RMS slope error (after compensation) are also given.

T (C) 21 21.7 22.2 22.5 23.1 23.5 23.9 24.3 24.8 25.2
curvature change (10> m™) 0 -1.81 -287 -257 -3.17 -43 =509 -517 =569 -6.36
rms slope error (urad) 0.55 0.70 0.97 0.87 1.00 1.27 1.41 1.47 1.60 1.74
required defocus compensation (mm) 0.00  0.10 0.17 0.20 0.25 026 0.28 0.30 0.35 0.40

rms slope error after defocus compensation (pyrad) 0.55  0.56

0.68 0.65 0.71 0.78 0.76 0.87 0.83 0.87

would be unacceptable for most applications. The following
section shows that the temperature sensitivity problem can
be solved using an active temperature stabilization of the
mirror body based on a Peltier element.

7. Effectiveness of the Mirror
Temperature Stabilization

To investigate the effectiveness of the thermally stabilized KB
mirror holder, a series of LTP measurements were conducted,
in a similar manner to those described in the previous
section. Using a dedicated Thorlabs temperature controller,
the mirror body temperature was set to 21.3 C.

Figure 11 summarizes the slope measurements con-
ducted at three different stable ambient temperatures. This
time, while the temperature within the container increased,

the slope error profile of the mirror remains unchanged.
The observable increase of the random error is an artifact
of the measurements associated with air convection along
the LTP optical path [36]. The larger temperature inside the
container, the stronger is the perturbation of the LTP light
beam direction due to air convection.

Figure 12 shows a surface slope change at T = 24.5C,
relative to the 21.3 C slope trace. Compared with the earlier
results, in Figure 8, the measurements with the thermally-
stabilized mirror assembly show a significant suppression of
the shape change effects.

8. Conclusions and Discussion

We have demonstrated that active temperature stabilization,
based on a Peltier element attached directly to the body
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FIGURE 12: Temperature-induced surface slope change with a 3.2C
(24.5C-21.3 C) increase in the ambient temperature. The dashed
line is a linear fit. Unlike the previous case without temperature
stabilization (Figure 8), here slope changes are not detectable within
a measurement uncertainty of 3 nrad/mm that corresponds to a
radius of curvature above 300 km.

of an elliptically bent KB mirror, provides mirror surface
shape stability under several degrees of ambient temperature
change. The design and the materials used in the mirror
assembly have been carefully optimized to provide high heat
conductance between the mirror body and its substrate.

Using a specially fabricated test mirror placed inside
a temperature-controlled container, we investigated the
thermal sensitivity of the mirror surface profile with and
without active control of the mirror holder temperature.
Without thermal stabilization, the rms variation of the
mirror slope, measured with an LTP across an 80 mm clear
aperture, changed by approximately 1.5urad (calculated
from the RMS residual slope error before and after the
maximum temperature change shown in Figure 7), under
a 4.2 C temperature increase. However, with active thermal
stabilization, in the presence of a 3.2 C temperature increase,
the mirror slope did not noticeably change, within our
measurement uncertainty, which is below 0.1 grad.

The KB mirror, described throughout this work, is
intended for use as a test X-ray optic at ALS beamline
5.3.1. The beamline endstation now under construction, is
dedicated to at-wavelength, in situ metrology of X-ray optics
[33, 34]. The test mirror’s measured residual surface figure
error of 0.5urad (rms) is relatively large when compared
with the mirrors of the same design currently in use at the
ALS beamline 10.3.2 and 12.3.2. We attribute this to the
fact that this is an older, spare substrate with a significant
sagittal width and/or thickness error. Contributions to the
figure error may also come from the residual stress due to
the imperfections of the mirror assembly. We are working
on an upgrade of the mirror design that would allow us to
significantly reduce the residual stress.

For the purposes of this investigation (separate from a
beamline focusing application), the presence of the figure
error is useful for distinguishing real changes of the mirror
shape from measurement errors. Similarly, when using the
mirror for testing at-wavelength metrology techniques, the
known, residual figure error is a useful particularity that
should be observable in the course of the metrology.
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Most of grazing incidence (reflective) X-ray imaging systems used in astronomy and in other (laboratory) applications are
based on the Wolter 1 (or modified) arrangement. But there were proposed also other designs and configurations, which are
considered for future applications for both in laboratory and (finitely) in space. The Kirkpatrick-Baez (KB) lenses as well as
various types of Lobster-Eye (LE) optics and MCP/Micropore optics serve as an example. Analogously to Wolter lenses, the X-rays
are mostly reflected twice in these systems to create focal images. The KB systems have already found wide usage in laboratory
and synchrotron, both application are reviewed and discussed in detail in this paper. While this paper focuses on future possible
applications of non-Wolter grazing incidence systems in space and astronomy, we also discuss in detail applications in other areas
of science, where (in contrary to astronomy) some of these systems have demonstrated their advantages.

1. Introduction

X-ray astronomy represents an important part of recent
astrophysics. Many scientific achievements of the last two
decades of X-ray astronomy are closely related to the use
of imaging X-ray telescopes. These telescopes achieve much
better signal/noise ratio than X-ray experiments without
optics—this allows, for example, the detection of faint
sources. The use of X-ray optics further allows imaging,
precise localization, photometry, spectroscopy, variability
studies, and estimation of physical parameters of X-ray
emitting regions (temperature, electron density, etc.). The
space experiments with X-ray optics are also well suited for
monitoring of X-ray sky for variable and transient objects
including X-ray novae, X-ray transients, X-ray flares on stars
and Active Galactic Nuclei (AGNs), galactic bulge sources,
X-ray binaries, SGRs (Soft Gamma Ray Repeaters), and
X-ray afterglows of GRBs (Gamma Ray Bursts). The X-
ray optics represents an important part of numerous past,
recent, and future space projects such as the European X-
ray Observatory Satellite (EXOSAT), the Roentgen Satellite
(ROSAT), Einstein, RT-4M Salyut 7, Fobos, the Advanced
X-ray Astrophysics Facility AXAF/Chandra, the X-ray Multi-

mirror Mission (XMM)/Newton, BeppoSAX, the Advanced
Satellite for Cosmology and Astrophysics (ASCA), and the
International X-Ray Observatory IXO.

In the laboratory, there are numerous applications of the
X-ray optics for example, in plasma physics, laser plasma,
synchrotron analyses, biology, crystallography, medicine,
material and structure testing, X-ray lithography, and so
forth. These applications will be reviewed in next sections
of this paper, when the various application areas of the
nonWolter X-ray optics will be described and discussed.

The alternative (to Wolter systems) X-ray imaging mir-
rors based on grazing incidence reflections were described
in the literature and have found numerous applications in
the laboratory, but their space and astronomy applications
are still marginal. We review and discuss these systems,
discuss their past and recent ground-based applications, and
discuss their possible potential for future X-ray astronomy
applications.

We give a brief introduction to the various types of graz-
ing incidence X-ray optics in Section 2, with emphasis on the
non-Wolter optical systems. In Section 3, the Kirkpatrick-
Baez systems (consisting a set of two orthogonal parabolas
of translation) are described and discussed in detail, for



both laboratory and space and astrophysical applications
(yet limited but with promising potential for the future). In
Section 4 the wide-field systems of Lobster Eye (LE) are in
detail described and discussed, with emphasis on prototypes
already designed, developed and tested. Both Schmidt and
Angel optics are discussed, as well as MultiFoil (MFO)
and MicroChannel Plate (MCP) approaches, including short
comparison and recent published results demonstrating the
measured performance. In Section 5 capillaries are intro-

duced and described.

1.1. Why X-Ray Optics? There are numerous applications in
space and in the laboratory where the X-rays imaging in is
required. Very essential is the use of X-ray optics in X-ray
astronomy and astrophysics since it improved the signal to
noise ratio, and hence much fainter and more distant objects
can be detected and investigated.

The grazing incidence reflecting X-ray lenses discussed in
this work reflect typically soft X-rays from the optical region
up to about 2-10keV, depending on the surface material
and on the angle of incidence. Since there were scientific
requirements to enlarge the working range toward the higher
energies, the recent efforts focus on various improvements
and additional surface layers such as multilayer’s to meet this
(13, 14]).

In astronomy and astrophysics, it was the use of imaging
X-ray telescopes based on grazing incidence X-ray optics
that opened a completely new window to the Universe and
has lead to great discoveries during the past decades. To
acknowledge these achievements, the Nobel Prize for physics
for the year 2002 was assigned to the Professor Riccardo
Giacconi who significantly contributed to the construction
of first astronomical X-ray telescopes in the 1960s and 1970s.

In this work, we focus on the non-Wolter grazing
incidence X-ray imaging systems.

1.2. The History of X-Ray Imaging. The X-rays were discov-
ered in 1895 by W. C. Roentgen. However, it took many
years to establish the nature of X-rays as electromagnetic
waves, and to find ways how to focus them. Essential was
the discovery that the X-rays are diffracted when passing
through a crystal (von Laue 1912 [16]). The second step for
focusing of X-rays was the finding that the X-rays can be
reflected from a polished surface at small (glancing, grazing
incidence) angles (Compton 1923 [17] and Ehrenberg and
Jentzsch 1929 [18]).

It is obvious that classical lenses and others optical
telescope designs cannot be used for X-ray focusing and/or
imaging, as X-rays are either absorbed or passed straight
through lens or mirrors. In addition, any single mirror X-
ray grazing incidence system suffers from severe astigmatism
(Jentzsch 1929 [19]). The first design of X-ray optics was
suggested by Kirkpatrick and Baez in 1948. The problem of
astigmatism was overcome with the use of 2 orthogonally
crossed mirrors, each providing 1D focusing. This led to the
production of the first 2D X-ray image. In the same year, the
experiment carried out by a V2 rocket discovered the Sun
being a bright source of X-rays (Burnight 1949 [20]). The
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further important step came in 1951, when German physicist
Hans Wolter (Wolter 1952 [1]) published his (different
from Kirkpatrick and Baez) idea of grazing incidence X-
ray mirrors. According to Wolter, a true X-ray image can
be formed by two grazing reflections on three various
parabolic/hyperbolic or parabolic/elliptic combinations of
coaxial and confocal mirrors. The Wolter design is now the
most widely one used in X-ray telescopes (e.g., EXOSAT,
ROSAT, Chandra, Newton, IXO, etc.).

As already mentioned, the first celestial object seen in X-
rays was Sun. However, the first X-ray image of the Sun was
not taken by a mirror, but with the use of a simple pinhole
camera (Chubb et al. 1961 [21], Byram et al. 1961 [22]). In
1962, a counter experiment on a sounding rocket discovered
the first nonsolar celestial X-ray sources, namely, the diffuse
X-ray background and the galactic source Scorpius X-1. In
1963, the first grazing incidence telescope of the Wolter
type was used to record the X-ray images of the Sun on a
photographic film (in the East, it was a similar experiment in
1978, also using sounding rocket, e.g., [23]). More advanced
X-ray mirrors having sub-arcmin resolution came with the
US space station Skylab in 1973. The station Skylab carried
two solar X-ray telescopes S-054 (Underwood et al. 1977
[24]) and S-056 (Underwood and Attwood 1984 [25], Thiel
et al. 1989 [26]) with fine angular resolution of a few arc
seconds. The images were recorded on the X-ray film, taking
the advantage of telescope being onboard of the manned
space vehicle.

After Skylab telescopes, the interest moved towards the
non-solar X-ray astronomy and astrophysics (e.g., [27]). The
application of focusing X-ray optics to X-ray astronomy
was first discussed by Giacconi and Rossi [28]. The most
commonly used system since then consists of two successive
conic sections of revolution (Magnus and Underwood, 1969
[29]).

The US Einstein observatory (HEAO-B) was launched in
1978, with a large nested (4 shells) X-ray imaging telescope
of a Wolter type I configuration. The detectors of this
telescope included the imaging proportional counter and a
high-resolution microchannel plate device. The European
EXOSAT satellite followed in 1983 with two identical mean-
aperture Wolter-type I telescopes was produced by unique
gold/epoxy replication. Also, the Soviet orbital station Salyut
7 carried similar imaging X-ray telescope RT-4M onboard,
with an epoxy replicated X-ray mirrors produced by our
group in the Czech Republic (Hudec et al., 1988 [30]).
The aperture (24 cm) was similar to those of EXOSAT and
the reflecting material was gold for the outer shell and
nickel for the inner shell. The progress continued with
German satellite ROSAT and recently with Chandra-AXAF
and XMM-Newton (with unprecedented collecting area of
XMM—the combined collecting area is 4,300 cm?>—and
angular resolution of AXAF —0.5 arcsec). Nowadays, future
large and advanced X-ray telescopes such as the IXO of the
European Space Agency ESA, American agency NASA, and
Japanese agency JAXA, or Astro-H by JAXA, are planned and
considered. There are numerous and various efforts for these
future technologies (e.g., Citterio et al. 2002 [31], Hudec et al.
2004 [32] and Hudec et al. 2006 [33]).
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Apart from these Wolter type imaging systems, other
types (non-Wolter) imaging elements based on grazing
incidence were proposed and discussed. The Kirkpatrick-
Baez mirror systems were flown several times on rockets; the
Lobster Eye modules (e.g., Hudec et al., 2003 [34]) are still
waiting for their space applications.

In parallel to space/astronomy oriented efforts, the X-
ray optics has been developed for various laboratory and
technology applications (e.g., sobelmen et al. 1990 [35]).
Many of these efforts originated from astronomical X-ray
optics developments and related techniques. More recently,
as we will show in this paper, the future astronomical
instrumentation can benefit from past developments of
non-Wolter X-ray optics for laboratory and other non-
astronomical applications. Recently available novel X-ray
optics substrates such as improved silicon wafers can be
favourably used in these systems, both laboratory and astro-
nomical.

In the Czech Republic, the efforts on design and devel-
opments of X-ray lenses and X-ray telescopes started in late
60ies as a part of the Interkosmos program and focused on
grazing incidence optics of various types (e.g., Hudec et al.
1981 [36], Hudec et al. 1984 [37], and Sobelman et al. 1990
[38]). Three main designs were investigated and supported,
namely Wolter, Kirkpatrick-Baez (KB), and Lobster (Hudec
et al. 1989 [39], Hudec et al. 1989 [40], Hudec et al. 1991
[41], Hudec et al. 1992 [42], Hudec et al. 1999 [43], Hudec
et al. 2000 [44], Hudec et al. 2001 [45], Hudec et al. 2003
[46], Hudec et al. 2004 [32] and Hudec et al. 2004 [47]).

2. The Various Types of X-Ray Optics

According to the physical processes involved in the imaging
process, one can divide the X-ray optics into the following
groups:

(i) diffractive optics (Fresnel lenses + pinholes): not
useful for space due to small apertures (albeit there
are recent considerations of applications of analogues
of refractive lenses based on mosaic crystals (Laue
lenses) in space gamma-ray astronomy),

(ii) refractive optics: limited use, not useful for space,

(iii) reflective optics, based on total reflection (grazing
incidence),

(iv) reflective optics, allowing normal incidence (multi-
layer’s).

In this work, we will concentrate on reflective X-ray
lenses (mirrors). The critical angle for total external reflec-
tion of X-rays from materials composed of heavy elements
(Henke et al. 1993 [48], and Hubbell et al. 1975 [49], Hubbell
etal. 1977 [49]) can be calculated as (Table 1)

Z 1/2
0. = 2.32 X 103(A"> A, (1)

TasLE 1: Critical angles 0, (mrad) for selected materials frequently
used to reflect X-rays in grazing incidence X-ray mirrors for two
selected energies Cu K, (8,0keV) and Mo K, (17.4keV).

Material Cu K, Mo K,
Ni 7.37 3.40
Au 9.96 4.59
Ir 10.75 4.96
Glass 4.07 1.88

where Z, A and p are the atomic number, atomic mass and
specific gravity, respectively, of the surface and A is the X-ray
wavelength in nm.

This gives a critical angle of about 1° for X-rays of a few
keV. For larger incidence angles, the mirrors will absorb the
X-rays. As already mentioned, the X-rays are reflected when
they incident on very smooth surfaces at glancing angles less
than the critical angle for total external reflection. However
the decrease in reflectivity is not sharp because of inherent
photoelectric absorption in the material as well as surface
roughness of the surface.

Table 1 lists the critical angles for various materials for
Cu K, and Mo K, radiation. Note that for example, the
critical angles for Mo K, are so small that it is very difficult
to construct reflecting collimators for Mo K, X-rays.

The critical angle, however, is in fact not sharply defined:
the reflectivity R drops off slowly from near-unity at a very
small glancing angle and the falloff is less sharp for heavy
elements than for light ones. The decrease in the reflectivity
is a function of the surface micro roughness; for the typical
X-ray imaging purposes, the rms roughness must be less
than 1...2 nm. Values of R as a function of 6, 6. and ¢ have
been computed using models of differing complexity (see
Sinha et al., 1988 [38]; Kopecky, 1995 [50]). The effects can
be computed by the Fresnel approximation (see Compton,
1935 [51]) and multiplied by a roughness factor y, =
exp — [(4706/1)*]. The requirement for grazing incidence
reflections leads to telescope designs that are different from
classical optical devices.

2.1. Wolter Optics. As seen in the previous sections, the
X-rays can be reflected only on smooth surfaces at very
small (typically less than 1 degree depending on surface
material and the energy range) angles, that is, at grazing
incidence. The suitable materials for the mirrors are the
metals with high density, such as gold, nickel, and platinum.
The reflection is nondispersive, that is, focusing of X-rays
is over a broad energy range. The most common type of
the grazing incidence optics is the Wolter optics (Wolter,
1952 [1]). Wolter designed an aplanatic system of X-ray
grazing incidence mirrors free of both spherical aberration
and coma, with the Abbe sine condition fulfilled (Figure 1).

As the Wolter optics is in detail described in other
papers in this volume, as well as in many other papers (e.g.,
Aschenbach 1985 [52]) it will not be described and discussed
in this paper. The Wolter optics constructed in the Czech
Republic is shown on Figure 2.
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FiGure 1: The schematics of Wolter X-ray lenses (according to
Wolter 1952 [1]).

2.2. Double-Cone Approximation of Wolter Optics. For some
applications, mostly those not requiring high angular res-
olution, the Wolter surfaces can be approximated by less
laborious and hence less expensive conical profiles. The
conical mirrors have lower imaging quality, but in many
cases larger collecting area since the shells can be made very
thin (Serlemitsos et al. 1997 [53]). These mirrors usually
represent high-throughput systems, and can be preferably
used in astronomical foil telescopes. The foil mirrors use thin
foils instead of (thicker) grazing incidence reflecting surfaces.
Examples of X-ray telescopes based on this approach are The
Broad-Band X-Ray Telescope (BBXRT), Suzaku, and ASCA.
In the case of ASCA, each of its 4 telescopes consists of
120 layers, while the Suzaku has about 180 shells in each
of the 5 telescopes. The drawback of these and similar foil
telescopes based on double conical arrangement is the spatial
resolution limited to (in best cases) about 1 arcmin. This is
also the case of the recent Astro-H telescope. More recently,
multipore silicon wafer optics has been proposed (Bavdaz
et al., 2004 [54]). It is based on conical approximation
but with very special arrangement resulting in very short
lengths of the surfaces and hence very small deviations from
parabolic and hyperbolic surfaces. As a consequence, such
systems could achieve fine angular resolution, of order of
10 arcsec.
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FIGURE 2: Replicated grazing incidence X-ray optics (various
technologies) designed and developed by our group in the Czech
Republic. The replication technology has been modified several
times to meet the dedicated requirements. The two black mirrors
are produced by carbon fibre technology.

Ficure 3: The arrangement of the Kirkpatrick-Baez X-ray objective
(according to Kirkpatrick and Baez 1948 [2]).

2.3. Conical, Ellipsoidal, and Paraboloidal Optics. These mir-
rors with only one reflection find most of their applications
in the laboratory either as collimating or focusing and/or
imaging elements.

2.4. Kirkpatrick-Baez (KB) Optics. Although the Wolter sys-
tems are generally well known, Hans Wolter was not the first
who proposed X-ray imaging systems based on reflection of
X-rays. In fact, the first grazing incidence system to form a
real image was proposed by Kirkpatrick and Baez 1948 [2].
This system consists of a set of two orthogonal parabolas
of translation as shown in Figure 3. The first reflection
focuses to a line, which is focused by the second surface to
a point. This was necessary to avoid the extreme astigmatism
suffered from a single mirror but still was not free of
geometric aberrations. Nevertheless, the system is attractive
for being easy to construct the reflecting surfaces. These
surfaces can be produced as flat plates and then mechanically
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FIGURE 4: Principle of Montel optics (a) and simulated intensity distribution in the focal plane when no apertures are used (b): shadow of
the mirrors (dark blue), direct rays (light blue), line foci (green) and focus point (red). Adopted from http://www.x-ray-optics.de/ [3].

bent to the required curvature. In order to increase the
aperture a number of mirrors can be nested together, but it
should be noted that such as nesting introduces additional
aberrations.

This configuration is used mostly in experiments not
requiring large collecting area (solar, laboratory). Recently,
however, large modules of KB mirrors have been suggested
also for stellar X-ray experiments.

2.5. Montel Optics. Montel optics (Montel 1957 [58]), also
known as “side-by-side” optics, consist of two mirrors
arranged perpendicular and side-by-side (Figure 4). The
mirrors are shaped like elliptic cylinders. In the case of a very
distant source or focal point, the incoming, respectively, out
coming rays are nearly parallel to the optical axis leading to
parabolic shaped cylinders as mirrors. Incoming rays hitting
one of the mirrors first and then the other one will be
redirected to the focus point. Some rays hit only one of
the mirrors resulting in a horizontal or vertical line focus
(Figure 4(b)). These rays, and the rays hitting none of the
mirrors have to be blocked by suitable shaped apertures at
the entrance and at the exit of the optics. This optics has
laboratory applications only.

2.6. Normal Incidence Optics. There is one exception for
the grazing incidence rule for reflecting X-rays mentioned
before, and that is the multilayer normal incidence optics.
This type of X-ray optics requires the multilayer deposition
on the mirror surface allowing its use under normal
incidence (e.g., Alford et al. 1995 [59]). The use of mul-
tilayer’s results in narrow spectral range and in the past
has been used mostly in solar experiments (TEREK Fobos,
TEREK KORONAS...) as well as in laboratory applications
(Schwarzschild microscopes, etc.). The normal incidence
systems are limited to soft X-rays because of the limitation
of multilayer’s.

2.7. Lobster Eye (LE) Optics. This optic mimics the arrange-
ments of eyes of lobsters and was suggested in the 1970s for
a very wide field X-ray imaging but not yet used in space
mostly due to severe manufacturing problems. Recently, the
first test modules have been available for both the Schmidt
and the alternative Angel configurations.

Images in the eye of a lobster are formed through
reflections off the internal walls of a lattice of small square-
sided tubes arranged over the surface of a sphere. This design
can be used in the construction of a grazing incidence system
to focus X-rays (Figure 5).

The X-ray objective based on the lobster eye was
proposed by Angel (1979 [60]), following a similar design
of a wide-field lens by Schmidt (1975 [53]). Each small
channel is aligned along the radius of a sphere. A ray
reflected twice off adjacent walls inside the channel is focused
onto a spherical focal plane. Rays reflected only once are
focused to a line causing background images to appear as
a tapered cross. Some rays go through the lens with no
reflections, contributing to diffuse background. The finite
size of the tubes produces specific defocusing in the image,
while the angle subtended by each tube at the focus limits
the resolution of the system.

Despite these drawbacks, the great advantage of this
design is an almost unlimited field of view (Gorenstein
1987 [61]). This makes it ideal for use as an all-sky X-ray
monitor (Priedhorsky et al. 1996 [62], Priedhorsky et al.
2000 [62], Fraser 2002 [63], and Fraser 2003 [64],). Up to
date, no X-ray telescopes have been launched using lobster-
eye optics, mainly due to difficulty in manufacturing of the
reflective tubes. However, improvements in multichannel
plate technology has led to a proposal for a lobster-eye X-
ray telescope could be placed on the International Space
Station (Fraser et al. 2002 [65]) and to an application on
BeppiColombo (Fraser et al., 2010 [66]), and the alternative
glass foil technology developed in the Czech Republic
has lead to the construction of several first telescopes
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FI1GURE 5: The Lobster-eye wide field X-ray imaging system (from http://www.src.le.ac.uk/lobster). (a) The real lobster eye, (b) the schema.

(Inneman et al. 1999 [67], Inneman et al. 2000 [68]). The
related efforts in the Czech Republic have started soon after
announcing the idea of lobster optics (Hudec et al., 1985
[69], Hudec et al., 2003 [70]).

2.8. Kumakhov (Polycapillary) X-Ray Optics. Another and
fully different type of X-ray optics is based on the fact that the
total external reflection also allows X-rays to be transmitted
through single straight or tapered hollow glass tubes in anal-
ogy to visible light fibre optics (Thiel et al. 1989 [26]). This
type of X-ray optic, based on an assembly of a large number
of hollow capillary tubes stacked together was invented by
Kumakhov (1990 [4]). In this type of X-ray lenses, the X-
rays incident on the interior of the tubes at small angles
(smaller than the critical angle for total external reflection) is
guided down the tubes by total external reflection (Figure 6).
Since the original proposal the technology to control X-

rays using systematic arrangements of glass polycapillaries
has developed significantly and depending on the specific
arrangement and application, X-ray beams can be focused
or divergent beams can be made quasiparallel.

Such arrays can control X-ray beams, such as collecting
divergent radiation from a point source, collimating and
focusing (Kumakhov, 1990 [4]). These X-ray optical systems
can collect divergent radiation from a point source over
a solid angle as large as one radian. Recently, capillary
optics can be operated from 1 to 60keV however, this
range is expected to be further extended. These systems find
applications in the laboratory but hardly in space telescopes
because they do not represent true imaging devices.

2.9. MCP X-Ray Optics. The MicroChannel Plates (MCPs)
also focus X-rays by reflection from the inside surfaces of
the channels. This is easy to visualise in the simplest possible
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Figure 8: The MCP optics as Wolter lens.

case of “point-to-point” focusing using an MCP with square
cross-section channels (Figure 7). Recently, a modified MCP
X-ray lens technology is called also X-ray MultiPore Optics.

The image is formed at the same distance from the plate
as the source and the picture can be extended into two
dimensions to allow focusing of a point source by an array
of square channels such as an MCP, with the rays reflected
twice. The MCP, however, focuses not every ray perfectly—a
ray can go straight through a channel without reflection, so
ending up either above or below the focus, causing a diffuse
halo around the image, like in the lobster eye X-ray lens.
Moreover, a ray can be reflected only once, so this ray will
be focused in one-dimension only and consequently ending
up somewhere along a line through the focus. This causes a
cross-like image centred on the focus. About one quarter of
the rays go into the “true” or point focus, one quarter into
each line focus and one quarter into the diffuse halo.

An important modification occurs if the MCP is slumped
to a spherical shape of radius Ryump, then it can be used to
focus parallel rays to a point and/or to generate a parallel
beam from a point source (Figure 8).

Front set of plates

40r at

focal plane

-~. Optical axis

FIGURE 9: The KB optics design studied for HEAO-A (Kast 1975
(5]).

Two MCP-based designs have been suggested and
exploited so far for the X-ray optics: the micro channel wolter
optics and the lobster optics (Peele et al. 1996 [76]). In the
first one, two MCPs are used as X-ray lenses, representing a
conical approximation of a Wolter lens (Wallace et al. 1985
[771).

3. Kirkpatrick-Baez X-Ray Optics

3.1. Kirkpatrick-Baez (KB) Telescopes. Two-dimensional X-
ray image with grazing incidence reflection was taken by a
Kirkpatrick-Baez system (Kirkpatrick and Baez 1948 [2]). It
was the first two-dimensional X-ray image ever obtained in
the laboratory. The configuration is shown in Figure 4. The
incident rays are focused to a line image by a parabolic sheet
mirror. If the rays are reflected a second time from a parabolic
surface oriented at right angle to the first one, a point-like
focus is achieved. This is correct for rays parallel to the centre
line of the parabolas. In order to increase the collecting area,
a stack of parabolas of translations constructed (Figure 9).
Whereas in the case of only one double plate system a
perfect focus for on-axis rays can be achieved, this is not
possible for a multiple plate arrangement, where the focus
remains perfect only along the projected direction of the
surface normal of the primary. The exact solution for the
intersection point with the focal plane of an arbitrary
incident ray is given in the paper by Van Speybroeck
et al. (1971 [78]). A detailed configurational analysis of the
multiplate Kirkpatrick-Baez system has been carried out by
Kast (1975 [5]).



As already mentioned, the Kirkpatrick-Baez (KB) X-
ray optics was actually the first X-ray optics suggested for
astronomical use.

Despite this fact, albeit some considerations and plans
occurred, the astronomical X-ray telescopes flown so far on
satellites mostly used the Wolter 1 type optics. However, it
was used in several rocket experiments in the past, and in
addition to that, it was proposed and discussed for several
satellite experiments. Different situation is in the laboratory
where KB systems are in frequent use, for example, at
synchrotrons.

In contrast to the single double-plate system, the image
of a point-like source starts to become increasingly extended
in size as the number of plates involved increases. Wolter
type I telescopes bend the incident ray direction two times
in the same plane whereas the two bending in Kirkpatrick-
Baez systems occur in two orthogonal planes, which for the
same incidence angle on the primary mirror requires a longer
telescope (Aschenbach, 2009 [79]).

3.2. KB-Early Stages. As already mentioned, Kirkpatrick and
Baez (1948 [2]) have proposed an arrangement of concave
mirrors to produce real images of extended objects with
incidence at small grazing angles. They have considered
both elliptical and parabolic profiles. The application in
construction of an X-ray microscope was proposed, as
well as focusing of electrons and other particles exhibiting
external total reflection. It is worth to mention that their
paper includes figures (and relevant discussion) with optics
arrangement based on two reflectors/reflections but also on
three of them.

The studies on focusing X-rays by mirror started already
before the first published KB paper (Kirkpatrick and Baez,
1948 [2]), for example, one should mention the work of
Ehrenberg (1947 [80]), who reported on efforts of formation
of X-ray line images by reflection of X-rays from a point
source at a gilded glass plate which had been bent to form
an appropriate circular cylinder.

3.3. KB Systems in Astronomical Applications. Fisher and
Meyerott (1966 [81]) have built another type of system with
one-dimensional focusing which is composed of reflecting
parabolas of translation that is, in a KB arrangement. A
KB system of one-dimensional (1D) focusing was flown
successfully in a sounding rocket by Gorenstein et al. (1971
[82]); during this flight, it was possible using the system to
reconstruct an X-ray image of the Cygnus Loop based on the
scans.

As an alternative to Wolter optics-based instruments, Van
Speybroeck et al. [83] designed several telescope KB config-
urations that focus the X rays with sets of two orthogonal
parabolas of translation. According to Van Speybroeck et al.
[83] the crossed parabola systems should find application in
astronomical observations such as high-sensitivity surveys,
photometry, and certain kinds of spectroscopy where a large
effective area is the most important factor rather than high
angular resolution.
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The design of a Kirkpatrick-Baez grazing-incidence X-
ray telescope was proposed and discussed by Kast (1975 [5])
for using to scan the sky and to analyze the distribution of
both properly reflected rays and spurious images over the
field of view. He has shown that in order to obtain maximum
effective area over the field of view, it is necessary to
increase the spacing between plates for a scanning telescope
in comparison to a pointing telescope. Spurious images are
necessarily present in this type of lens, but they can be
eliminated from the field of view by adding properly located
baffles or collimators.

X-ray telescopes suggested by Kirkpatrick and Baez (1948
[2]) have several advantages over other types of X-ray tele-
scopes for a general sky survey for low-energy X-ray sources.
Although their angular resolution for axial rays is worse if
compared with telescopes using successive concentric figures
of revolution, they can be constructed more easily and have
greater effective area [84], note that more recent papers give
different observations, see [85]. The design of Kirkpatrick-
Baez-type telescopes has been discussed by several authors
(e.g., Van Speybroeck et al., 1971 [84],Gorenstein et al., 1973
[86], Weisskopf. 1973 [87]), and results have been reported
from several experiments using one-dimensional focus from
a single set of plates (Gorenstein et al., 1971 [82], Catura
etal., 1972 [88], Borken et al., 1972 [89]).

These analyses were carried out during the (HEAO-A)
study of the large-area collector experiment for the High
Energy Astronomy Observatory, Mission A spacecraft. This
analysis was not specific to the HEAO-A instrument but can
be applied generally to any one- or two-dimensional tele-
scope of the Kirkpatrick-Baez type. The HEAO-A telescope
KB design consisted of four separate quadrants of nested
plates with a total aperture of about 75 X 75 cm and a focal
length of 6.55m, giving a ratio of half-aperture to focal
length of Yy/F = 0.057. The plate length was 41 cm giving
LIF = 0.063. The plate thickness ¢t was 0.18 cm giving a ratio
t/L = 0.0044. The detector had a square field of view of 20 by
20 mm (Kast 1975 [5]).

A method for optimizing the on-axis resolution of a KB
reflecting element was presented and shown to be effective
by Cohen (1981 [90]). Using the described procedure, the
location of each of the 175 support points can be determined
well by a computer assisted structural-optical software
package before the actual assembly of each telescope unit.
This automated procedure enabled to determine the optical
characteristics of an entire telescope module consisting of
seventy mirrors.

3.3.1. One-Dimensional KB System Used in Rocket Experi-
ments. One-dimensional, and later two-dimensional (full),
KB systems were flown in the past on several sounding
rockets in order to achieve X-ray images of various celestial
objects.

X-ray emission from the supernova remnant known as
the Cygnus Loop or Veil Nebula was observed using a one-
dimensional KB system in the energy range of 0.2 to 1keV
from an attitude controlled Aerobee 170 sounding rocket
that was launched on 26 June 1970 from the White Sands
Missile Range (Gorenstein et al., 1971 [6]).
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F1Gure 10: The one-dimensional KB optics used on rocket experiments (Gorenstein et al., 1971b [6]).
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FIGURE 11: Schematic view of the KB telescope rocket payload (Gorenstein et al., 1971 [6]).

For that time, it was a rather unique instrument sys-
tem, which focused X-rays by means of grazing incidence
reflection, with the demonstration of advantages of focus
compared to nonimaging systems used before, namely, better
angular resolution and an improved ratio of signal to noise
because the focused image is considerably smaller than the
collecting area. Hence, the detector can be small and less
influenced by cosmic ray effects.

The selection of KB optics was justified by the fact that
the achievement of large sensitivity and a large field of view
(FOV) was the main goal, not the angular resolution, due
to the fact that the observational time available on sounding
rockets in a scanning mode was very limited, to just few
minutes.

The instrument consisted of a KB type collector that
focused radiation in one dimension upon a multielement X-
ray detector in the focal plane (Figure 10). The collector (KB
module) had eight nested reflecting plates whose dimensions
were 20 by 40 cm and was symmetric about the central plane.
Each plate was curved slightly to approximate a parabola
in one dimension and focused to a common line. The
overall field of view of the instrument was 2 deg along the
direction of focusing and 9deg along the perpendicular
direction. The eight reflecting surfaces were commercial 1-
mm-thick float glass over coated with an evaporated layer
of 150 nm of chromium for improved X-ray reflectivity at
short wavelengths and were reinforced by a steel backing.
The focal plane detector was a pair of four-wire proportional

counters with a polypropylene entrance window of 1.3
microns.

Figure 11 shows a schematic view of the rocket payload
(Gorenstein et al., 1971 [6]). The plates were fabricated from
0.040 inch sheets of commercial float glass measuring 8 X
16inch. A 0.020 inch steel backing was bonded to the glass
with RTV adhesive for mechanical strength. Following a pro-
cedure used by the Columbia University group in a different
type of collector, a 150 nm layer of chromium was evaporated
onto the glass surface by a commercial manufacturer. The
resulting surface retains the original smoothness of the
glass and has improved reflection properties at the shorter
wavelengths. The reflecting plates were mounted inside of
an aluminium box and constrained to follow the correct
parabolic curves by a set of accurately placed contact pins at
the top and bottom. A serious limitation to most commercial
varieties of float glass available at that time was that although
the surfaces are smooth, they were not free of ripples, but
even then the instrument delivered valuable results.

3.3.2. Two-Dimensional KB Systems Used in Rocket Experi-
ment. After initial rocket experiments with one-dimensional
KB systems, a soft X-ray imaging system consisting of a
large area focusing (full, i.e., for two-dimensional imaging)
KB optics and a position sensitive proportional counter
was constructed for cosmic X-ray observations from a
sounding rocket (Gorenstein et al. 1975 [91]). It was the first
instrument obtaining non-solar celestial X-ray images.
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The focusing collector consisted of two successive arrays
of reflecting plates shaped in the form of nested parabolas.
The angular resolution of the system was 3/ over a field
of 1.50 degrees. The detector was a two-dimensional device
capable of a spatial resolution of about one millimetre for
photon energies exceeding 0. 25 keV.

As already mentioned, Kirkpatrick and Baez first pro-
posed the two successive orthogonal X-ray reflections from
slightly curved plates, which could be used to form X-ray
images. Van Speybroeck et al. [84] considered the optical
properties of a nested array of orthogonal parabolas of
translation that form images by this method. They derived
some general geometric relations for achieving optimum
resolution that are applicable to KB imaging devices. For
radiation on the axis, the resolutions theoretically perfect
in one dimension and only about a second of arc in the
other. For radiation off axis the resolution degrades as the
first power of the angle. In practice, alignment errors and
imperfections in the reflecting plates themselves have in
the reported KB case (Gorenstein et al., 1975 [91]) at least
resulted in resolution of a few minutes of arc everywhere
within the field of view.

One of the principal advantages of this design was that
commercially available float glass without further polishing
could be used as the reflecting surfaces. The fine polishing
is usually the most time consuming and costly process in
telescope construction if the float glass sheets are used, then
the polishing of reflecting surfaces is achieved essentially
without effort. Of course, considerable effort had to be
applied to the problems of forming the reflecting surfaces
into the correct geometry, but this was of a lesser magnitude.
The active glass surfaces were coated with 50nm of gold
stabilized by a 50 nm undercoat of chromium.

The reflecting plates in this experiment were housed
in a rectangular box 25 X 40 cm which was strengthened
by four support rings. The effective collecting area of
the device was determined by ray-tracing analysis using
previously measured values of X-ray reflectivity versus angle
of incidence. The angular resolution, about three minutes
of arc in this case, was determined by the extent to which
the authors succeeded in superimposing the images from the
various plates. The system had a focal length of 180 cm and
25 front (10" x 20" x 0.1"") and 18 rear (14.55"" x 20" x
0.1"") plates. The total geometric area was 1000 cm? and the
effective area 264 cm? for 4.4nm (Gorenstein et al., 1975

[91]).

3.4. KB as a Segmented Mirror. Segmentation can also
be applied, to the Kirkpatrick-Baez (KB) array of stacked
orthogonal parabolic reflectors (Figure 12). As shown in
Figure 13, a large KB mirror can be segmented into rect-
angular modules of equal size and shape (Gorenstein et al.,
1996 [7]). A segmented KB telescope has the advantage of
being highly modular on several levels. All segments are
rectangular boxes with the same outer dimensions. Along
a column, the segments are nearly identical and many
are interchangeable with each other. All reflectors deviate
from flatness only slightly. On the other hand, the Wolter
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FiGure 12: Kirkpatrick-Baez mirror consisting of orthogonal stacks
of reflectors. Each reflector is a parabola in one dimension
(Gorenstein et al., 1996 [7]).

reflectors are highly curved in the azimuthal direction and
the curvature varies over a wide range. Furthermore, within
a segment, the KB reflectors themselves can be segmented
along the direction of the optical axis (Gorenstein 1998 [92]).

3.5. KB in Astronomical Telescopes: Recent Status and Future
Plans. First attempt to create an astronomical KB module
with silicon wafers was reported by Joy et al. [93]. They
have constructed a test KB module based on new mate-
rial/substrate, namely, silicon wafers. The telescope module
consisted of 94 silicon wafers with diameter of 150 mm,
uncoated, with thickness of 0.72 mm. The device was tested
both in optical and X-rays, with measured FWHM of
150 arcsecs, dominated by large-scale flatness. It should be
noted that the surface quality and flatness of Si wafers
improved essentially over the time.

The recent efforts in future larger and precise imaging
astronomical X-ray telescopes require reconsidering both the
technologies as well as designs. The future large X-ray tele-
scopes require new light-weight and thin materials/substrates
such as glass foils and/or silicon wafers. Their shaping to
small radii, as required in Wolter designs, is not an easy task.
While the KB arrangements represent a less laborious and
hence less expensive alternative.

The use of KB arrangement for IXO project (the
proposed joint NASA/ESA/JAXA International X-ray Obser-
vatory) was suggested and investigated by Marsikova et al.
[8] and more recently by Willingale and Spaan, 2009
[85]. These investigations indicate that if superior quality
reflecting plates are used and the focal length is large,
angular resolution of order of a few arcsec can be achieved
(Figure 16). Recent simulations further indicate that in
comparison to Wolter arrangement, the KB optics exhibit
reduced on axis collecting area but larger field of view, at
comparable angular resolution (Willingale and Spaan, 2009
(85]).

Comparison of Wolter and KB optical arrangement
in astronomical X-ray telescope is summarized in Table 2
(Marsikova et al., 2009 [8]). Note that in order to achieve
the comparable effective area, the focal length of KB system
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TaBLE 2: Comparison of Wolter and KB optical arrangement in astronomical X-ray telescope (Marsikova, 2009 [8]).
KB W
Type of optics Parabolic-parabolic planar Parabolic-hyperbolic rotational
Number of reflections 2 2

Focal length aperture

First mirror

268 mm from axis

Numbers of mirrors 420
840
Length of substrate 300 mm
Material substrate Silicon
Surface Gold

20m — 913 X 913 mm
40m — 1826 X 1826 mm

134 mm from axis

10 m — dia 913 mm
20m — dia 1826 mm
134 mm from axis
268 mm from axis
394
788
300 mm
Glass
Gold
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FIGURE 13: A large KB mirror can be segmented into rectangular modules of equal size and shape (Gorenstein et al., 1996 [7]).
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FIGURE 14: The principle of KB MFO telescope (Marsikova, 2009 [8]).

is required to be about twice of the focal length of Wolter
system. The principle of MFO optics in KB arrangement is
shown in Figure 14.

We note a very important factor and that is the ease
(and hence, reduced cost) of constructing highly segmented
modules based on multiply nested thin reflecting substrates
if compared with Wolter design. While for example, the
Wolter design for IXO requires the substrates to be precisely
formed with curvatures as small as 0.25m the alternative

KB arrangement uses almost flat or only slightly bent sheets.
Hence the feasibility to construct KB module with required
5 arcsec FWHM at a affordable cost is higher than those for
Wolter arrangement.

The advanced KB telescopes based on MultiFoil Optics
(MFO) approach (X-ray grazing incidence imaging optics
based on numerous thin reflecting substrates/foils, for more
details, see [33]. The distinction between MFO and other
optics using packed or nested mirrors is that MFO is based



12

X-Ray Optics and Instrumentation

TaBLE 3: Basic parameters of MFO KB modules assembled in 2009 (Marsikova, 2009 [8]).

KB 001 KB 003 KB 004
Shape of substrates: Elliptic Parabolic Elliptic
Focal length [m]: 16 20 16
Aperture [mm]: 100 x 50 100 X 50 100 X 50
Number of profiles: 2 11 2
Number of substrates: 6 33 6
Size of substrates [mm]: 100 x 100 x 525 100 X 100 x 525 100 X 100 x 525
Surface: Au Au Au
Skeleton/house: Al Al Al

FiGure 15: Laboratory samples of advanced KB MFO modules
designed and developed at Rigaku Innovative Technologies Europe
(RITE) in Prague (Marsikova, 2009 [8]). A summary of KB modules
constructed so far is given in Table 3. The photograph shows the KB
003 module.

on numerous and very thin (typically less than 0.1 mm)
substrates. The following KB test modules were recently
designed and constructed at Rigaku Innovative Technologies
Europe (RITE) in Prague.

(1) Advanced technologies of Si substrates shaping were
investigated and developed. Suitable substrates for X-
ray mirrors are supposed to be Si wafers because of
their parameters.

(ii) Model based on raytracing (11 profiles)?.

(iii) Two sets of mirrors from Si chips 100 x 100 X
0.525 mm (Figure 15).

(iv) Total optics length 600 mm, aperture 40 X 40 mm.

3.6. KB Microscopes. Apart from astronomical telescopes,
there is a wide application of KB optics in various laboratory
applications. The X-ray microscopy represents one of most
important application.

McGee was the first who successfully demonstrated the
use of crossed spherical reflectors in an X-ray microscope
(McGee, 1957 [94]). Numerous applications and further
improvements of KB systems in X-ray microscopes appeared
in the following years. In this application, achievement of a
very fine angular and spatial resolution is the most important
goal.

3.6.1. Advanced KB Systems for X-Ray Microscopy. A full-
field hard X-ray microscope has the potential to observe
nanostructures inside relative thick samples that cannot be

observed by a transmission electron microscope. Conse-
quently, it promises to be a powerful tool in fields such
as material science and biology. The spatial resolution of a
full-field X-ray microscope with a Fresnel zone plate (FZP)
reaches 30 nm in the hard X-ray region. However, chromatic
aberration is an inevitable disadvantage of FZPs. To realize
achromatic hard X-ray imaging, an imaging system with
total-reflection X-ray mirrors is required. It is difficult to
develop an X-ray mirror imaging system that can form an
X-ray image with a sub-100 nm resolution. Wolter optics is a
promising imaging system, but, on the other hand, Wolter
optics that are sufficiently accurate to realize diffraction-
limited resolution have yet to be fabricated because it is very
challenging to figure an axially symmetric aspherical shape,
even using ultra-precision machining and measurements.
That is why Kirkpatrick-Baez (KB) optics was actively
studied for hard X-ray nanofocusing. Figuring elliptical
mirrors is comparatively easy because their shapes are nearly
planar; therefore, elliptical mirrors with a figure accuracy of
2 nm are feasible even using existing techniques. However, it
should be noted that an optical system containing only an
elliptical mirror cannot satisfy the Abbe sine condition and it
suffers from comatic aberration.

The KB system according to Kodama et al. [10], termed
advanced Kirkpatrick-Baez (AK-B) optics, consists of two
pairs of hyperbolic and elliptic mirrors as shown in Figure
18(a), which are called as the AK-B type I microscope.
The two dimensional configuration shown in Figure 18(b)
is similar to the Wolter type I microscope configuration.
The horizontal image is formed by the first and the fourth
mirrors, and the vertical image by the second and the third
mirrors. The combination of the hyperbolic and elliptic
mirrors corrects the astigmatism, and the two mirror pairs
can reduce the obliquity. In another configuration of the AK-
B (type II AK-B) the hyperbolic and elliptic mirrors were
alternated, that is, the horizontal image is formed by the first
and the third mirror and the vertical image by the second
and the fourth mirror. However, the type II configuration
generally has greater optical loss in the mirror assembly
than type I. The spatial response of the microscope has
been measured by X-ray backlighting a fine grid with laser-
plasma X rays. A spatial resolution of better than 3 nm was
reported with 2.5-keV X rays over the field of 800 nm at a
magnification of 25. This microscope was applied for laser
implosion experiments, resulting in high-resolution images
of the compressed cores.
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FIGUre 16: Comparison of focal images between KB and Wolter system (adopted from Marsikova, 2009 [8]). The upper 4 panels illustrate
the FWHM in arcsecs, the bottom 4 panels the focal peak intensity.
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FIGURE 17: An Advanced KB system with 4 mirrors according to [9].
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FIGURE 18: Schematic diagram of an AK-B microscope according to
Kodama et al., 1996 [10]: (a) arrangement of the mirrors, (b) cross
sections in the horizontal and the vertical planes.

However, AK-B optics containing four mirrors has to
be aligned with high precision. This challenge needs to be
overcome before AK-B optics can be utilized in practical
applications. Matsuyama et al., 2009 [9], studied mirror
alignment of AK-B optics with the goal of realizing a full-
field hard X-ray microscope with a resolution of better
than 100 nm. It is not currently known how accurately the
four mirrors need to be aligned. In the study performed
by Matsuyama et al., 2009 [9], the effect of one elliptical
mirror and one hyperbolic mirror being misaligned on image
quality was calculated using a wave-optics simulation. Based
on these results, Matsuyama et al., 2009 [9], proposed a four-
mirror alignment procedure for AK-B optics (Figure 17).

The mirrors for the AK-B microscope were made of
fused-silica substrates. The surface figure of each mirror was
measured with a Zygo interferometer. The deviation of the
figure from a perfect surface (ether elliptic or parabolic)
was less than 625nm. Taking into account the measured
deviations of all the mirrors in a ray-trace calculation, the
spatial resolution of the AK-B was found to be degraded
by less than 0.7nm (the half-width of the point-spread
function) at the centre of the field of view.

3.6.2. Scanning X-Ray Fluorescence KB Microscopes. A scan-
ning X-ray fluorescence microscope (SXFM) is an imaging
tool with which the element distribution of a sample can be
visualized using X-ray fluorescence generated by the focused
hard X-ray irradiation of the sample. Because the excitation
beam consists of hard X rays, there is no need to install
samples under vacuum. In this microscopy, spatial resolution
and sensitivity depend on, respectively, beam size and photon
flux. In the sensitivity point of view, the combination of
a synchrotron radiation source, which can generate the
brightest X-ray, and KB mirrors, which have high focusing
efficiency, is one of the most powerful focusing systems
for a SXFM. In terms of spatial resolution, the previous
reports regarding hard X-ray nanofocusing suggested that
KB mirrors enable us to obtain a nanobeam having a full
width at half maximum FWHM of better than 40 nm. Owing
to achromatic focusing using total reflection on a mirror
surface, we can select the most efficient energy of X rays for
various samples and experimental conditions.

An example of a high-spatial-resolution scanning X-
ray fluorescence microscope (SXFM) using Kirkpatrick-
Baez mirrors was developed and reported by Matsuyama
et al.,, 2006 [8]. As a result of two-dimensional focusing
tests, the full width at half maximum of the focused
beam was achieved to be 50 x 30nm? under the best
focusing conditions. The measured beam profiles were in
good agreement with simulated results. Moreover, beam size
was controllable within the wide range of 30-1400 nm by
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Detector

FIGURE 19: Scheme of the tomography setup using the divergent
beam produced by Kirkpatrick-Baez optics (Mokso et al., 2007
(11]).

F1Gure 20: The modular K-B micro focusing mirror system is tested
to mount on the 1400 rotatable CF flange (Chen et al., 2001 [12]).

changing the virtual source size, although photon flux and
size were in a tradeoff relationship. To demonstrate SXFM
performance, a fine test chart fabricated using focused ion
beam system was observed to determine the best spatial
resolution. The element distribution inside a logo mark of
SPring-8 in the test chart, which has a minimum line width
of approximately 50-60 nm, was visualized with a spatial
resolution better than 30 nm using the smallest focused X-ray
beam, demonstrating the superior performance of KB optics.

3.7. KB in X-Ray Tomography. The improvement of spatial
resolution triggered by a broad spectrum of materials science
and biological applications is one main driving force toward
innovative designs and techniques in imaging technologies
that provide three-dimensional 3D information about the
sample in a nondestructive manner (Mokso et al. [11]). X-
ray tomography is the oldest among them and still evolving.
The use of Fresnel zone plates as objective lens has brought
resolutions in the 100 nm range and is most applied in the
soft X-ray regime for the study of thin and light materials
such as single cells. The emerging field of coherent diffraction
imaging, based on phasing a coherent Fraunhofer diffraction
pattern, is expected, in the 3D imaging of tiny isolated
objects, to overcome the resolution limit set by the X-
ray optical devices. A drawback of the improved spatial
resolution is the corresponding decrease in field of view
and sample size. Larger, millimetre-sized samples can be
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(b)

FIGURE 21: The schematic arrangement of the Lobster Eye type X-
ray optics (a) with real image of the Schmidt objective prototype in
optical light (b left) and distribution of intensity on the focal sphere
for a point-line source (computer ray-tracing, b right).

FIGURE 22: The schematic arrangement of the Lobster Eye type X-
ray optics used for simple equations derivation (Sveda, 2003 [15]).

investigated in 3D with parallel beam synchrotron radiation
micro tomography, but in this case, the resolution is limited
by detector technology to slightly better than 1 nm.

A projection microscope that bridges the gap in terms of
resolution and specimen size between these nanoscale and
micro scale 3D imaging methods was suggested by Mokso
et al., 2007 [11]. It is based on state-of-the-art focusing of
hard X rays characterized by a large penetration power and
depth of focus. This allows exploring nondestructively in a
three-dimensional manner bulk material at the nanoscale.
The high flux makes it adapted to fast imaging for dynamical
studies. Further improvement of spatial resolution does not
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necessarily imply a reduced efficiency as it is the case for
imaging with Fresnel zone plates and high-resolution detec-
tors. In the original tomography setup sketched on Figure 19,
bent-graded multilayer’s set in the Kirkpatrick-Baez (KB)
geometry focus undulator radiation to a spot below 90 nm
in both directions. The focusing device generates a spherical
wave illumination of the sample.

3.8. KB Systems for X-Ray Microprobes. A synchrotron X-
ray microprobe having a submicron beam size based on
the Kirkpatrick-Baez configuration was designed and con-
structed by using synchrotron radiation from a multiple
wiggler for example, at the Photon Factory (Iida and Hirano,
1996 [95]). The described X-ray microprobe system is usable
for spectroscopic and diffraction experiments. Though it
is apparent that the X-ray microprobe technique will be
more effectively developed using a third-generation low-
emittance synchrotron light source, the described sub-

micron system is practically useful for material characteriza-
tion, considering the deep X-ray penetration depth and the
difficulty in preparing extremely thin samples. Furthermore,
the improved Kirkpatrick-Baez optics will attain the higher
photon flux and the smaller beam size with the third-
generation undulator radiation.

A K-B mirror system for microprobe was designed by
Chena et al. [12], to achieve a spot size of 6.7 X 2.9 mm?
and a gain of 6.2 X 10® in the EPU beam line, based
on the following considerations: gain, efficiency, and focal
spot size. This mirror system, which contains a sixth order
polynomial corrected cylindrical horizontal micro focusing
mirror (HMFM) and an eight-order polynomial vertical
micro-focusing mirror (VMFM) can accumulate and micro
focus the undulator source into a nearly perfect point image.
Two 17-4PH stainless steel bent K-B mirrors with the
monolithic flexure-hinge and modular mounting designs
have the following features: (1) compact and modular
fabrication, (2) stability of bending mechanism without
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backlash, (3) appropriate for X-ray microfocusing system
when mirrors have the central radii of curvature less than
10 m, and (4) modular and independent.

X-ray microbeam optics capable to achieve micron spa-
tial resolution and high focusing gain has received consider-
able interest. Microfocusing photon beam of any wavelength
mainly on free optical principles: reflectivity, refractivity, and
diffraction. Fresnel zone plate accurately represents X-ray
microbeam optics according to the diffraction. By applying
lithography and deposition techniques, a feasible zone plate
in which the outmost zone has a width of about 20 nm can
microfocus the X-ray of synchrotron radiation into a beam
spot size of few 10 nm with efficiency exceeding 10%. The
compound refractive lenses that are fabricated from low-Z
materials setup as a linear array of lenses have focal spots of
few microns for a hard X-ray range.

Both K-B mirror system and tapered capillary optics
can focus photon beams to achieve submicron spatial
resolution based on the reflectivity. Selecting appropriate X-
ray microbeam optics involves considering the focal spot
size, photon energy range, photon flux density, efficiency,
and divergent angle. For X-ray scanning experiments, the
focal spot size must be as small as possible to achieve spatial
resolution. However, transmission image experiments prefer
the photon flux density to the spot size so that a few micron
focal spots are acceptable. Microfocusing systems in the EPU
beam line of Synchrotron Radiation Research Centre (SRRC)
that exploit the merits of microbeams for transmission image
experiments in soft X-ray range were designed according
to the primary consideration: photon flux density (Chen
et al., 2001 [12]). Therefore, K-B focusing mirror systems
was adopted to achieve the microfocusing function and
maintain their higher efficiency and no chromatic aberration
in contrast to Fresnel zone plates (Chen et al., 2001 [12]).
To satisfy the strict requirements of X-ray microbeam optics,
two high order polynomial corrected cylindrical mirrors,
HMFM and VMEM, based on the K-B design were designed
to focus the X-ray beam with nearly no aberration and then
demagnify it onto a micron image (Figure 20).

3.9. Application of KB for Neutron Focussing. As shown, for
example, by Ice at al., 2005 [96], Kirkpatrick-Baez neutron
supermirrors can efficiently focus neutron beams into small
areas with a maximum divergence that is limited by the
mirror critical angle. The size of the focal spot is primarily
determined by geometrical demagnification of the source
and by figure errors in the mirror shape. Ray-tracing calcu-
lations show that high-performance Kirkpatrick-Baez super
mirrors can preserve neutron-source brilliance when focus-
ing down to tens of microns and can focus approximately two
orders of magnitude greater power into 100 microns than
it is practical without focusing. The predicted performance
is near the theoretical limit set by the source brilliance. Ice
et al. [96], described the phase space arguments, ray-tracing
calculations and actual performance of an M3 super mirror
system designed to produce a focal spot below 100 microns.
Although their design was optimized for neutron polychro-
matic micro diffraction, the design principles are certainly
widely applicable to a range of neutron science.
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FIGURE 24: The X-ray reflections on the Schmidt X-ray lens.

4. Lobster-Eye Wide-Field X-Ray Optics

4.1. Introduction. The principle of lobster-eye type wide-
field X-ray optics was published by Angel (Angel, 1979
[60]). The full lobster-eye optical grazing incidence X-ray
objective consists of numerous tiny square cells located on
the sphere and is similar to the reflective eyes of macruran
crustaceans such as lobsters or crayfish (Figures 21 and 23).
An alternative arrangement was proposed by Schmidt 1975
[97] (Figures 21 and 22). Both these arrangements will be
discussed in detail later.

The wide-field mirror modules offer advantageous appli-
cation in astrophysics. The major scientific achievements of
the X-ray astronomy in the past are closely related to the
use of large X-ray imaging telescopes based mostly on the
Wolter 1 X-ray objectives. These systems usually achieve
excellent angular resolution as well as very high sensitivity,
but are quite limited in the field of view available, which is
less than 1 degree in most cases. However, the future of X-
ray astronomy and astrophysics requires not only detailed
observations of particular triggers, but also precise and
highly sensitive X-ray sky surveys, patrol and monitoring.
The recently confirmed X-ray counterparts of Gamma Ray
Bursters (GRBs) may serve as an excellent example. For
recently in detail investigated GRB with precise localization
accuracy, in almost all cases variable and/or fading X-ray
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(a)

(®)

FiGure 25: (a) The Schmidt objective test module, 100 x 80 mm plates. (b) Optical tests of the Lobster eye objective from the (a).
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FIGURE 26: X-ray focal images of the Schmidt telescope prototype from Figure 25(a) at 1.5 nm taken in collaboration in the test facility of

the X-ray astronomy group, University of Leicester, UK.

counterparts/afterglows have been identified. The X-ray
identification of GRBs has lead to great improvements in
study and understanding of these sources and especially has
allowed identifications at other wavelengths due to better
localization accuracy provided in X-rays if compared with
gamma ray observations. Since most of GRBs seem to
be accompanied by X-ray emissions, the future systematic
monitoring of these X-ray transients/afterglows is extremely
important. However, these counterparts are faint in most
cases, hence powerful wide field telescopes are needed. An

obvious alternative seems to be the use of wide field X-
ray optics allowing the signal/noise ratio to be increased if
compared with nonfocusing devices. The expected limiting
sensitivity of lobster eye telescopes is roughly 10712 erg=2 57!
for daily observation in soft X-ray range. This is consistent
with the fluxes detected for X-ray afterglows of GRBs.
Furthermore, the wide field X-ray telescopes may play an
important role in monitoring of faint variable X-ray sources
to provide better statistics of such objects (note, e.g., the
occurrence of two faint fading X-ray sources inside the
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FIGURE 27: Intensity distribution in the focal plane (40 x 40 mm
detector) according to mathematical ray-tracing for the identical
test module and test arrangement as given above; the microrough-
ness of reflecting surfaces are assumed to be 1 nm.
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FiGure 28: Tapping AFM images of the surface of the double-sided
X-ray reflecting flats taken in collaboration in the test facility of
the Astronomical Observatory in Brera, Italy—the resulting micro
roughness RMS is 0.3 nm.

gamma ray box of GRB970616) as well as in other fields of
X-ray astrophysics. The recent hunting for faint fading X-ray
afterglows of GRBs has indicated that there is a large number
of faint and/or variable X-ray sources worth of detailed study.
The wide field lobster eye telescopes are expected to play
an important role in future X-ray astrophysics missions and
analyses. The advanced prototypes of lobster eye optics mod-
ules of various sizes and various arrangements confirm the
justification of space applications of these innovative devices.
Both very small (3 X 3mm based on 0.03 mm foils spaced
at 0.07 mm) and large (300 X 300 mm based on 0.75 mm
foils spaced at 10.8 mm) LE Schmidt prototypes have been
designed, developed and tested. Advanced technologies for
additional surface layers have been investigated as well.
There have been many attempts to increase slightly the
available wide field coverage of Wolter and analogous X-ray
telescopes. To avoid any confusion, we suggest restricting the
term “wide-field X-ray optics” only for optical systems with
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field of view >>1 degree while to use the term “narrow-field
system” for systems with FOV <1 degree.

The angular resolution is a function of spacing between
the reflecting plates and focal length. In Schmidt arrange-
ment, the Lobster Eye consists of plates of thickness ¢, depth
d (Figure 22). Spacing between plate planes is s, focal length,
radius r, focal point F, 5 the angle between optical axis and
focused photons in time of detection. Beam A (Figure 22)
shows the situation, where the plate is fully illuminated and
the crossection of the plate is maximal (effective reflection).
Beam B is the last beam that can be reflected into the focal
point. Each beam, which is further from the optical axis,
reflects more than once (critical reflection). If reflected twice
from the same set of plates, photon does not reach the
focal point and continues parallel to the incoming photon
direction (Sveda 2003 [15]).

Ift s < d < f we can derive the following simple
equations (Sveda 2003 [15] Inneman 2001 [98]), where « is
the estimate of the angular resolution

,
f=5

(2)
B. = 2bE,

2s s
a6 ~— =—

r f
Detailed ray tracing simulations were performed for the LE
modules designed and developed, for more details, see for,
example, [15].

4.2. Schmidt Objectives. The lobster-eye geometry X-ray
optics offers an excellent opportunity to achieve very wide
fields of view. One-dimensional lobster-eye geometry was
originally suggested by Schmidt (Schmidt, 1975 [53]), based
upon flat reflectors. The device consists of a set of flat
reflecting surfaces. The plane reflectors are arranged in an
uniform radial pattern around the perimeter of a cylinder of
radius R. X-rays from a given direction are focussed to a line
on the surface of a cylinder of radius R/2 (Figure 24). The
azimuthal angle is determined directly from the centroid of
the focused image. At glancing angle of X-rays of wavelength
1 nm and longer, this device can be used for the focusing of
a sizable portion of an intercepted beam of X-ray incident in
parallel. Focussing is not perfect and the image size is finite.
On the other hand, this type of focusing device offers a wide
field of view, up to maximum of half sphere with the coded
aperture. It appears practically possible to achieve an angular
resolution of the order of one tenth of a degree or better.
Two such systems in sequence, with orthogonal stacks of
reflectors, form a double-focusing device. Such device should
offer a field of view of up to 1000 square degrees at moderate
angular resolution.

It is obvious that this type of X-ray wide field telescopes
could play an important role in future X-ray astrophysics.
The innovative very wide field X-ray telescopes have been
suggested based on these optical elements but have not been
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FIGURE 29: (a) The mini-Schmidt objective test modules based on two sets of 60 23 x 23 mm flats, 0.1 mm thick used for X-ray tests illustrated
on Figures 31(a)-37). (b) The front view of the mini-Schmidt objective test module from (a).

flown in space so far (e.g., Gorenstein 1979 [99]). One
of the proposals is the All Sky Supernova and Transient
Explorer (ASTRE). This proposal also includes a cylindrical
coded aperture outside of the reflectors, which provide
angular resolution along the cylinder axis (Gorenstein 1987
[61]). The coded aperture contains circumferential open slits
I mm wide in a pseudorandom pattern. The line image is
modulated along its length by the coded aperture. The image
is cross-correlated with the coded aperture to determine the
polar angle of one or more sources. The field of view of
this system can be, in principle, up to 360 degree in the
azimuthal direction and nearly 90% of the solid angle in the
polar direction. To create this mirror system, a development
of double-sided flats is necessary. There is also potential for
possible extending the wide field imaging system to higher
energy by the use of multilayer or other coatings in analogy
to those described for flat reflectors in the Kirkpatrick-Baez
geometry.

First lobster-eye X-ray Schmidt telescope prototype
consisted of two perpendicular arrays of flats (36 and 42
double-sided flats 100 x 80 mm each). The flats are 0.3 mm
thick and gold-coated (Inneman et al. 2002 [100], Inneman
et al. 2002 [101]). The focal distance is 400 mm from the
midplane. The FOV is about 6.5 degrees (Figures 25(a) and
25(b)). The results of optical and X-ray tests have indicated
the performance close to those provided by mathematical
modelling (ray-tracing). The X-ray test has been carried out
in the test facility of the X-ray astronomy group, University of
Leicester, UK (Figure 26). Another test modules of Schmidt
geometry have been designed and developed, based on
0.1 mm thick gold-coated glass plates 23 X 23 mm at 0.3 mm
spacing. The aperture/length ratio is 80. 60 such plates
represent one module. Two analogous modules represent
the 2D system for laboratory tests, providing focus to focus
imaging with focal distances of 85 and 95 mm. The innova-
tive gold coating technique has improved the final surface
micro roughness rms to 0.2-0.5nm (Figure 28). Various
modifications of this arrangement have been designed both
for imaging sources at finite distances (for laboratory tests) as
well as of distant sources (the corresponding double-focusing

array has f = 250mm and FOV = 2.5deg). In parallel,
numerous ray-tracing simulations have been performed,
allowing comparing theoretical and experimental results
(Figures 27 and 29(b)).

Later on another test lobster eye modules have been
constructed and tested both in visible light and in X-rays.
As an example, we show X-ray test results for the mini-LE
module. These results illustrate in detail the on-axis and off-
axis imaging performance of the LE module tested.

The module is shown on Figure 29(a) and the test results
including the experiment arrangement are in Figures 32(b)
to 33, 34, 35, 36, and 37 Figure 31(b) and 32(a) show the X-
ray measurement results of micro-LE X-ray module shown in
Figure 45. For review of LE modules designed, constructed
and tested see Table 4. The X-ray tests on coated flats used
in LE modules as reflectors are illustrated in Figures 30 and
31(a). The largest LE module maxi is shown in Figure 42 and
the example of optical imaging test is in Figure 43.

All test experiments of the mini-LE schmidt module
(illustrated on Figure 29(a)) in 31(b)-36(b) were done with
the microfocus X-ray tube (Bede microsource, Cu anode,
40kV, 100 microamp) and the X-ray CCD Digital Camera
(Reflex X16D3, 16 bit, DN > 30000, 512 x 512 pixels, Back
[lluminated CCD chip SITe, direct exposure).

4.3. Angel Objectives. Besides the Schmidt objectives de-
scribed above, there is also an alternative based on slightly
different arrangement, sometimes referred as two-dimen-
sional lobster eye optics. The idea of two-dimensional
lobster-eye type wide-field X-ray optics was first mentioned
by Angel (Angel, 1979 [60]). The full lobster-eye optical
grazing incidence X-ray objective consists of numerous tiny
square cells located on the sphere and is similar to the
reflective eyes of macruran crustaceans such as lobsters. The
field of view can be made as large as desired and good
efficiency can be obtained for photon energies up to 10 keV.
Spatial resolution of a few seconds of arc over the full field
is possible, in principle, if very small reflecting cells can be
fabricated at long focal lengths.
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FiGure 30: Intensity distribution in the focal plane (15 X 15 mm detector) for the 23 X 23 mm Schmidt objective, mathematical raytracing

for micro roughness rms = 1 nm and wavelength = 1 nm.

The arrangement described above was, however, not been
turther developed for a long time because of difficulties with
production of numerous polished square cells of very small
size (about 1 X 1 mm or smaller at lengths of order of tens of
mm).

The early feasibility studies have shown that this demand
can be also solved by electroformed replication and first
test cells as well as objective prototypes have been already
successfully developed in this way. The recent approach is
based on electroforming and composite material technology
to produce identical triangular segments with square cells
while these segments are aligned in quadrants onto a sphere.

The first Angel-developed telescope prototype consists
of linear arrangement of 47 square cells of 2.5 X 2.5mm,

120 mm long (i.e., length/size ratio of almost 50), with focal
length of 1.3 m (Figures 38, 46(a), and 46(b)). The second
Angel telescope prototype is represented by an array of
6 % 6 that is, 36 square cells, 2.5 X 2.5mm each, 120 mm
long, focus and length/size ratio as above. Both of these
prototype modules have been produced and tested already.
The microroughness of the inner reflecting surfaces is better
than 1nm. The third prototype was also finished, and
consists of 2 X 18 perpendicular arranged cells 2.5 X 2.5 mm,
120 mm long (Figure 40(a)).

An innovative technique of production of 120 X 120 mm
sized modules consisting of large number of 3 X 3 mm cells,
120 mm long, is also under development (for related possible
arrangement, see Figure 39).
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FIGURE 31: (a) The X-ray reflectivity measurements of 0.1 mm float glass plate (used in the 23 x 23 mm Schmidt objective). Au/NiCr layers
coated the reflecting surfaces. (b) The X-ray reflectivity measurements for BOROFLOAT 1.1 mm thick flat sample (with no additional layers).

FiGuURre 32: The Micro source X-ray test facility at Rigaku, Prague (a) and the X-ray image of a 10 micron source at 8 keV detected by X-ray
CCD camera (b) in the focal plane of the 3 X 3 mm micro Schmidt objective, the image area is 2.5 X 2.5 mm.

TABLE 4: Parameters of the LE Schmidt lenses designed and developed in the Czech Republic.

Sized  Plate thicknesst Distancea Length!  Eff. angle Focallength f Resolutionr Field of view Energy
Modul : .

(mm) (mm) (mm) (mm) all (mm) (arcmin) ) (keV)
macro 300 0.75 10.80 300 0.036 6000 7 16 3
midle 80 0.3 2 80 0.025 400 20 12 2
mini 1 24 0.1 0.3 30 0.01 900 2 5 5
mini 2 24 0.1 0.3 30 0.01 250 6 5 5
micro 3 0.03 0.07 14 0.005 80 4 3 10
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(b)

FIGURE 33: (a) The focal image of the mini-LE Schmidt (see also Table 4) objective 23 X 23 mm, at 8 keV. X-ray tests were carried out at
Rigaku, Prague. (b) The mini-LE Schmidt module X-ray focal spot image, another detector position angle.

4.4. Materials for Lobster Eye Lenses. In general, there is
growing need for large segmented X-ray foil telescopes
of various geometry and geometrical arrangements. This
includes the large modules of the Wolter 1 geometry (e.g.,
assumed for the future ESA/NASA/JAXA X-ray astronomy
mission IXO), the large Kirkpatrick-Baez (further referred as
KB) modules (as they can play an important role in future X-
ray astronomy projects as a promising and less laborious to
produce alternative) as well as the large lobster eye modules
in the Schmidt arrangements. Although these particular
X-ray optics modules differ in the geometry of foils/shells
arrangements, they do not differ much from the point of
the view of the foils/shells production and assembly, and also
share all the problems of calculations, design, development,
weight constraints, manufacture, assembling, testing, and so
forth. It is evident that these problems are common and
rather important for majority of the large aperture X-ray
astronomy space projects. All the space projects require light
material alternative (e.g., Hudec et al. 2001 [45]).

We have developed the various prototypes of the above-
mentioned X-ray optics modules based on high quality X-
ray reflecting gold coated float glass foils (Figure 41, Hudec
et al.,, 2000, [45]). Alternative substrates were also tested
(Gorenstein et al. 1996 [7]). The glass represents a promising
alternative to widely used electroformed nickel shells, the
main advantage is much lower specific weight (typically
2.2 gem 3 if compared with 8.8 gem ™ for nickel). However,
the technology needs to be further exploited and improved
in order to achieve the required accuracy. For the large
prototype modules of dimensions equal or exceeding 30 x
30 X 30 cm, mostly glass foils of thickness of 0.75 mm have
been used for these large modules, although in future this
thickness can be further reduced down to 0.3mm and
perhaps even less (we have successfully designed, developed

and tested systems based on glass foils as thin as 30 microns,
albeit for much smaller sizes of the modules, see Figure 45).

The requirement of minimizing the weight of future large
X-ray space telescopes and at the same time achieving huge
collecting areas means that the future large astronomical
mirrors have to be based on thin X-ray reflecting foils that
is, thin layers with low weight which can be easily multiply
nested to form the precise high throughput systems (Figures
44(a), and 44(b)). Below, we discuss some of the analyzed
techniques and approaches and related progress.

4.5. The Application and the Future of Lobster-Eye Telescopes.
It is obvious that the first lobster-eye prototypes confirm
the feasibility to design these telescopes with currently
available innovative technologies (Figure 47). We propose
the following steps to be undertaken for a real wide-field
X-ray telescope: (1) to reduce further the microroughness
as well as the slope errors of the reflecting surfaces in
order to improve the angular resolution and the system
reflectivity/efficiency. The recent development has already
lead to significant microroughness improvement (to 0.2—
0.5nm), (2) to design and to construct larger or multiple
modules in order to achieve larger fields of view (of order of
1000 square degrees and/or more) and enhanced collecting
area, (3) to reduce further the aperture of the cells (for
the Angel arrangement) and/or spacing and plate thickness
(Schmidt arrangement) and to enhance the length/aperture
ratio (recently nearly 50-80), and (4) to study the multilayer
application on reflecting surfaces and/or other approaches in
order to improve the energy coverage for higher energies.
The application of very wide field X-ray imaging systems
could be without any doubt very valuable in many areas of
X-ray and gamma ray astrophysics. Results of analyses and
simulations of lobster-eye X-ray telescopes have indicated
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FIGURE 34: A sequence of X-ray focal spot images in front, in focus and behind the focal plane showing the defocusing behaviour of the mini
LE Schmidt module (the distance between the detector position for first and the last image is 110 mm).

that they would be able to monitor the X-ray sky at an
unprecedented level of sensitivity, an order of magnitude
better than any previous X-ray all-sky monitor. Limits as
faint as 10712 ergcm =2 57! for daily observation in soft X-ray
range are expected to be achieved, allowing monitoring of
all classes of X-ray sources, not only X-ray binaries, but also
fainter classes such as AGNs, coronal sources, cataclysmic

variables, as well as fast X-ray transients including gamma-
ray bursts and the nearby Type II supernovae. For pointed
observations, limits better than 107 !* ergsec™! cm™2 (0.5 to
3keV) could be obtained, sufficient enough to detect X-
ray afterglows to GRBs. As indicated by our preliminary
results, the production of corresponding optical elements
can be reasonably achieved by electroforming methods and
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(b)

FIGURE 35: The two X-ray images (signal exposure and dark-background image) exhibiting the focal spot of the LES module as well as the
detection capability of the used X-ray CCD 16 bit detector. The average dark signal is 266 ADU at the exposure of 80 sec ADU, the rms noise
is 2 ADU, that is, the achieved electronic dynamic range is more than 30 000. The measured intensity gain of this module is 420.
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FIGURE 36: (a) The X-ray focal image of the MINT LE SCHMIDT module showing the main intensity to be inside the main focal spot. The
intensity gain achieved is 570 (for 8 keV X-ray tube and only part of the LE module active due to the high energy of X-ray photons—note
that this module has been designed for energy of 2keV). (b) The focal plane image for the LE test module. The measured gain is 500.

composite replication as the alternative to other methods.
For the Schmidt objectives, the results obtained with the
development of technology for production of large area and
high-quality double-sided X-ray foils are very promising and
together with composite material technologies represent an
important input for the further development of this type
of X-ray optics. The production of Angel lobster-eye cells
is much more complicated, nevertheless the first prototypes
of the lobster eye Angel cells have been also successfully
designed and developed.

4.6. LE Laboratory Modifications. The lobster eye soft X-ray
optics, originally proposed and designed for astronomical
(space) applications, have potential for numerous laboratory
applications.

As an example, LE optics can be modified for efficient
collection of laser-plasma radiation for wavelengths longer
than 8 nm (Bartnik et al., 2006 [55]). The optics for this
application consists of two orthogonal stacks of ellipsoidal
mirrors forming a double-focusing device (Bartnik et al.,
2006 [55]). The ellipsoidal surfaces were covered by a layer
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FIGURE 37: The arrangement of the X-ray tests of the LE modules.

FIGUrRe 38: The unique linear Angel prototype produced by
replication: 47 square channels, 120 mm long, and 2.5 X 2.5 mm.
This picture illustrates the power of electroformed replication even
for very long square cells which otherwise could not be polished
inside. In this technology, the square mandrels were highly polished
and then replicated, so the polished surface is now inside. This
demonstrates that also other techniques as MCP can be considered
for LE Angel arrangements.

of gold that has relatively high reflectivity at the wavelength
range between 8-20nm up to about 10 degrees of an
incidence angle. A schematic view of half of the optics
system together with a front view of the optic, are shown,
respectively, in Figure 48. The mirrors forming the optics
have the width of 40 mm. As can be noticed the spacing
between adjacent mirrors rises with the distance from the
axis. The curvature of the mirrors and the spacing between
them were optimized by ray-tracing simulations to maximize
an aperture of the optic and minimize the size of the focal
spot.

The distances for the best focusing were found as 181 mm
source—LE entrance, 183 mm LE rear cover—focus. The
relative intensity distribution of the visible light at the focal
spot is presented at Figure 48.

4.7. Hybrid LE. The lobster eye optics described in the
previous section are wide field optics, but it is relatively
complicated to achieve a better angular resolution with
the given technological limitations of mirror thickness and
spacing (Sveda et al. [56]).

One of possible solutions to this problem is induced by
the typical use case of the standard lobster eye as an All
Sky Monitor (ASM) for X-ray astronomy. The lobster eye
will be used onboard the satellite and will scan the sky. If
a certain point of the sky is outside the FOV of the optics
at the moment, it will be inside the FOV sometime later
because of scanning. Hence, in principle, we can accept
smaller FOV in the scanning direction, if we can get some
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advantage as a trade-off, such as a better angular resolution.
The desired optics would have a wide FOV and moderate
angular resolution in one direction, and a smaller FOV and
better angular resolution in another one.

It is necessary to use curved mirrors to achieve the better
angular resolution with constraints on mirror dimensions.
There is a relatively simple way to the final idea combining all
these facts. A combination of the standard one-dimensional
lobster eye in one direction and the Kirkpatrick-Baez
parabolic mirror set in the other direction would fulfil all the
requirements (Sveda et al., 2005 [56]), see Figure 49.

The preliminary results show that the hybrid lobster
Eye can work as intended, that is, it increases the angular
resolution in one direction while still having wide FOV in
another. However, the blurring increases rapidly with the off-
axis distance in the direction where focusing the parabolic
mirrors are. Consequently, it is reasonable to think about
such optics for point observations if the source and/or image
are expected to be highly asymmetric. The effect of blurring
is reduced for scanning observations, hence the increase in
angular resolution is well achievable, but the decrease of
gathered photons resulting in much worse limiting flux is so
significant that, together with manufacturing difficulties, this
optics is probably not usable for X-ray astronomy but may
find usage in laboratory.

4.8. MCP as Alternative LE Optics. Alternative grazing
incidence X-ray optics can use microchannel plate—MCP,
in a Wolter-like or alternatively lobster-eye type, X-ray optic
(for a detailed review, see, e.g., [57]). Depending on the
application (laboratory or space) the MCP can be either flat
or curved.

The MCP, when it is curved into a spherical geometry
and square profile channels are used, becomes equivalent
to the so-called lobster-eye telescope first proposed by
Angel (1979 [60]) and is closely related to the orthogonal
mirror proposed by Schmidt (1975 [53]). Chapman et al.
[102] published an exhaustive theoretical treatment of the
properties of square channel arrays (Figure 50) and detailed
investigations and proposals based on application of MCP as
LE lenses were reported, for example, by Priedhorsky et al.
(1996 [62]), Fraser (1993 [71]) and Peele (2001 [103]), see
also Figure 51.

The X-ray LE optic systems in Angel arrangement are
based on slumped lead glass microchannel plates (MCPs).
However, the spectral range of operation of existing MCP-
based LE optics is limited to X-rays with energies of less
than 4 keV. Harder X-rays with smaller critical grazing angles
cannot be focused efficiently by glass MCPs because their
walls are inaccessible for polishing and metallization. This
energy range constraint of the MCP-based LE optics limits its
application to vacuum chambers or open-space astronomical
applications with infinite distance to the objects (such as
celestial objects).

To reach their full capabilities, MCPs must be manufac-
tured accurately to reduce figure error and have low surface
roughness to reduce scattering. Their being manufactured
from or coated in a material with high X-ray reflectivity is
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FIGURE 39: The schematic arrangement of the Angel lobster-eye objective (bottom) and the proposed construction based of electroformed
triangular segments of this arrangement (top). The triangular segments represents parts of the sphere (a, b) and include square cells of Angel

LE arrangement (c).

(a)

(b)

FIGURE 40: The Angel lobster eye test module, in L-shaped array of 2 x 18 cells, 2.5 X 2.5 mm, 120 mm long.

also desirable. Initial investigations of MCPs have used flat
samples because figure error and surface roughness can be
readily evaluated and samples are easier to prepare (Figure
52).

The cruciform structure of the focal spot for square
profile channels was observed in the X-ray region for

example, by Fraser et al. [71], though the focal spot itself
was somewhat broader than it was expected because of
imperfections in the MCP (Figure 53).

The focusing performance of the MCP may be effectively
understood with the theoretical results published by Chap-
man et al. [102]. The MCP consists of an array of square
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(b)

FIGURE 41: The frame with 23 x 23 mm flats for the Schmidt objective prototype after gold coating (a) and the assembled modules (b).

FIGURE 42: The large (30 X 30 cm) LE Schmidt lens during optical
tests (with optical focal image).

channels. X rays that strike the exterior walls on the face
of the MCP are lost. Of the X-ray photons that enter a
channel, a fraction that reflect once off two orthogonal walls
are reflected into the focal spot, another fraction are reflected
only from one wall and so are focused in one dimension to a
line passing through the two-dimensional focus, and a third
fraction pass straight through the array to form an unfocused
background. Higher-order reflections are also possible, but
the X-ray photons from such reflections strike a detector
as if they were in one of the above mentioned classes. The
resulting focal structure then consists of a bright focused
spot with a fainter cross centred on this and a much less
intense diffuse background. The relative number of photons
in each of the above described structures depends on the
ratio of the width of the channels to their length. At the
optimal ratio for a lens with no axis of symmetry and

FIGURE 43: The focal plane image from the large (30 X 30cm) LE
2D module (0.75 mm thick glass plates, optical light).

with 100% reflectivity, 34.3% of the photons are focused
into the central square, 24.3% end up in each of the one
dimensional foci arms, and 17.2% end up in the unfocused
background. The focusing efficiency in a given direction
may be improved when a preferred axis is imposed on the
device, but this is not consistent with a very-wide-field-
of-view telescope. The X rays are brought to a focus with
an angular resolution comparable with the angle that an
individual channel subtends at the detector. In practice this
implies that the MCP based lobster-eye telescope will always
be limited in resolution by the physical size of the individual
channels.

4.9. Comparison of MFO and MCP Design of LE Optics.
Direct and reliable comparison of MFO and MCP designs
of LE X-ray optics is difficult, as in both cases, the real optics
performance deviates from theoretical one. For MCP design,
the necessary slumping obviously introduces additional
sources of errors (Bannister et al., 2007 [75]).

Some of the examples of the performance are shown
below together with Table 5 comparing both approaches.
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FIGURE 44: (a) The mini (24 X 24 mm, 0.1 mm thick foils spaced at 0.3 mm) Schmidt LE module illuminated by the laser beam. (b) The mini
Schmidt 2D prototype X-ray (8 keV) focal spot image (image area 12.3 X 12.3 mm). The measured gain was 680.
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Figure 45: The micro LE Schmidt objectives, 3 X 3 mm. This
figure illustrates that the MFO technology can be applied also for
very small structures and very small Lobster Eye modules. In the
devices illustrated, gold-coated float glass foils 30 micron thick
are assembled with spacing of 70 microns. Small plate distances
(together with long focal distance) represent condition for good
angular resolution.

Examples of recent measurement results for MFO LE
design (Figures 54, 55, and 56) and MCP LE design (Figure
57) is shown below. For more details, see the given references.

5. Capillaries

Although the capillaries represent collimating and not
imaging elements, we note them here for completeness.
Condensing an X-ray beam by using total external reflection
along the interior surface of a hollow tapered glass capillary
has been demonstrated by Stern et al. [104]. Tapered glass
monocapillaries have been fabricated by many investigators
(e.g., Engstrom et al., 1991 [105]). These capillaries condense
X-ray beams by the use of geometrical reflection optics alone.
Xrays incident at glancing angles to the interior surface of the
tapered capillary are reflected along its length toward an exit

(b)

FIGURE 46: (a) The Angel LE linear prototype (47 cells 2.5x 2.5 mm,
120mm long). (b) The optical focal image from the linear LE
prototype in Angel arrangement.

FIGURE 47: Experiment (left) and simulation (right) of a point-to-
point focusing LE MFO test optic. 8 keV photons are used.

aperture of smaller dimensions than its entrance aperture.
The decrease in the relative area of the apertures corresponds
to an increase in flux per unit area (intensity) in the emerging
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FiGURrk 48: The lobster eye optic: (a) schematic view of half of the optic system, (b) front view of the optic (¢) simulation of the intensity
distribution at the lobster eye focus using 0.3 mm visible light source (Bartnik et al., 2006 [55]).

FIGURE 49: The sketch of the Hybrid Lobster Eye with two plotted
rays. Only one parabolic mirror is schematically plotted here. In

fact, a number of reflecting surfaces have to be used (Sveda et al.
2005 [56]).

beam. The reflection of X rays from the interior surface
of the capillary is achieved through total external reflection
from the glass surface. This specular reflection process occurs
because the refractive index of the glass for X rays is less

F1Gure 50: Focusing from a point source using a multichannel plate
optic (MacDonald and Gibson, 2010 [57]).

than unity. For an ideally flat surface one may characterize
this reflectivity using the Fresnel reflectivity function for
a given glass composition. For X rays with an energy of
6keV or more, the reflectivity is often well described as a
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F1GURE 51: Creating a collimated beam with a slumped multichannel plate (Fraser et al. 1993 [71]).
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FIGURE 53: (a) Output image from MCP with 11 gm square pores and thickness to diameter ratio of 40 : I illuminated with 1.74keV Si K X
rays. (b) Scan of image with the same MCP, taken with 0.28 keV C K X rays (Brunton et al., 1995 [72]).
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TaBLE 5: Multifoil versus MCP approach to the Lobster ASM.

Property MCP Multi-foil

Surface microroughness 10-20 A [54, 55, 90] -+ 3-10A [57, 102]

Metal coating More complicated, getting better -+ Simple, standard

Multilayers Very difficult -+ Simple, standard [22]

Gain' (1keV) 10-100 (30—40 derived from [54]) - + 100-1000 (~2500 simulation ~1000 reality)
Gain? (8 keV) Not documented - + 10-100 (300-400 [21], point-to-point focus)
Optics Weight? ~0.1kg [54] + - ~1.0kg

Optics dimensions* 70.0 x 70.0 X 0.3 mm [54] + - 78 X 78 X 23 mm

FOV Unlimited in principle + - Wide but limited

Energy range <3 keV [54] -+ <10keV?

ASM module FOV*® ~ 20 x 20 deg [54] + - 6 X 6 deg

Daily limiting flux [107" ergs™! cm™?] ~20 [54] -+ ~5-107

Angular resolution ~4 arcmin + + ~4 arcmin

Detector shape Curved [54] - + Planar

' Defined as a ratio of photons gathered inside the FWHM with and without optics.
2Defined as a ratio of photons gathered inside the FWHM with and without optics.

36 x 6 deg FOV, f = 37.5 cm, both approaches scaled to fit these criteria.
46 x 6 deg FOV, f = 37.5cm, both approaches scaled to fit these criteria.
’Au coated, microroughness o ~ 10 A.

©The rating of this property is disputatious: larger FOV results in smaller number of modules to build and test, on the other hand, if anything goes wrong,
larger part of the sky will be uncovered and higher costs for insitu repair is demanded.

’Depends on the PSF blurring by distortions, backgroung estimates. . ..

Intensity (ADU)

1000 1500 2000 2500

Position (pixels)

Measured data
- == Measured data shifted
—— Sum of both

FIGURE 54: Measurements of MFO LE optics with f = 25cm in
8keV with Medipix2 detector with measured FWHM of 8 arcmin
(Tichy et al., 2010a [73]).

step function with respect to the grazing angle of X rays
to the surface, with the position of the step termed the
critical angle. Approximately 90% of the ray’s incident below
this critical angle reflects specularly from the surface (Balaic
and Nugent, 1995 [106]). The electroformed micromirrors
represent another alternative to single capillaries (Arndt et al.
1998 [107], Pina et al. 1996 [103], and Pina et al. 2000 [108]).

Several factors conspire to degrade the gain in intensity
expected in the emerging beam from the capillary. These
include poor interior-surface quality of the glass (roughness),
the absorption of X rays by the ambient gases present within
the capillary, and limitations in the capacity of the capillary
to accept the range of incident X-ray angles available from the
source (Balaic and Nugent, 1995 [106]). The latter constraint
is determined by the angular limits of total external reflection
for the type of glass and X-ray energies used.

Systems involving the use of a large number of capillary
channels for shaping X-ray beams were first suggested by
Arkdev and his collaborators in 1986 (Arkadev et al., 1989
[109]) The development and study of polycapillary optics
and its applications in X-ray lithography (Klotzko et al.,
1995 [110]), X-ray astronomy (Russell et al., 1997 [111],
and Russell et al. 1999 [97]) diffraction analysis (Owens
et al.,, 1997 [76], Kardiawarman et al. 1995 [112]), X-ray
fluorescence (Gao et al., 1996 [113]) and medicine (Kruger
et al., 1996 [114]) have been reported.

Like multichannel plates, they differ from single-bore
capillaries in that the focusing or collecting effects come
from the overlap of the beams from hundreds of thousands
of channels, rather than from the action within a single
tube (MacDonald and Gibson, 2010 [57]). X rays can be
transmitted down a curved fibre as long as the fibre is
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FIGURE 55: X-ray images from MFO LE, f = 25 cm, Palermo test facility (Tichy et al., 2010b [74]).
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FIGURE 56: Measurements of MFO LE optics with f = 25cm in
the Palermo X-ray facility (measured FWHM of about 10 arcmin
between 0.28 and 8 keV (Tichy et al., 2010b [74]).

small enough and bent gently enough to keep the angles
of incidence less than the critical angle. The angle of
incidence for the ray near one edge increases with tube
diameter. The requirement that the incident angles remain
less than the critical angle necessitates the use of tiny tube
diameters. However, mechanical limitations prohibit the

manufacture of capillary tubes with outer diameters smaller
than about 300 microns. For this reason, polycapillary
fibres are employed. Typical channel sizes are between
2 and 12 microns. Thousands of such fibres are strung
through lithographically produced metal grids to produce a
multifibre lens. Alternatively, a larger-diameter polycapillary
fibre can be shaped into a monolithic optic.

Polycapillary X-ray optics is a powerful, relatively new
control technology for X-ray beams (MacDonald and Gib-
son, 2010 [57]). Using polycapillary optics to collimate the
output from a point source provides in most cases much
higher intensity than pinhole collimation, particularly if 2-
dimensional collimation is required. Collimating optics that
collect from 0.7 to 3 millisteradian of a divergent beam has
an output diameter range from 1 to 6 mm for a monolithic
optic to =3 cm for a multifibre collimating optic. Output
divergence varies inversely with the photon energy, and is
around 3mrad at 8keV. Focusing the beam yields even
higher-intensity gains. Measured focused beam gains for
sample sizes from 0.3 to 0.5 mm are about a factor of 100, and
agree well with computations (MacDonald and Gibson, 2010
[57], and references therein). Computed gains for smaller
samples are even higher. Polycapillary optics can also be used
to perform low pass spectral filtering, which allows the use of
increased source voltage. Further, the optics also removes the
connection between source size and resolution, which allows
the use of increased source current. Increasing the voltage
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FIGURE 57: Upper panel: simulated LE MCP f = 3.8 cm optic performance at a wavelength of 121.6 misalignments have been modelled by
introducing an additional tilt to each and direction of each tilt is taken from a Gaussian distribution with a FWHM X-axis and 1.70° in
the y-axis. The resulting focal spot has a FWHM (horizontal) and 2.64° + 0.2° (vertical). Lower panel: laboratory measurements. Cross-arm
structures characteristic of a square-pore MCP optic are clearly visible. The FWHM of the central focus is 2.38 deg (horizontal) x2.70 deg

(vertical) (Bannister et al., 2007 [75]).
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and current of the source increases the useful intensity. While
not true imaging optics, polycapillary fibres can transmit
an image in the same manner as a coherent fibre bundle.
Polycapillary optics can be used to magnify and demagnify
images and to remove the high-angle Compton scattering
which can otherwise result in substantive image degradation.

6. Summary

The grazing incidence X-ray optical elements of non-
Wolter type, mainly Kirkpatrick-Baez and lobster-eye optical
systems, offer alternative solution for many various future
goals both in space and in laboratory. They can offer
cheaper, and/or lighter alternatives as well as a larger field
of view. At the same time, new computer-based systems
allow to consider alternative and arrangements which were
impossible before.

Some of these systems, such as KB optics, have already
found wide applications in laboratory at synchrotron,
demonstrated their performance and advantages. This
includes also further modifications and improvements of
these systems. It is obvious that for example, KB systems have
fully demonstrated their superior imaging performance and
accuracy.

The KB microscopes have found wide application in
many laboratory areas. Different situation is in the field of
telescope applications: here the KB telescopes were used in
the past on sounding rockets in the 1970s, and discussed
for satellite applications after, but eventually have never
flown on a satellite. This situation can however change
with introduction of new type of substrates, new and better
alignment control. Furthermore, funding pressures may lead
to serious consideration of KB optics as an alternative to
Wolter-1 optics for large-area X-ray telescopes, owing to the
lower cost of the former systems.

The drawback of KB systems if compared to Wolter 1
system that is, the longer focal length to achieve the same
effective area and performance can be solved by some kind
of novel advanced deployable techniques.

While the historical KB telescope applications were based
on thin sheets of float glass, the recently available improved
Silicon wafers represent an even more promising alternative,
especially for segmented telescopes, as they have better opti-
cal surfaces and a very low microroughness (due to chemical-
mechanical polishing). In our understanding, the early KB
stacks based on Si wafers were unable to demonstrate the
full capacity of KB imaging as the early substrates were of
inadequate quality for X-ray optics applications. Si wafers
with considerably improved parameters and flatness have
been available recently. There are also novel methods how
to improve further the quality of thin float glass (e.g., by
thermal forming on precise flat mandrels).

The results obtained in the field of very wide field X-
ray telescopes of lobster-eye type seem to be promising very
much. The prototypes developed and tested confirm that
these telescopes are fully feasible and can achieve fine angular
resolutions of 4 arcmin or better over a wide field of view,
as well as high gain to up to 3keV and still reasonable
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gain up to 10keV of the Schmidt arrangement and MFO
technology is used. The modular concept allows using
the detector techniques recently available and also allows
modifying the telescope design for a dedicated experiment.
The low weight of both optic as well as detector allows
considering LE monitors to be flown on a small satellites, in
extreme case even picosatellites. These new devices are ready
for X-ray astronomy applications and are expected to help
to solve various questions of recent X-ray astrophysics. In
addition to that, there are also wide application possibilities
in laboratory.
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This paper provides a comprehensive overview on the utilization of curved graded multilayer coatings as focusing elements for
hard X-rays. It concentrates on the Kirkpatrick-Baez (KB) focusing setup that has been developed at 3rd generation synchrotron
sources worldwide. The optical performance of these devices is evaluated applying analytical and numerical approaches. The
essential role of the multilayer coating and its meridional d-spacing gradient are discussed as well as important technological
issues. Experimental data and examples of operational KB focusing devices and applications complement the work.

1. Introduction

Over the last decade, hard X-ray optics has evolved rapidly,
accelerated by the intense use of extremely brilliant 3rd
generation synchrotron radiation sources. The use of smaller
samples, the study of local areas, or the need to scan an
object with high spatial resolution pushed the development
of focusing devises. At present, X-ray beams can be focused
down to spots below 50 nm using various optical elements
such as Fresnel Zone Plates (FZPs) [1], Compound Refractive
Lenses (CRLs) [2], Wave Guides (WGs) [3], capillary
optics [4], curved Total Reflection Mirrors (TRMs) [5, 6],
transmission Multilayer Laue Lenses (MLLs) [7, 8], and
Reflective Multilayers (RMLs) [9, 10]. Several theoretical
studies, mainly numerical wave optical calculations, were
published treating the cases of FZPs [11], CRLs [12], TRMs
[13, 14], and MLLs [15, 16]. Advanced numerical ray
tracing calculations have been applied to RMLs [17, 18].
Alternatively, a purely analytical approach was proposed [19,
20]. The topic of this publication is the application of curved
graded RMLs to KB focusing devices [21]. The KB geometry
consists of two perpendicularly oriented curved mirrors and
is particularly useful on synchrotron beamlines since it can
transform the elongated synchrotron source into a nearly
circular spot (Figure 1). Being an off-axis system the device
produces a clean spot with low background and does not
require beam stops or protecting apertures. A single focusing

mirror per dimension operating under grazing incidence, as
outlined in chapter 2, is not suitable for imaging applications
since the Abbé sine condition [22] is not fulfilled. However,
two successive mirrors (elliptic/hyperbolic), the so called
Wolter geometry [23], can overcome this limitation.

2. Basic Optics Considerations

2.1. Resolution Limits. As in visible light optics the diffrac-
tion limited resolution (Full Width at Half Maximum,
FWHM) of an X-ray optical element with a flat rectangular
aperture is given by

0.44 - A
NA

(1)

Dyifr =

where NA = 15 - sine is the numerical aperture with
the opening angle 2¢ and the optical index n and A the
wavelength of the radiation. The minimum achievable spot
size, however, is also limited by the demagnified image of the
source of size S

g
=, 2
» (2)

D, source —

where p is the source distance and g the image distance with
respect to the optics. The phenomenon can also be treated in
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FIGURE 1: Schematic view of a KB focusing setup for a synchrotron
source. By proper choice of the respective image distances the
elongated source can be focused to a circular spot.
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F1GURE 2: Comparison of the simulated reflectivity of a Pt TRM
and a W/B4C RML with a d-spacing of 2.0 nm at a photon energy
of 50 keV.

terms of the coherence properties of the beam. With a source-
size limited transversal coherence length [24]

A
LT~5-§, (3)

and assuming that the optical aperture selects only the
coherent section of the incoming beam, the diffraction
limited spot size becomes

Ddiff(LT) ~176-—-S= Dsource~ (4)

as BN

This means that, apart from a geometrical factor, the
diffraction limited spot size of a coherently illuminated
optical element is of the order of the size of the source image.
Additional performance limiting effects of real optics are
figure errors, scattering from defects or nonuniform areas,
and further experimental obstacles like alignment, vibration,
or drift.

Whilst the short wavelength of hard X-rays alone would
principally allow for a spot size far below the nm scale, the
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main drawback in X-ray optics remains the low achievable
numerical aperture. The latter is caused by the weak
interaction of high-energy photons with matter, as given by
the complex optical index

n=1-08+if~1, (5)

where & describes the dispersion and 8 the absorption in
the material. Most development efforts in focusing optics
for hard X-rays are therefore dedicated to increasing the
numerical aperture.

In the case of reflecting optical elements and neglecting
phase shifts upon reflection, the ideal geometry for a point-
to-point focusing setup would be an ellipsoid. Since this
work deals with KB setups operated at very small grazing
angles, the scheme can be very well approximated by
perpendicular projections on two elliptic cylinders. Thus, the
treatment can be reduced to two individual ellipses.

2.2. Total Reflection Mirrors. In the case of a single elliptic
TRM the range of grazing angles is limited to the upper side
by the critical angle of total external reflection 0¢ (Figure 2)
given by

sinfc =+v2 -0 (6)

and to the lower side only by the physical mirror length
when approaching the minimum angle of incidence at the
intersection point with the semiminor axis of the ellipse.
Since § is a small quantity for hard X-rays, the achievable
opening 2¢ is very limited. A quantitative estimate can be
made assuming a full opening of up to half of the critical
angle [9].

4-839(; (7)

leading to a diffraction limit of

1.76 - A
Dan(TRM) = =25 = 176 /ror_’p , (8)

where 1y is the classical electron radius and p, the electron
density of the material. This means that the focusing power
of a TRM is entirely limited by material properties. For
a Pt mirror one obtains a minimum spot size of about
25nm FWHM. It should be noted that, in contrast to
other techniques, TRM focusing has the advantage of being
nondispersive.

2.3. Reflective Multilayers. Considerable improvement can
be obtained by the use of RMLs where a stack of periodic
bilayers reflects the incoming wave field. Provided the ML d-
spacing A matches the modified Bragg equation

A
A= —re, 9
2+/n* — cos*0 ®)
at any point along the mirror, constructive interference
enhances the reflectivity up to values that can reach 90%
or more. The Bragg angle of a RML can be several times



X-Ray Optics and Instrumentation

bigger than the critical angle of a TRM. Figure 2 shows a
comparison of the simulated reflectivity between a Pt TRM
and a 200-period W/B,C RML at a photon energy of 50 keV.

The typical number of bilayers in RMLs is of the order
of 100, leading to an energy resolution in the percent
range. In conjunction with high peak reflectivity, this means
that RMLs can provide an integrated reflectivity exceeding
those of perfect crystals by two orders of magnitude. Flat
RMLs are well understood and have been used as X-ray
optical elements for many years [25, 26]. Thanks to the
flexible d-spacing and the choice of suited material pairs the
optical performance of RMLs can be optimized according
to photon energy, incidence angle, and further experimental
parameters. This choice is also affected by properties like
interface diffusion, stress, and chemical stability.

Instead of periodic RMLs, nonperiodic layered structures
can be deposited to obtain broader reflectivity profiles [27].
In combination with meridional thickness gradients they can
also be applied to KB setups [28].

To focus X-rays an RML has to be curved in accordance
with the angular dependence

sinf = b (10)

VP q
of the ellipse where b is its semiminor axis.
As for TRMs, the achievable resolution of curved RMLs
can be estimated analytically [9]. Applying the Bragg law
without refraction correction

A

which is a good approximation for small d-spacings and
low wavelengths, respectively, the diffraction limit can be
calculated as

sinf ~

0.88
VA = 1/Ay

Here, A, indicate the ML d-spacings at the respective edges
of the mirror. The resolution is therefore limited only by the
lateral d-spacing gradient of the RML. For a short period
RML with strong gradient (A = 2,...,3nm) focal spots
of about 5nm FWHM appear realistic. Equation (12) can
be compared with the corresponding formula for a linear
Fresnel Zone Plate (FZP)

Dgir(FZP) = 0.88 - AR (13)

Dgigr(RML) ~ (12)

with outermost zone width AR. Considering a RML as an
equivalent to half of a linear zone plate (1/2 FZP) with
outermost repetition period A, = 2 - AR and setting the
largest ML d-spacing A; to infinity (half of central FZP zone)
one obtains

Ddiff(%FZP) = 0.88 - Ay = Dgigr(RML). (14)

Equation (14) shows that, within the given approximation,
both optical elements are different representations of the
same focusing configuration (Figure 3).

For applications it is interesting to note that none of
the above equations (8) or (12) contains any explicit energy
dependence.

RML TRM FZP

Figure 3: TRM, RML, and FZP in the same focusing configuration.

Caustic

FIGURE 4: Ray propagation through a curved layered structure. Rays
reflected from the upper RML surface P reach the ideal focus F. Rays
reflected at P are refracted when crossing P.

3. Models and Simulations

3.1. Ray Tracing Calculations. So far the RML was treated as a
single reflecting surface. In order to investigate the impact of
the beam penetration into the ML structure, both numerical
and analytical ray tracing simulations were developed [18—
20]. An analytical approach is shown in Figure 4 for the
case of a parabolic RML. It can be shown that the elliptic
case is virtually identical for the high ellipse eccentricities
that occur in synchrotron applications. The RML stack is
approximated by a single thick layer of average optical index
n = 1 — §. Multiple reflections and refractions within the
stack are neglected, and refraction at the surface P is treated
in linear approximation. The aim is to calculate the principal
intersection points of rays that penetrate into the structure
and that are reflected by the second interface P’. An ensemble
of parallel incoming beams forms an envelope curve of
enhanced intensity (caustic) near the ideal focus F.

The analytical derivation is carried out to first order in
d, which is a small quantity for hard X-rays. The resulting
intersection points of the outgoing beams with the optical
axis X on the one hand and with the focal plane Y on the
other can be written as

X(y=0)=~8-s-t4
(15)
Yx=0)~2-8-s-¢
with

t = tan

SRS

(16)



TaBLE 1: Comparison of the transmitted energy bandwidth of
different optical elements.

FZP CRL
dE/E D*/(1.76 - f -1) D*/(3.52- f - 1)

RML
D*/(3.52 - Af - ))

and s being as indicated in Figure 4. Rays impinging at lower
grazing angles 6 produce stronger aberrations in both x and y
directions. Both the layer thickness and the refracting power
of the medium amplify the effect. The situation is illustrated
in Figure5 for a source distance p = 150m, an image
distance g = 0.077 m, and a photon energy E = 24550 eV.

Figure 6 shows the intersection points Y with the focal
plane given in Figure 5 as a function of the grazing angle 6.
The purple line represents a calculation using the approxima-
tion (15) while the red line was obtained by exact numerical
ray tracing on the same structure. Both curves are in good
agreement for higher angles. Closer to the critical angle O,
where the linear approximation of Snell’s law fails, the curves
diverge. The solid circles are independent calculations made
at Osaka University using a different ray tracing code. There
is a reasonably good agreement between the two methods
[29]. The examples in Figures 5 and 6 were calculated for
a parameter set corresponding to realistic focusing setups
at a 3rd generation synchrotron beamline. The expected
aberrations in the focal plane would be lower than 10 nm for
a typical grazing angle of 0.3°.

The analytical approach has the benefit that equations
(15) allow for an estimate of chromatic aberrations and
for a comparison with other types of focusing elements.
Chromaticity enters through the energy dependent refractive
decrement

oo . (17)
It can be shown that [20], for a given optical element,
the tolerated bandwidth dE/E for a given focal spot size D
(FWHM) takes the form summarized in Table 1. It has to
be underlined that, in contrast to FZPs and CRLs, where
the macroscopic focal length f appears in the denominator,
only the small aberration Af = X enters the formula
for the RML, which makes this element nearly achromatic.
The physical background of the different impact on the
chromaticity is clearly visible. For FZPs and CRLs the
phase shift induced by the optical elements is at the origin
of their focusing properties, and chromaticity is therefore
unavoidable. In the case of RMLs, however, it is rather
a parasitic effect that should be suppressed as much as
possible.

It has to be emphasized that the above analysis is based
on ideal elliptically or parabolically shaped RMLs. It is
known, however, that the optimum shapes of focusing RMLs
differ from these perfect mathematical curves. It is a general
practice to assume that RMLs have to fulfill Bragg’s law (9)
locally [30, 31] in order to provide constructive interference
at the same photon energy and at any point along the optical
surface. The ML d-spacings and consequently the interface
positions in space change as the optical indices differ from
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a function of the grazing angle. The purple line was derived from
(15), the red curve shows exact ray tracing calculations. Blue circles
indicate simulated data from Osaka University.

unity. There is strong evidence that this refraction correction
implicitly leads to the optimum RML shape [18]. Full wave
optical computations will be required to derive structures
that minimize or suppress aberrations. They will also have to
include effects caused by figure errors and by the finite source
size.
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Figure 8: Partially coherent superposition of the focused fields
of different point sources representing a spatially extended source
(logarithmic scale). Figure errors on the Pd mirror are included.

3.2. Wave Optical Calculations. A first step to minimize the
aberration of RMLs is wave optical calculations for a single
reflecting surface and the related wave propagation in free
space from the source to the mirror and further to the
focal plane. An isotropic and monochromatic point source
emits a number of rays (typically ten thousands), which are
traced onto the mirror’s surface S, where they are reflected.
The amplitude is multiplied by the corresponding Fresnel
coefficient, so the outgoing field A(s) is known in amplitude
and phase. In a region around the nominal focus point the
intensity distribution is calculated by a numerical solution
of Kirchhoft’s integral of diffraction, treated here in two
dimensions corresponding to the plane of incidence (x, y):

ikr 2
I(x,y) = UXLA(S) : % - ds

Figure 7 shows the field intensity emitted by an isotropic
point source and focused by an ideal elliptic Pd mirror at a
photon energy of 8 keV. Source and image distances are p =
85m and q = 0.2m, respectively. The angle of incidence at
the mirror center was set to 4 mrad = 0.23°.

The geometrical cone of the converging beam, the
diffraction waist, as well as interference features from the

(18)
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Figure 9: Diffraction limited focal spot size (FWHM) versus beam
footprint on an elliptic RML, calculated from equation (12) (blue
curve), from the exact NA (purple curve), and using a wave optical
code for a single surface (red curve).

finite aperture are clearly visible. In the present case, a
diffraction limited spot size of 71 nm FWHM was obtained.
The model was refined to treat extended sources as well
as figure errors on the mirror surface. Figure 8 shows the
performance of the same Pd mirror as in Figure 7, this time
assuming a Gaussian source of 85um FWHM and a figure
error of about 5 nm peak-to-valley (PV). The simulation was
made for an ensemble of partially coherent point sources
representing a spatially extended source. The focal spot size
has increased to 190 nm. The blurring and the disappearance
of the interference fringes are mainly due to the finite and
only partially coherent source.

It is of interest to compare wave optical results with those
that can be obtained by purely geometrical considerations as
outlined in Section 2. Figure 9 shows the diffraction limited
focal spot size versus the illuminated footprint along a
mirror, calculated from (12) (blue curve), from the exact NA
(purple curve), and using a wave optical code (red curve).
The parameters used in the calculations correspond to those
given in Figure 5. The incoming beam aperture is increased
while remaining centered at 8 = 0.35°.

It can be seen that the geometrical approach assuming a
flat numerical aperture NA (thin lens approximation) agrees
well with the wave optical calculations for short mirror
sections. As the length of the footprint becomes compa-
rable with the image distance, the geometrical approach
underestimates the spot size. In the latter case, the strongly
asymmetric aperture can no longer be approximated by
a thin lens. Equation (12) returns systematically lower
values than the other methods, mainly due to the neglected
refraction correction. Despite the observed differences, all
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TaBLE 2: Comparison of the experimental performance of various X-ray optical elements.

Type Reflecting Diffracting Refracting

Element TRM RML WG FZP MLL CRL

D [nm] 25 7 <50 15 16 <50

E [keV] <20 <60 <20 <10 <20 <100

AE/E — 1%-10% — 0.1% 0.01%-0.1% —

Geometry Deflecting KB Deflecting KB In-line KB In-line KB In-line KB In-line KB

Preference Focusing Focusing Holography Imaging Imaging Imaging

three descriptions return values that are consistent within the
given degree of simplification.

4. Technological Options

4.1. Overview. At present, three alternative approaches have
been developed to produce curved RMLs for applications at
3rd generation synchrotron sources. APS (USA) investigated
profile coatings to provide optical surfaces with the required
fixed focus elliptic curvature [6], essentially without ML
coatings. Work at the ESRF (France) concentrated on ML
coated flat mirrors integrated into dynamical benders to
approach the optimum curvature [32]. SPring-8 and the
University of Osaka (Japan) developed deterministic pol-
ishing techniques [33] and differential deposition to obtain
ultra precise surfaces and the required ML coatings [34].
KB focusing systems for X-rays, though mainly based on
TRMs, are commercially available from various suppliers. A
nonexhaustive list is given in [35—41].

4.2. ML Deposition. The principal challenge in the fabri-
cation of an RML is the accurate deposition of the d-
spacing gradient that fulfills (9). In order to guarantee
both uniform reflectivity and phase the tolerated thickness
errors of the individual layers must be far below the width
of the ML Bragg peak. In practice, the accuracy must be
of the order of 0.5% or better. Today, the most common
deposition method is magnetron sputtering. It combines
high deposition rates (0.1-1.0 nm/s) with reasonably stable
operation over a full coating cycle. The high kinetic energy
of sputtered particles favors the formation of smooth and
dense thin layers. Relative motion between sputter source
and substrate, sometimes complemented by the insertion of
masks, is the method of choice to produce the correct thick-
ness gradient. This technique is also known as differential
deposition.

4.3. Alternative Solutions. An interesting alternative focusing
scheme was proposed by Montel [42] where the two
perpendicular reflecting surfaces are positioned side by side.
This approach offers a more compact arrangement and
enables equal demagnification in both directions. The critical
issue is the corner line where both mirrors are in contact.
Single reflection optics with ellipsoidal shape is attractive
thanks to its higher transmission and potentially larger
collection angle. The fabrication is particularly challenging

in terms of both figuring and polishing. Both types of optics
are commercially available [43—46] and are mainly used in
combination with laboratory X-ray sources.

5. Experimental Progress

With Pt coated mirrors diffraction limited spot sizes of
about 25 nm were measured [47]. More recently, this value
could be significantly improved by the use of Pt/C RMLs.
During experiments at Spring-8, a line focus of 7nm could
be obtained with a monochromatic beam at 20keV [10].
This remarkable performance was achieved by inserting an
online wave front correction mirror to account for residual
figure errors on the focusing element itself [48]. An example
of a line profile is given in Figure 10, containing both
experimental data and a numerical simulation (courtesy H.
Mimura). It is important to note that these experimental
findings are in line with the theoretical estimates made in
Sections 2 and 3.

The main drawback of fixed focus KBs is their lack of flex-
ibility required for operation at variable energies. Dynamical
setups based on bent RMLs, that offer the possibility to
switch the photon energy, have achieved best results of about
45nm [49]. So far, figure errors and mechanical vibrations
were identified as principal obstacles to reach smaller
spots.

6. Comparison with Other Focusing Elements

It is not within the scope of this paper to provide a full
comparison of the various optical elements presently used
to focus hard X-rays. Nevertheless, Table 2 gives a brief
overview on the typical experimental performance along
some key parameters such as the smallest achieved spot size
D, typical energy range E, intrinsic bandwidth AE/E, and
practical aspects concerning geometry and preferred mode
of operation. It is not exhaustive and subject to ongoing
evolution. The corresponding references and abbreviations
were introduced in Section 1. A similar summary was
published in [50]. A comprehensive overview on the different
types of X-ray optics can be found in [51].

7. Applications

Over the last 10 years, at ESRE, more than 20 RML based
KB focusing devices were delivered to different beamlines.
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FiGure 10: Experimental intensity profile (red curve) through the
focal line of a curved RML fabricated at Osaka University and
measured at Spring-8. The blue curve shows the ideal shape of the
diffraction limited case (courtesy H. Mimura).

They provide focal spots from 100 yum down to less than
100 nm to the user community. In contrast to crystal optics
the high reflectivity and the broad bandwidth of the ML
elements allow for high intensity, making them the system of
choice for flux limited experiments. The most brilliant ESRF
KB nanofocusing setups provide flux densities of about 3 -
10° ph/s/mA/nm?. Novel techniques like projection tomog-
raphy [52] and fluorescence imaging [53] on the nanometer
scale have evolved thanks to the excellent performance of this
optical system. They provide new opportunities for various
scientific and engineering disciplines.

8. Summary and Outlook

KB focusing devices based on graded RML coatings play
a major role in present day X-ray optics, in particular on
3rd generation synchrotron beamlines. Thanks to their ML
coating their numerical aperture can be increased by a factor
of about 5 compared with TRMs. They are widely used
and have generated diffraction limited focal spots down to
7 nm FWHM. While both design and fabrication of curved
RMLs have developed rapidly over the last decade, a full wave
optical description is still lacking.

Several approaches to further reduce the spot size might
be considered. The use of higher-order Bragg peaks would
increase the numerical aperture, on the expense of reflectivity
and flux. A real technological breakthrough would be the
use of two coherently illuminated curved RMLs facing each
other. A rough estimate shows [9] that such a setup would
reduce the diffraction limit by a factor 4 compared to a single
element. If one adds a second RML on each side, leading
to two successive reflections (Wolter geometry), the gain in
aperture would be about 8.

From a fundamental point of view the 1 nm limit seems
to be within reach. The task to align several optical elements
to within atomic distances, however, represents a major
technological challenge.
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Total-external-reflection Kirkpatrick-Baez mirror optics for high-energy X-rays have been applied to the X-ray microprobe at
beamline 37XU of SPring-8. A focused beam size of 1.0 um (V) x 0.83 ym (H) has been achieved at an X-ray energy of 30 keV, and
a total photon flux of the focused beam was about 5 x 10° photons/s. Micro-X-ray fluorescence (u-XRF) analysis of the uranium
distribution in rat kidneys has been performed with the mirror-focused beam. The sensitivity of uranium was evaluated from the
XREF intensity of thin standard samples, and the minimum detection limit was estimated at 10 4g/g. The high-spatial-resolution
analysis revealed that uranium was concentrated in the epithelium of the proximal tubules in the inner cortex. The maximum
concentration of uranium in the tubule was estimated to be 503 yg/g using a semiquantitative evaluation.

1. Introduction

X-ray microscopy with a total-external-reflection mirror
optics is an attractive technique for X-ray fluorescence
(XRF) analysis using synchrotron radiation because mirrors
are achromatic and give relatively high-brilliance beams
compared to other focusing elements. Suzuki et al. have
successfully developed a total-external-reflection mirror sys-
tem for microfocusing in the X-ray energy range of 30—
100 keV at SPring-8 [1]. They have obtained a focused spot
of less than 1pum below X-ray energies of 90keV using a
200 m long beamline. Further focusing tests have proved that
the mirror system had excellent performance in the high-
energy X-ray region and enables not only microscopy but
also spectroscopic analysis with sub-micron resolution for
high-Z elements.

The need for heavy element analysis has been greatly
increasing by the importance of heavy metal accumulation
in living organisms. High-energy X-rays (>20keV) enable
direct detection of K lines from high-Z elements. Nakai et al.
have carried out XRF analysis of trace rare-earth and heavy

elements using 116 keV X-rays at SPring-8 [2]. They pointed
out the advantage of high-energy X-rays for bulk analysis
and confirmed that the minimum detection limit (MDL)
of the heavy elements was at the sub-ppm level. More
recently, microbeam analysis is required for sub-cellular-
level measurements of elemental distributions with high-
energy X-rays. Among the problems of the greatest interest
are health effects of uranium on populations. For example,
environmental contamination in uranium-polluted areas is
continuing to rise and uranium can have serious health
impacts, such as renal toxicity. Total-external-reflection
mirror optics developed by Suzuki et al. [1] is one of the
most appropriate focusing systems to enable the analysis of
trace heavy elements. In this study, the application of a high-
energy scanning X-ray microprobe to evaluate the uranium
distribution in rat kidneys is described.

2. Experimental

2.1. X-Ray Focusing Optics. The basic design of elliptic
Kirkpatrick-Baez optics is essentially the same as that
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FIGURE 1: Schematic diagram of experimental setup at BL37XU of
SPring-8.

described in our previous study [1]. Parabolic mirrors were
fabricated by the bent-polished method at Cannon Co. Ltd.,
Japan [3, 4]. The mirror material was fused quartz with a
thickness of 13 mm. The reflective surface was coated by
platinum with a thickness of 1000 A, and the average glancing
angle was 0.8 mrad. The focal length was 250 mm for the
vertical focusing mirror and 100 mm for the horizontal
focusing mirror.

The experiments were carried out on undulator beamline
37XU of SPring-8 [5]. A schematic diagram of micro-
focusing optics is illustrated in Figure 1. X-rays from an
undulator were monochromatized by a Si 111 double-crystal
monochromator with a rotated-inclined crystal geometry
[6]. The first crystal employed a pin-post design to enhance
the water cooling efficiency. The focusing optics was located
57m from the light source. The effective length of each
mirror was about 80% of full length for focal length
of 250 mm and about 65% for focal length of 100 mm,
respectively. It is thought that these effective lengths were
limited by the relatively large figure errors at the either end
of the mirrors. The illuminating beam size was determined
by an aperture size of an XY slit in front of the mirror (slit
size: 64 ym X 52 ym), and only the center area of the mirror
was illuminated.

2.2. Scanning X-Ray Microprobe and Application for Biological
Specimen. The K-B microfocusing optics was used for a
scanning fluorescence X-ray microprobe system. Samples
were mounted on an X-Y translation stage, and a takeoff
angle of 10° was usually used for detecting fluorescence
X-rays from the samples. The fluorescence X-rays were
measured by Si(Li) solid state detector which was placed per-
pendicular to the incident beams to minimize the scattered
X-rays. Figure 1 also shows this geometry.

Calibration standards with various known concentra-
tions of uranium (20-100 ug/g) were used to determine
sensitivities and to calibrate intensity levels. These standards
were prepared by mixing standard solutions with a polyvinyl
alcohol solution. The mixed sample solutions were frozen
and then were cut into 20 ym sections with a cryomicrotome.
Thin sections of kidneys of adult rats were prepared by
using the procedure described in [7]. The rats were exposed
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to uranium (1.4 mg/kg) by subcutaneous injection. The
animals were treated and handled in accordance with the
guidelines of the “Guide for the Care and Use of Laboratory
Animals at the National Institute of Radiological Sciences”
Two days after the administration of uranium, the kidneys
were removed and then embedded in an optimal cutting
temperature compound to prepare dried sections with 20 ym
thickness. All sections placed on polypropylene film were
fixed on an acrylic holder.

3. Results and Discussion

3.1. Performance Test of X-Ray Focusing Elements. The
evaluation of focused beam profiles was out with a dark-field
knife-edge scan [8] to obtain more accurate beam profiles
than with a conventional knife-edge scan. The intensity
of the incident and transmitted X-rays were measured by
ionization chambers. A tantalum blade with a thickness of
3mm was used as the knife edge. To satisfy the dark-field
condition, a blade placed between focal point and the
detector blocks the direct beam. The detector can feel only
the scattered X-rays from the knife edge. The focused profiles
at an X-ray energy of 30keV are shown in Figure 2. The
focused beam size of 1.0 ym (V) x 0.83 ym (H) full width
at half maximum (FWHM) is obtained. Here, it is useful to
consider the theoretical focused beam size to evaluate the
experimentally measured beam size. The actual source size
in vertical direction can assume same size of electron beam,
which is 15.8 yum. The horizontal source size is defined by an
XY slit placed at 34 m from the light source, and the slit width
is set to be 200 ym. Using the focal length of the mirrors,
the distance between the light source and the mirrors, and
the actual source size, the geometrical focused beam size is
calculated to be 0.096 yum (V) x 0.87 um (H). On the other
hand, according to the literature [1], the diffraction-limited
spot size was 0.13um (V) x 0.04um (H) at 30keV. The
measured beam size in the horizontal direction is near
the geometrical beam size (0.87 ym). However, the beam
size in the vertical direction is significantly larger than the
geometrical beam size (0.096 ym). This difference is believed
to arise from the spread of the beam size in the vertical
direction due mainly to the vibration and distortion of
the monochrometer crystals. The total photon flux of the
focused beam is about 5 x 10° photons/s at 30 keV.

3.2. Uranium Distribution of a Rat Kidney. Using the focused
beam described in the previous section, the quantitative
determination of uranium is considered by a calibration
curve technique. The obtained calibration curve measured at
30 keV X-rays is shown in Figure 3. The data shows good lin-
earity between a uranium concentration of 100 and 20 ug/g.
This technique using thin standards has been discussed and
validated as the quantitative analysis with microbeam for
biological specimens [9]. The MDL is expressed as

MDL = 3 % (12) * (I—B)m, (1)

N t



X-Ray Optics and Instrumentation

FWHM = 1um

Intensity (a.u.)

Position (um)

(a)

FWHM = 0.83 ym

Intensity (a.u.)

Position (ym)

(b)

FIGURE 2: Measured profiles of focused beam at an X-ray energy of 30 keV using dark-field knife-edge scan. (a) Beam profile in the vertical
direction (focal length = 250 mm) and (b) beam profile in the horizontal direction (focal length = 100 mm).

150 —

100 —

XRF intensity (counts)

50 —

T T T T T T
0 20 40 60 80 100

Concentration of uranium (ug/g)

F1GURE 3: Calibration curve for the determination of uranium. The
XREF intensity was plotted against the uranium concentration.

where C is the concentration of uranium (ug/g), Iy is the net
intensity (number of counts), Ip is the background intensity
(number of counts) and ¢ is the counting time (10s) [10].
To quantitatively evaluate the uranium concentration, 5 x
5 raster scans of the each standards were performed. For
example, relative standard deviation, which is calculated by
dividing the standard deviation by the mean value, of the
total XRF intensity of uranium was 12% at concentration of
20 ug/g. According to (1), the estimated MDL value at the
lowest end is 10 ug/g. These results suggest that the system
allows us to quantitatively analyze heavy trace elements in
biological samples even with microbeam resolution.

Prior to the y-XRF imaging of the samples, XRF imaging
with beam size of 200 ym x 200 ym was performed to deter-
mine the overall elemental distribution in the renal sections
at X-ray energy of 30keV. Figure 4 shows the distribution
of iron, zinc, and uranium in the kidney. The intensity of

the XRF images is shown as the color scale from blue to
white, which corresponds to the XRF intensity from lowest
to highest. Although an XRF image of uranium is usually
measured by detecting an U L, line (13.6keV), here, U Lg
lines (Lgi: 17.2keV, Lgy: 16.4keV) are measured to avoid
overlapping by rubidium K, line (13.4keV) because of the
existence of rubidium in the rat kidney [11]. Iron was local-
ized to the inner stripe of the outer medulla (Figure 4(b)),
while the zinc was distributed equally in the cortex and in
the outer stripe of the outer medulla than the inner stripe
of the outer medulla (Figure 4(c)). In contrast to the normal
elements, uranium shows a completely different distribution.
The uranium was localized only in the outer stripe of the
outer medulla (Figure 4(d)). To get more detailed informa-
tion about uranium distributions, high resolution u-XRF
imaging in the highly localizing area marked in Figure 4(d)
was carried out at the X-ray energy of 37keV. The two-
dimensional distribution of uranium is shown in Figure 5(a).
The shape of the proximal tubule is obviously visualized
by the uranium distribution. Figure 5(b) represents an XRF
spectrum measured at the point indicated by an arrow head
in Figure 5(a). It is observed that the uranium Lg lines can
be clearly detected without interference from other elements.
Uranium concentrations for the image were calculated
using the calibration curve showed in Figure 3. However,
a corrected calibration curve was used for estimating the
uranium concentration because of different excitation energy
between Figure 3 (30 keV) and Figure 5 (37 keV). Assuming
the matrix density and thickness between the samples and
standards have approximately the same value, we considered
only the correction for the linear absorption coefficients of 30
and 37 keV X-rays. The model linear absorption coefficients
of uranium were 763cm™! at 30keV, and 442cm™! at
37 keV, respectively. These coefficients were provided from
the NIST physical reference data [12]. Though this correction
is only approximately, it is expected that the calculated values
give a semiquantitative map of the uranium concentration.
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Figure 4: XRF imaging of a renal cross section. (a) photograph of a serial section showing the imaging area. The two-dimensional
distribution of (b) iron, (c) zinc, and (d) uranium. Beam size: 200 ym (V) x 200 ym (H), imaging area: 4.5mm (V) X 4mm (H), pixel
size: 100 ym, and dwell time: 5.

600
400

400

200

XRF intensity (counts

200

Concentration of U (ug/g)

X-ray energy (keV)
(a) b)

FiGure 5: High resolution y-XRF image of the marked area in Figure 4(d) measured at 37 keV X-rays. (a) The two-dimensional distribution
of uranium. The XRF intensities are estimated to the concentration of uranium. Beam size: 1.2 ym (V) x 1.4 ym (H), imaging area: 75 ym
(V) x 57 ym (H), pixel size: 0.5 ym, and dwell time: 5. (b) X-ray fluorescence spectrum at arrow head in Figure 5(a). Measurement time is
600s.
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The maximum concentration of uranium in the tubule was
estimated to be 503 ug/g by using the assumptions above.
The quantified value is about 23 times higher than the
mean concentration in the kidney (22.3 ug/g wet weight
at 2 days measured by inductively-coupled plasma mass
spectrometry). This intense localization is in good agreement
with a previous study [7]. The elemental imaging indicated
that uranium is selectively distributed in the proximal
tubules and highly concentrated in the epithelium of the
tubules.

4. Conclusion

A scanning fluorescence X-ray microprobe with sub-micron
transverse spatial resolution was achieved at beamline 37XU
of SPring-8 using total-external-reflection K-B mirror optics.
A focused beam size of 1.0 yum (V) X 0.83 ym (H) FWHM at
the X-ray energy of 30 keV was achieved. The mirror optics
provides sufficient spatial resolution to examine y-XRF
analysis of high-Z elements even with high-energy X-rays.
The quantitative evaluation of y-XRF analysis was performed
by a calibration-curve method. The MDL with a beam
size of around 1pm? was 10 ug/g. The X-ray microprobe
was also utilized to map the uranium distribution in the
kidneys of rats exposed to uranium acetate. It was revealed
that uranium localized in the proximal tubule with a 23
times higher concentration compared to the whole kidney.
These results provide useful information to understanding
the chemical and radiological toxicity of uranium in the
kidney. This technique will contribute greatly to understand
dynamic mechanism of trace high-Z elements with sub-
micron resolution and will open new application for a variety
of fields using XRF analysis.
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Thin foil mirrors were introduced as a means of achieving high throughput in an X-ray astronomical imaging system in
applications for which high angular resolution was not necessary. Since their introduction, their high filling factor, modest mass,
relative ease of construction, and modest cost have led to their use in numerous X-ray observatories, including the Broad Band X-
ray Telescope, ASCA, and Suzaku. The introduction of key innovations, including epoxy replicated surfaces, multilayer coatings,
and glass mirror substrates, has led to performance improvements and in their becoming widely used for X-ray astronomical
imaging at energies above 10 keV. The use of glass substrates has also led to substantial improvement in angular resolution and
thus their incorporation into the NASA concept for the International X-ray Observatory with a planned 3 m diameter aperture.
This paper traces the development of foil mirrors from their inception in the 1970s through their current and anticipated future

applications.

1. Introduction

The thin foil X-ray mirror was invented to fulfill a particular
observational objective. In the 1970’s, with the introduction
into X-ray astronomy of high resolution imaging through
the Wolter I mirrors on the Einstein Observatory, it became
recognized that not all applications for which imaging
is desired require high angular resolution (<Iarcmin).
High angular resolution comes at a cost: mirrors must be
accurately figured and held rigidly. These requirements lead
to a thick substrate, high mass, and large expense. Since
X-ray imaging above ~0.02 keV requires grazing incidence
mirrors, the need for thick substrate material leads to
inefficient aperture utilization (i.e., low throughput), and
thus limited sensitivity. For some astronomical measure-
ments it is desirable to take advantage of the increased
sensitivity afforded by imaging but where high throughput
is preferred over angular resolution. This is especially true
in situations in which the detection of a large number
of photons is required to perform the measurement of
interest; examples include spectroscopy of relatively isolated
sources and polarimetry. For such applications, replacing
a small number of thick, massive, expensive mirror shells
with a large number of thin, low mass, low cost shells

offers the desired improvement in throughput with sufficient
angular resolution to resolve most sources. Thus the driving
idea behind the foil mirror was to provide a low cost,
low mass, high throughput alternative to high-resolution
mirrors.

Since its inception, the foil mirror has shown itself to
be versatile and adaptable to a wide range of applications.
It has become the starting point for virtually all applications
requiring low cost, lightweight mirrors, with moderate imag-
ing applications. Because of its efficient aperture utilization,
it has evolved into the baseline design of choice for imaging
above 10 keV. Important innovations have been introduced,
most importantly the substitution of glass for aluminum foil
as the mirror segment substrate. Over time, as demand has
increased for improved angular resolution, the design has
undergone steady improvement. The principles leading to its
invention are the basis for its most ambitious manifestation,
the mirror for the International X-Ray Observatory (IXO).

This paper traces the development of the foil mirror. It
describes the innovations that have led to its evolution from a
simple light bucket to a high-resolution imaging system with
applications across a broad energy band.

It should be noted that the many conceptual and
implementation innovations leading to the first foil mirrors
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FiGurek 1: Close-up view of entrance aperture of a foil mirror. The
large number of nested shells plus the use of thin foil substrates
combine to provide a large filling factor. The average distance
between foils is approximately 1 mm.

were due to Peter Serlemitsos at NASA’s Goddard Space
Flight Center (GSFC). Not only has he pioneered the
concept [1], but he is also responsible for many of the
improvements over the past 30 years. He has also led the
team that constructed every such mirror that has flown
in space thus far. While others are responsible for recent
parallel developments towards higher angular resolution
(e.g., introduction of glass as a substrate material), it is the
work of Serlemitsos that made this type of mirror viable.
His contribution to astrophysics through the invention of the
thin foil mirror was recognized by his being awarded the 2009
Joseph Weber prize by the American Astronomical Society.

2. Basic Principles

The basic design and principles of the conical foil mirror
are described in Serlemitsos [2] and Petre and Serlemitsos
[3]. In its pure form, the thin foil mirror is a Wolter I
design in which many thin shells are nested to fill the
available aperture. A high filling factor (ratio of usable to
total aperture) is obtained when the substrate thickness is
small compared with the gap between adjacent shells (in
contrast to the thick substrates in the high resolution imaging
mirrors to date, such as Einstein, ROSAT, and Chandra).
Since emphasis is on low cost and high collecting area rather
than image quality, the paraboloidal and hyperboloidal
surfaces are approximated by conic frusta, thus the term
“conical approximation.” For large focal ratios (focal length
to aperture diameter), the conical approximation introduces
only an intrinsic blur of a few to a few tens of arc seconds,
depending on the axial length of the mirror segment.
The degree of simplification offered by introducing this
approximation far outweighs the reduced intrinsic imaging
performance, which in actual implementations tends to be
small compared with the overall mirror angular resolution.
The optical design of foil mirrors follows a common
template (see, e.g., [3]). The mirror shells are nested to
maximize the on-axis effective area (Figure 1). This is
accomplished by leaving no radial gap between the outer
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diameter of the front of one shell and the rear of the next shell
outward: viewing from the front of the mirror on axis, the
entire aperture is covered by either a reflecting surface or the
front edge of one. This maximum filling approach leads to a
linear off-axis vignetting function. The vignetting with off-
axis angle is a function of incident energy, steeper at higher
energy. A practical approximation of the diameter of the field
of view is given by the average graze angle of the mirror. At
radii beyond half the graze angle, the effective area is typically
less than half the on-axis area. The angular resolution, if
characterized by half power diameter (HPD), is essentially
constant across the field of view: off-axis aberrations are
small compared with the blur introduced by the conical
approximation within the field of view of a typical focal
plane instrument. The image of a point source changes from
circularly symmetric to elongated perpendicular to the off-
axis shift direction, however. Outside the nominal field of
view, aberrations (particularly coma and oblique spherical
aberrations) degrade the HPD.

The conical design has several practical attributes that
simplify construction. First, it can be shown by simple geo-
metric arguments that all the many nested mirror surfaces in
each of the two reflection stages (paraboloid analog, usually
referred to as the primary surface and hyperboloid analog,
referred to as the secondary), when flattened onto a plane,
all describe a segment of the same annulus. This means
that the substrates can be mass produced, with only two
cutting fixtures needed to shape substrates. Second, since
no axial curvature is imparted to the reflecting surfaces,
surface preparation can be kept simple (e.g., forming the
overall shape of a relatively smooth substrate). The only
requirement on the preparation technique is that it produces
or preserves a surface that is smooth on spatial scales larger
than approximately 1 mm. Various coating techniques can
then provide the necessary smoothness on smaller spatial
scales. Third, the design lends itself to modularity and
mass production. The mirror is usually divided into angular
segments, quadrants, or thirds, with a separate housing for
each.

The introduction of the conical approximation greatly
reduces the precision requirements on the substrate. A
number of substrate materials have been tried, but the best-
suited material is aluminum. Aluminum has low density,
the right balance between stiffness, and ductility to allow
forming and can be found in large, thin rolls or sheets with
high gloss finish.

The method used for shaping aluminum into the conical
form has changed minimally since its first use. If the raw
stock comes from a roll, it was first flattened by compression
between two glass plates under heat. The aluminum is cut
approximately to shape and then given its basic shape (a
segment of a cone frustum) by pressing it against a mandrel
and thermally cycling it. The aluminum is formed so that
global surface structure such as roll marks runs along the
direction of incidence of the radiation to minimize scatter off
surface features that remain after coating. (This means that
stock from a roll needs to be flattened so that curvature can
be introduced in the opposite direction.) Refinements in this
process include the mandrel shape (originally cylindrical,
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FiGurk 2: Finished foil mirror segments. These particular mirror
segments were produced using epoxy replication, but appear
identical to those produced using lacquer coating.

(b)

FIGURE 3: (a) Assembled conical mirror quadrant housing. Two
such housings (primary and secondary) are stacked to form a
complete quadrant. Mirror segments are inserted from the open
side through the grooves in the radial alignment bars. (b) Magnified
view of a portion of an alignment bar. The width at the base of the
angled grooves is slightly larger than the segment thickness.

now conical, and with increasing radial accuracy), how the
substrates are held against mandrels (originally mechanically
and now using suction), and the details of the thermal cycle
used for the forming.

Even aluminum sheet stock with the most mirror-like
appearance has a surface structure making it an inefficient
X-ray reflector. It tends to have unacceptably high roughness
on spatial scales shorter than a few millimeters, which if
not removed would introduce unacceptably high scattering
of incident X-rays. Additionally, the X-ray reflecting surface

[S

FIGURE 4: One reflection stage of a mirror quadrant being
undergoing alignment on an optical table. Microscopes (left and
right) view the edges of the mirror segments as the housing is
rotated about the mirror optical axis, allowing them to be accurately
positioned.

needs to be coated with a high-density metal (e.g., Ni or Au)
to obtain high X-ray reflectivity.

The initial solution to the roughness problem and the
one that made foil mirrors a viable technology was the use of
acrylic lacquer [2]. It was found that immersing the shaped
aluminum segments in a lacquer bath and slowly drawing
them out left a thin, uniform, microscopically smooth
surface coating. An X-ray reflective surface was applied via
evaporation of a thin layer of gold (Figure 2). This was the
approach used for the first conical mirrors.

Another important aspect of the foil mirror concept
is modularity [2]. A complete shell is divided into equal
arc lengths, initially quadrants. This eases manufacture of
substrates and handling of both substrates and modules.

Mounting in a housing and aligning 100 or more pairs of
mirror segments is challenging, and misalignment remains
a primary source of blur. Serlemitsos [2] introduced gang
alignment, whereby all of the segments in the primary or
secondary housing are loaded together and are held in place
front and rear by a set of accurately grooved radial alignment
bars. Substantial research has gone into optimizing the
number of alignment bars as well as the shape of the grooves.
The grooves must be precisely located and not allow the
segments to shift. At the same time they cannot be so narrow
as to prevent insertion of segments or to distort them. A
housing and a magnified portion of an alignment bar are
shown in Figure 3.

Gang alignment offers the substantial benefit that it
can be done relatively quickly (Figure 4). Its primary dis-
advantage is the limit it places on angular resolution—
aligning all the segments to the best average focus introduces
segment-to-segment variation. The need for the grooves
to be wider than the segments to allow loading without
damaging the segments and introducing distortions leads to
the introduction of a small variation in mirror slope, in turn
leading to blur. This slope error tends to be random within
a quadrant and is typically an arc minute in the mirrors
developed for flight.



F1GURE 5: A completed quadrant, viewed from the front.

Primary to secondary alignment is generally performed
in an optical beam, while the location of the focus and quality
of the image is monitored. Figure 5 shows a completed
module, in this instance a quadrant. Once all the modules
comprising a mirror (primary plus secondary) have been
populated and internally aligned, they are mounted on a
ring. Alignment at this stage entails only shifting the foci
of the respective modules via translation; since each module
separately acts as a thin lens, small overall tilts can be ignored.
The net effect of a slight tilt is the reduction of the on-axis
effective area.

3. The First Foil Mirrors

A total of eight flight quality lacquer coated foil mirrors were
produced at GSFC between 1987 and 1992. The parameters
of these mirrors are summarized in Table 1. One of these
was for a sounding rocket instrument, two for the Broad
Band X-ray Telescope (BBXRT), and five for the Japan/US
X-ray observatory ASCA (four flight plus one spare). The
properties of these mirrors are listed in Table 1.

The first conical mirror to fly was constructed in 1987 for
a Supernova X-ray Spectrometer sounding rocket payload,
intended to search for X-ray emission from SN 1987A [2].
The mirror was adopted from the (not yet built) BBXRT
design, but the focal length was reduced from 3.84m to
2.1m. It was launched in February 1988 with a pixilated
Si(Li) detector at its focus. During its five-minute exposure
above the atmosphere, it detected LMC X-1 as well as hot,
diffuse emission from the LMC, but not SN 1987A, which it
failed to observe due to an attitude control program error.
The mirror was recovered intact. Its primary success was
a demonstration that such mirrors can survive a launch
environment and deliver the expected performance in space.
This mirror has recently been renovated and will be used on
the Micro-X sounding rocket instrument [4].

The first real application of a foil mirror was BBXRT.
The objective of this instrument was to perform sensitive,
moderate resolution spectroscopy of a variety of X-ray
sources over the 0.3-12.0keV band. This band contains
the K line radiation of all astrophysically abundant metals
(O, Ne, Mg, Si, S, Ca, Ar, Fe), plus the L lines of iron.
This instrument carried a pair of coaligned foil mirrors,
each illuminating a pixilated Si(Li) detector. The mirrors
have a 40 cm diameter and focal length of 3.84 m; each was
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constructed of 118 nested shells, constructed in quadrants.
The axial length of each reflection stage was 10cm. The
mirror segments were produced by lacquer coating 0.127 mm
thick aluminum foil substrate and overcoating the lacquer
with gold for X-ray reflection. Each mirror had a mass of
20kg. BBXRT was flown in December 1990 for nine days
as part of the Astro-1 payload on Shuttle mission STS-35,
performing approximately 150 observations of 85 celestial
targets. The performance of the instrument, including the
mirrors, is described in detail in Weaver et al. [5].

The broadband point spread function was determined on
orbit by comparing the distribution of counts from discrete
cosmic sources with models based on ground calibration.
It was best modeled using a pair of Gaussian profiles. The
inner image core (¢ = 1.8arcmin) contained 65 percent of
the source flux; the outer halo (¢ = 5.8 arcmin) contained
35 percent. Some energy dependence of the point-spread
function was observed; this was ascribed to residual rough-
ness of the mirror foils. The degree of energy dependence
was not quantified, but consistent with that measured for
the mirrors on ASCA, which were fabricated using the same
approach (see below). The effective area of each mirror was
approximately 290 cm? at 1 keV and 125 cm? at 7 keV.

The Japanese-US ASCA was the first free flying, general
use X-ray observatory to incorporate foil mirrors [6]. With
its foil mirrors and its groundbreaking CCD detectors, ASCA
made numerous important contributions to astrophysics and
demonstrated the utility of both high throughput mirrors
and CCD detectors.

ASCA was severely mass limited, with a total mass of
~400kg. Thus there was a premium on the effective area-
to-mass ratio of the X-ray mirrors, a situation for which
foil mirrors provide the best solution. ASCA incorporated
four identical coaligned foil mirrors, each with a mass of
10kg [7]. Two mirrors illuminated imaging gas scintillation
proportional counters, the other two illuminated the first
CCD detectors ever used in an orbiting X-ray observatory.
Each mirror had a diameter of 35 cm and a 3.5 m focal length
and consisted of 120 nested shells. The foil thickness and
axial length were the same as in BBXRT. Also as in BBXRT,
the mirror surfaces were produced using the lacquer coating,
with an evaporated gold overcoat. One of the flight mirrors
is shown in Figure 6.

ASCA was launched on February 20, 1993, and operated
in orbit for six years. The point-spread function had two
distinct components, a sharp core plus a halo. While the
full width at half maximum was ~1arcmin, the HPD was
3.6 arcmin. While the HPD was largely constant across the
0.5-10keV energy band, the halo did show some energy-
dependent broadening. This is ascribed to small angular scale
roughness on the mirror surfaces. The fractional flux in
the broadened component varied from 8 percent at 1.5 keV
to 17 percent at 8keV. The broadening is consistent with
the measured surface microroughness of ~3 A. Despite the
modest dimensions and mass of the mirrors, each of the
four had an effective area of approximately 300 cm? at 1 keV
and 140 cm? at 8 keV. There was no appreciable difference
among the four mirrors. Over the six-year mission life, no
degradation of the mirror performance was observed.
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TasLE 1: Foil mirror parameters.

SXS/Micro-X BBXRT SODART ASCA Astro-E/E2 SXT-1I Astro-E/E2 SXT-S
Number flown 1 2 0 4 8 2
Diameter (cm) 40 40 60 35 40 40
Focal length (m) 2.1 3.77 8 3.5 4.75 4.5
Number of Shells 68 118 143 120 175 168
Number of modules per mirror 4 4 4 4 4 4
Segment length (cm) 10 10 20 10 10 10
Total number of segments 544 944 1144 960 1400 1344
Al Substrate thickness (mm) 0.127 0.127 0.4 0.127 0.152 0.152
Surface production method lacquer lacquer lacquer lacquer replication replication
Reflective coating gold gold gold gold gold gold
Mass (kg) 20 20 101 9.84 19.3 19.9
Effective area at 1 keV (cm?) 300 290 950 300 450 450
Effective area at 7 keV (cm?) — 125 750 150 250 250
Angular resolution (HPD-arcmin) 3 3 2.4-3.8 3.6 1.6-1.7 1.7
Year of launch 1988 1990 — 1993 2000, 2005 2000, 2005

FIGURE 6: An ASCA flight mirror, one of five constructed. The
aperture diameter is 35 cm; the height is approximately 20 cm. The
mirror consists of 118 nested shells and has a mass of 10 kg.

The most ambitious application of lacquer-coated mir-
rors was the pair constructed for the SODART, Soviet-Danish
Rontgen Telescope [8]. The SODART instrument was to
have flown in the 1990s on the Russian Spectrum X-Gamma
observatory, but the observatory was never launched. Each
of the two mirrors had a 60cm diameter and an 8m
focal length. It consisted of 143 nested shells divided into
quadrants like the GSFC mirrors. The shells were thicker
(and thus stiffer) than those used at GSFC (0.4mm as
opposed to 0.127 mm) and longer (20cm as opposed to
10cm). The mirror forming and mounting approaches
largely duplicated those used at GSFC for BBXRT and ASCA
[9]. One exception is that the segments were bonded to the

housing sides after alignment of a primary and secondary
quadrant. The reflecting surfaces were prepared using a
similar lacquer coating technique to that developed at GSFC.
Each mirror weighed 101 kg.

Extensive ground testing was performed on the SODART
mirrors [10]. The measured performance was strongly
dependent on the field of view of the detector, the result
of large angle scattering off surface imperfections. The
half power diameter ranged from 2.4 arcmin to 3.8 arcmin,
depending on field of view and energy. The on-axis effective
area was 765cm? at 6.6keV and was 65 percent of that
expected from an ideal geometry, independent of energy.

4. Epoxy Surface Replication

One attribute of the lacquer-coated mirrors was the presence
of “orange peel” on their surfaces—millimeter-scale ripples
that limited their angular resolution. This surface roughness
was a major source of blur and is likely to be largely
responsible for the field of view and energy dependence of the
angular resolution best quantified for the SODART mirrors,
but common to all lacquer-coated mirrors. The quest to
remove this effect led to the introduction of epoxy replication
[11]. Epoxy replication is a proven technique for producing
optical components. It is a standard way for instance of
making gratings. For X-ray astronomy, epoxy was used to
produce the mirrors for ESA’s Exosat mission [12] and the
reflection gratings on the XMM-Newton mission [13]. If
epoxy replication was to work for thin foil mirrors without
sacrifice of their reasonable cost, then it was necessary to
develop a straightforward process that would consistently
produce better quality mirror surfaces than lacquer coating
and lend itself to mass production.

The replication process introduced by Serlemitsos and
Soong [11] does just that. First, the thin reflective layer (gold
or platinum) is deposited onto a glass mandrel. Then a thin,



even layer of epoxy is sprayed onto the preformed aluminum
substrate and/or the coated mandrel. The mandrel and
substrate are brought into contact under vacuum and then
brought to atmosphere to force the two together. The epoxy
is allowed to cure in air for several hours at an elevated
temperature. Once the epoxy is cured, then the mirror
segment is separated from the mandrel. The segment is
trimmed to its final shape for installation into its housing;
the mandrel is cleaned in preparation for another replication
cycle.

A number of factors contribute to the success of this
approach. Inexpensive, durable mandrel material needed
to be found. Drawn cylindrical borosilicate glass tubing
manufactured by Schott has a surface with very low micro-
roughness that is transferred to the epoxy. Mandrels are
selected by scanning the surface of a tube to find portions
with minimal curvature (typically less than 1arcmin). The
smooth microsurface of the mandrels allows the deposited
reflective layer to release easily, with no need for a release
layer. Additionally, since the reflective layer is deposited
onto the mandrel, it is possible to use sputtering instead of
evaporation. Sputtering yields a layer with density closer to
bulk than evaporation and thus a higher X-ray reflectivity
(the gold on the ASCA and BBXRT mirrors had density
~85 percent of bulk). For the replication to be viable, it
was essential to find an epoxy that could be thinned to
allow uniform spraying of a thin layer. A spraying process
then needed to be developed that yields a uniform coating
(this was done via robotic spraying—see Figure 7). Using
a sufficiently thin epoxy layer minimizes transfer of large-
scale mandrel surface features onto the substrate, meaning
that the substrates retain the shape imparted to them
through heat forming. The thin epoxy layer is also necessary
to minimize distortions due to stresses built up during
curing, as well as bilayer thermal deformation. Finally an
epoxy cure cycle was developed that was not too cool, lest
the epoxy cure insufficiently, nor too hot, lest the epoxy
intermix with the reflecting material and spoil the surface
quality.

5. Epoxy-Replicated Flight Mirrors:
Astro-E and Suzaku (Astro-E2)

Epoxy replication has become the baseline approach for
making foil mirrors. The first epoxy-replicated mirrors were
built for the Japan/US Astro-E mission. Included in the
Astro-E instrumentation were five 40 cm diameter epoxy-
replicated foil mirrors [14]. Four mirrors illuminated CCD
detectors, which together comprise the XIS instrument.
These mirrors had a focal length of 4.75m and consisted
of 175 nested shells. The fifth mirror illuminated an X-
ray microcalorimeter: a unique, nondispersive imaging spec-
trometer with high spectral resolution, that operates at a
temperature of 0.065 K. This mirror had a 4.5 m focal length
and consisted of 168 shells. The reflection stages of both
mirror types again had an axial length of 10 cm. Each mirror
had a mass of approximately 19 kg; the reflectors comprised
over half the total mass.
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FIGURE 7: Epoxy coating of a foil using a robotic sprayer.

The Astro-E mirrors underwent extensive ground cali-
bration in a pencil beam facility [15]. The HPD was found
to be 1.8-2.2arcmin for the five mirrors and was largely
energy independent in the 1.5-8.0 keV range. This represents
a substantial improvement over the resolution obtained
by the lacquer-coated ASCA mirrors. The effective area of
each mirror was 20 percent lower than the design values
at all energies. Analysis of this loss ascribed 11 percent to
mechanical misalignment and slope errors of the mirror seg-
ments, 6 percent to reflector surface roughness (5.1 Arms),
and 3 percent to wide-angle scattering of radiation beyond
the boundary of the focal plane detector. Nevertheless the
effective area of each mirror was ~450cm? at 1keV and
~250 cm? at 7keV, a high throughput for such a modest
diameter mirror.

Astro-E was launched on February 10, 2000. A first stage
booster failure prevented the spacecraft from reaching orbit.
To recover from this setback, a nearly identical Astro-E2
spacecraft was built. The foil mirrors are largely identical
in design and construction to those of Astro-E [16]. The
single major change was the addition of a stray light baffle,
which was attached to the front of each mirror to largely
eliminate the paths to the focal plane of radiation reflected
only off the secondary reflector [17]. Additionally, a more
restrictive screening was applied to the glass tubes used as
replication mandrels in order to reduce the figure error
of the mirror segments. Extensive ground calibration was
performed using a pencil beam [18]; one of the five mirrors
was calibrated using full illumination [19]. The minor
process improvements yielded a slightly improved angular
resolution over that of the Astro-E mirrors: the HPD was
1.6-1.7 arcmin. The effective area was essentially identical to
that of the Astro-E mirrors. The same 20 percent reduction in
effective area below the design area as for the Astro-E mirrors
was found. It was shown that the loss of effective area due to
misalignment between the mirror and the stray light baffle
was at most 2 percent. A finished flight mirror is shown in
Figure 8.

Astro-E2 was successfully launched on July 10, 2005,
and renamed Suzaku upon reaching orbit. Because of the
loss of cryogen from the microcalorimeter cryostat prior to
the start of observations, only the mirrors illuminating the
CCD detectors were calibrated in orbit. The in-flight effective
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FIGURE 8: An Astro-E2 flight mirror, with stray light baffle attached
on top. The aperture diameter is 40 cm; the height is approximately
22 cm. The mirror consists of 168 nested shells and has a mass of
20kg. Between Astro-E and Astro-E2 (Suzaku) a total of 10 such
mirrors were constructed.

area was found to be consistent with ground calibration.
A slight degradation of the angular resolution was noted
immediately after launch: the on-orbit HPD of the four
mirrors is 1.8-2.3 arcmin. The reduction is thought to be the
consequence of mechanical relaxation of the foil segments in
their housings stimulated by launch vibrations (the segments
are not bonded in place). Over nearly five years since launch
there has been no detectable change in the performance of
the mirrors.

6. Future Foil Mirrors: The Astro-H Soft X-ray
Telescope, GEMS, and Astrosat

Astro-H is the next major Japan/US X-ray observatory,
currently under development in Japan for a 2014 launch. Its
instrumentation includes four X-ray mirrors: two Soft X-
ray Telescopes (SXTs) for imaging in the 0.3-10keV band
and two Hard X-ray Telescopes (HXTs) for imaging in the
10-50 keV band. All are foil mirrors. One of the SXTs will
illuminate a microcalorimeter detector, the other a CCD
detector. The HXTs are described below; the key parameters
of both are listed in Table 2

The SXT design is a scaled up and improved version of
Suzaku’s [20]. The mirror has a 45 cm diameter and a 5.6 m
focal length. As with Suzaku and the other foil mirrors, the
SXT is constructed in quadrants. The segment length will
again be 10 cm. The total number of nested shells is 203. The
required angular resolution is 1.7 arcmin HPD. The expected
effective area of the mirror will be about 510 cm? at 1 keV and
390 cm? at 7 keV. An exploded view of the mechanical design
is shown in Figure 9. Most of the components shown in this
figure are common to all foil mirrors.

Several process improvements are being incorporated
into the SXT fabrication process in order to improve the
angular resolution, toward achieving 1.3 arcmin HPD or
better [20].

(i) Closer attention is being paid to the shape of
the substrates. More accurate forming mandrels are
being fabricated. Fewer mirror substrates will be
stacked onto a forming mandrel during each forming
run. This reduces figure errors introduced by forcing
a segment into a radius for which it has an incorrect
cone angle.

(ii) Three different substrate thicknesses are being used:
0.125,0.229, and 0.305 mm, with thicker substrates at
larger radii. The use of thicker, thus stiffer, substrates
should yield mirrors with final shape closer to the
ideal one.

(iii) A thinner epoxy layer will be used (~12pm versus
~25pum on Suzaku). There is a mismatch between
the conical shape of the raw substrate material and
the cylindrical replication mandrels. Use of a thicker,
stiffer epoxy layer, which conforms to the shape of
the replication mandrel, therefore introduces stresses
on the substrate and can deform it. Use of the
thinner layer will allow replication of the very smooth
mandrel surface, but allow the substrate to retain the
shape imposed upon it during forming.

(iv) A modified alignment and mounting scheme will be
used, incorporating two distinct sets of radial bars.
One set of reference bars, with precisely located and
shaped grooves, will be used as in the past to perform
gang alignment of the mirror segments. A second
set of support bars, with larger grooves, will be
interspersed with the reference bars, and the aligned
segments will be bonded to them. After bonding,
the accurate reference bars will be removed; only the
second set will fly. Experiments using this approach
on groups of 40-80 segments indicate improvement
of the HPD to <1.2 arcmin.

(v) The mirror has a substantially higher mass allowance
(44 kg, compared with the 20 kg per Suzaku mirror).
While the total mass of the mirror substrates is
considerably larger than Suzaku (due to both the
larger number of substrates and the use of thicker
aluminum), the housing will comprise a larger
fraction of the mirror mass (41 percent, compared
with 25 percent for Suzaku). The resulting stiffer
housing will reduce blur.

Foil mirrors also are being utilized on the Gravity and
Extreme Magnetism Small Explorer (GEMS), a mission
devoted to X-ray polarimetry scheduled for a 2014 launch.
GEMS has three identical telescopes, each consisting of
a foil mirror and a novel, time projection chamber X-
ray polarimeter. The instrument operates in the 2—10keV
band. While the polarimeter is not an imaging instrument,
use of an imaging mirror allows accurate placement of
a concentrated beam at its small entrance aperture, thus
substantially increasing instrument sensitivity. The mirror
design is based on the Suzaku design, with the same 4.5m
focal length. Fitting three coaligned telescopes in the SMEX
fairing constrains the diameter of each mirror to be 32 cm.



TaBLE 2: The foil mirrors being developed for Astro-H.

SXT HXT
Diameter (cm) 45 45
Focal length (m) 5.6 12
Number of shells 203 213
Number of modules per mirror 4 3
Segment length (cm) 10 20
Total number of segments 1624 1278
Al Substrate thickness (mm) 0.152, 0.229, 0.2 mm
0.305 mm

Surface production method replication replication
Reflective coating gold Pt/C multilayer
Mass (kg) 56 80
Effective Area (cm?) 510 @ 1 keV 800 @ 6 keV

390 @ 7 keV 200 @ 40 keV

Angular resolution (arcmin) 1.7 (goal <1.3) 2 (goal <1.7)

FiGure 9: Exploded view of the Astro-H Soft X-ray Telescope. The
mirror is segmented into quadrants. The main components, from
the bottom, are inner and outer lower mounting rings, the two
reflection stages, the stray light baffle, the inner and outer upper
mounting rings, and the thermal shield. The overall dimensions of
the assembled mirror are 47 cm in diameter and 25 cm high.

The GEMS mirrors are thus basically a smaller diameter ver-
sion of the Suzaku mirrors, with 110 nested shells. The same
forming and replication mandrels will be used to produce the
segments, and the same lightweight housing design will be
used, scaled to the smaller diameter. The resulting difference
in effective area from the Suzaku mirrors primarily affects the
band below 2 keV where the detectors are not sensitive. The
angular resolution requirement is 1.3 arcmin, better than that
achieved on Suzaku, but achievable given the smaller size and
number of shells and taking advantage of some of the process

X-Ray Optics and Instrumentation

improvements developed for Astro-H. Each mirror will have
a mass of 10 kg.

The Indian observatory Astrosat, to be launched around
2012, will include in its instrumentation a modest X-ray
imaging system consisting of a foil mirror and a CCD
detector [21]. The mirror will have a focal length of 2.0 m
and a diameter of 26 cm. The angular resolution is estimated
to be about 3 arcmin. The effective area will be about 200 cm?
at 2keV and 25cm? at 6keV. The mirror segments will be
fabricated using the same replication process as for Astro-
E/E2 and subsequent foil mirrors. The mirror is being
constructed at the Tata Institute of Fundamental Research,
where the facility used for constructing the Astro-E/E2
mirrors was duplicated.

7. Multilayers

Imaging in the hard X-ray band, above 10keV, is a true
experimental challenge. Because the fluxes of all cosmic
X-ray sources decline with increasing energy, performing
detailed imaging observations requires substantial collecting
area. At the same time, the critical angle of even the
highest density metallic coatings becomes very small, leading
to very large focal ratio mirrors. (Typically, for a given
coating, the maximum energy that can be imaged Emax is
proportional to the ratio of the focal length F to the mirror
diameter d: En.x o< F/d.) However, shorter focal ratios that
can realistically be implemented into instruments can be
obtained by the use of multilayer coatings.

A multilayer consists of alternating layers of high and low
Z material, with typical bilayer thicknesses of a few nm. The
thickness of the two layers is controlled during deposition
to produce efficient Bragg scattering at reasonable grazing
angles for energies of interest. A uniform multilayer has
efficient response only over a narrow range of energies. The
invention of graded multilayers has made possible mirrors
with a broadband response [22]. The layers have increasing
thickness according to some prescription as a function of
distance from the substrate. The thicker, outer layers reflect
X-rays from the lower end of the band of interest, while the
higher energy X-rays that penetrate more deeply into the
layer are reflected by the deeper, more closely spaced layers.
The original concept for graded multilayers introduced a
power law layer variation with distance. Yamashita et al.
[23] introduced the “supermirror” concept wherein the
continuous gradation is replaced by a series of groups
of identical thickness layers. They showed that the X-
ray reflectivity of such a multilayer is comparable to that
expected from an optimum grading.

Foil mirrors are attractive as high-energy mirrors because
of their large geometric filling factor. With multilayers
applied to the surfaces, they become efficient mirrors above
10 keV. Table 3 lists segmented multilayer mirrors that have
either flown or are under construction.

The initial means for applying multilayers onto sub-
strates was to coat the multilayers on top of the gold
surface of an epoxy replicated segment [23]. This is an
inherently slow and low yield approach because of the great
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TaBLE 3: Multilayer coated foil mirrors.

InFOCuS HEFT SUMIT NuSTAR
Diameter (cm) 40 24 36 38
Focal length (m) 8 6 8 10
Number of shells 255 72 90 130
Number of modules per mirror 4 1* 3 1*
Segment length (cm) 10 2 X 10** 13 22.5
Total number of segments 2040 700 540 2340
Substrate material aluminum glass aluminum glass
Substrate thickness (mm) 0.17 0.3 0.22 0.21
Surface production method replication thermal forming replication thermal forming
Multilayer coating Pt/C W/Si Pt/C Pt/C, W/Si
Effective area (cm?) 51 50@40 150
Angular resolution (arcmin) 2.7 1.3 2.06 <60
Year of launch 2001, 2004 2005 2006 2012

“HEFT and NuSTAR mirrors consist of one module, but shells are composed of multiple segments.

**Each reflecting stage consists of a pair of segments.

care that must be taken to not damage the epoxy surface
by overheating during deposition (the epoxy surfaces will
be damaged if heated about ~40°C). It was subsequently
demonstrated that multilayers could be replicated the same
way as a gold monolayer: the multilayer is grown on a glass
mandrel and then transferred to the aluminum substrate
using epoxy replication. This introduced a major advance in
production speed and yield.

This approach was used to produce the first multilayer
imaging mirror for hard X-rays [24, 25]. This mirror was
used on the International Focusing Optics for MicroCrab
Sensitivity (InFOCuS) balloon instrument, flown for the first
time in 2001 (and an upgraded version flown twice subse-
quently), and has produced the first images of cosmic sources
in the 20-40 keV band using multilayers. This mirror used
the same fabrication, mounting, and alignment techniques
as used for Astro-E/E2, the only difference being the use of
replicated multilayers for the reflecting surface instead of a
gold monolayer. Like the Astro-E mirrors, it has a diameter
of 40 cm, but it has a focal length of 8 m. A total of 255 nested
shells are required. A graded Pt/C multilayer was transferred
via epoxy replication onto each substrate. In the most recent
mirror upgrade, the substrates were divided into 12 groups
by radius, with the same multilayer prescription applied
to each substrate in a group [26]. The block prescription
introduced by Yamashita et al. [23] was used to determine the
number of layers and the thickness of each [27]. Each mirror
segment had between 28 and 78 layers, with layer thickness
between 2.61 nm and 12.64 nm. This mirror has an angular
resolution of 2.1-2.4 arcmin in the 20-60 keV band and an
effective area of 51 cm? at 30 keV [28].

A mirror of similar design was constructed using the
InFOCuS approach for the Supermirror Imaging Telescope
(SUMIT) balloon instrument [29, 30]. Design differences
were introduced in order to improve the angular resolution
and the effective area (through the reduction of misalign-

ments). The key differences were the use of thicker and
longer foils (to increase stiffness and reduce the number),
subdividing shells into thirds rather than quadrants (to
reduce end effects), and using single housing unit instead
of separate modules (to increase overall structural stiffness).
These changes did lead to improved angular resolution and
effective area over InNFOCuS. The angular resolution mea-
sured on the ground was 2.06 arcmin. Despite the fact that
only the inner 36 cm of the 40 cm aperture was populated
with segments, the effective area at 30 keV was virtually the
same as the 40 cm diameter InFOCyuS mirror. This indicates
that coupled with the higher angular resolution, less light was
lost due to misalignment or internal blockage. SUMIT was
launched from Brazil in late 2006, but unfortunately was lost
at sea.

The combined experience of the InNFOCuS and SUMIT
mirrors has been employed in the design of the Hard X-
ray Telescopes (HXTs) that will fly on Astro-H [31]. These
mirrors are being constructed by a consortium of Japanese
institutions led by Nagoya University. The HXTs are the most
ambitious hard X-ray mirrors under development. Each has
a diameter of 45cm and a 12m focal length. As was the
case for SUMIT, each shell is divided azimuthally into only
three segments, and an integral housing is used. The mirror
consists of 213 nested shells. Aluminum substrates 0.2 mm
thick will be used. The mirror segments are 20 cm long in
order to reduce the number of nested shells and increase the
clear aperture. Another innovation is that the housings will
be considerably more massive, to minimize distortions. Each
mirror has a total mass of 80 kg, four times more massive
than the Suzaku mirrors. The required angular resolution
is 2arcmin (HPD), but the expected angular resolution is
<1.7arcmin. Graded Pt/C multilayers, designed using the
supermirror approach, are transferred to the segments. The
expected effective area of each mirror is 800 cm? at 6 keV and
420 cm? at 40 keV.
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8. Limiting Factors to Angular Resolution in
Foil Mirrors

Over the 30 years of development, there has been substantial
improvement in foil mirror performance. The angular reso-
lution has improved incrementally with each new generation
of mirror. The introduction of epoxy replication removed
the energy dependence of the point-spread function. More
accurately machined and stiffer housings have reduced
misalignments. Better substrates and forming mandrels have
reduced figure errors on individual segments. Nevertheless,
no foil mirror has attained an angular resolution better than
one arc minute.

A number of error budget analyses for various foil mirror
implementations have been presented (e.g., [30-32]). The
key contributors to blur include misalignment of segments
within the housing, misalignment of primary and secondary
segments, macroscopic axial figure errors on the foil surfaces,
and distortions introduced by the mismatch between the
segment shape and its location in the housing (effectively
delta-delta-R errors). The intrinsic angular resolution due
to the conical approximation is generally small compared
with any of these terms. These analyses universally conclude
that several terms contribute approximately equally. Thus
all must be addressed if significant improvement is to
be achieved. From the discussion above about the Astro-
H SXT design, it can been seen both that incremental
improvements are still being made and, more importantly,
that addressing errors across a broad front can potentially
lead to a considerably better mirror. Still it is unlikely that
an aluminum foil mirror will ever achieve angular resolution
substantially better than one arc minute. As we describe
below, however, use of a different substrate material allows
for construction of a high angular resolution mirror that
preserves many of the desirable attributes of the foil mirror.

9. Glass as a Substrate

Aluminum has numerous desirable attributes as a substrate
material for foil mirrors: low density, easy to form, moderate
cost, good surface properties. Nevertheless it is not ideal; it is
flimsy, cannot be formed in three dimensions (i.e., cannot
impart the axial curvature of a true Wolter mirror), and
most importantly the surface quality of even the best material
limits the attainable resolution to about an arc minute,
considerably worse than the intrinsic resolution of the
conical approximation for typical designs. Hailey et al. [33]
performed a careful characterization of the surface properties
of Al and concluded that the surface properties limit the
angular resolution of even a perfectly aligned aluminum
foil mirror to 25 arcsec. Hailey was especially interested in
a substrate to which multilayers could be applied. For a
W/Si multilayer, Mao et al. [34] found that the interfacial
roughness on glass (3.5-4.0 A) was lower than that on an
epoxy replicated foil (4.5-5.0 A) (they did not try multilayer
replication).

A number of alternative materials have been proposed:
different metallic foil, silicon, carbon fiber-reinforced plastic.
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Each of these materials introduces a new set of challenges.
The most promising alternative material, and one that has
produced a revolution in thin substrate mirrors, is glass.
In searching for an alternative substrate for aluminum
for hard X-ray mirror for a balloon instrument, Hailey
et al. [33] showed that the intrinsic surface quality of
commercially available borosilicate glass is far superior to
that of aluminum. Moreover, the glass he investigated,
commercially available Schott Desag D263 and AF45, has
good mechanical properties, even at thicknesses of 200-
400 ym. Hailey developed a thermal slumping approach to
form the glass to its approximate shape. Multilayers could
be directly deposited onto the glass substrate without a
microroughness increase.

The slumping approach introduced by Hailey et al. [33]
entails suspending a flat piece of glass substrate across a
concave mandrel, and slowly thermally cycling it so that the
glass assumes the form of the mandrel. While the figure of the
substrate is not precise (Hailey et al. use cylindrical molds),
the excellent microroughness of the surface is preserved. A
slow thermal cycle in which the glass is annealed as it cools
allows the glass to largely retain its mechanical properties.

The first use of glass substrates in a full mirror was for the
High Energy Focusing Telescope, a balloon instrument led
by CalTech with mirrors supplied by Columbia University.
HEFT was designed to be sensitive in the 20-70 keV band.
The mirror surfaces were therefore coated with a graded
multilayer, in this case composed of tungsten and silicon. The
mirror consists of 70 shells, with an outer diameter of 24 cm
and a 6 m focal length. Each shell was conical approximation
of a Wolter 1 and was comprised of 20 elements. The primary
and secondary each consisted of two 10 cm long, end-to-end
sets of five azimuthal segments. Each segment was 0.2 mm
thick.

The HEFT mirror introduced a novel mounting and
alignment scheme. The mirror was built outward from a
central core. A set of carbon spacers was attached to the
existing outermost shell (or the central core). The outer
surfaces of these spacers were then machined in situ to
the proper diameter and slope for the next shell. Then the
20 glass segments comprising the next shell were epoxied
to the spacers, while the image formed by the shell was
monitored optically. Once the epoxy set, the next layer was
attached the same way. This mounting scheme is illustrated
in Figure 10 and the mounting fixture in Figure 11. This
mounting approach has three significant advantages over the
approach used for foil segments. Mechanically it yields a rigid
structure, which is unlikely to experience changes due to
vibration or shock. The in situ machining eliminates stack
up error and ensures confocality. The forcing of the stiff glass
substrates into contact with the accurately machined spacers
forces them to maintain a conical shape to high accuracy. The
performance of a mirror constructed using this approach
therefore has the potential for better angular resolution than
foil mirrors mounted in the traditional way, with the blur
dominated by substrate misalignments and figure errors.

Three HEFT mirrors were constructed. Two are shown
in Figure 12. The angular resolution of the best mirror was
~1.3arcmin at 8keV [35, 36]. There was a clear angular
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(a) Lay down and
machine graphite spacers

(b) Lay down glass

(c) Lay down and
machine graphite spacers

(d) Lay down glass

Figure 10: The mounting scheme for thermally formed glass
mirrors invented for HEFT.

resolution improvement from the inner shells to the middle
ones, across the boundary where the spacer density doubled.
This is likely due to the fact that the larger number of spacers
forces the glass substrates to conform more closely to the
ideal conical surface. The effective area was within 20 percent
of expectations from modeling, approximately 20 cm? at
25keV. HEFT was flown in May 2005, but no report of its
performance has been published.

10. Future Application of Glass Substrates:
NuSTAR

The HEFT balloon mirror serves as the prototype of the
Nuclear Spectroscopy Telescope Array (NuSTAR), a Small
Explorer expected to be launched in 2012. NuSTAR features
a pair of conical slumped glass mirrors. Each mirror has a
38 cm diameter and a 10 m focal length. It consists of 133
nested glass shells with segment length of 22.5 cm. The outer
65 shells consist of 12 pairs of azimuthal segments, the inner
65 of 6 pairs. The angular resolution requirement is 60 arcsec
(HPD); the goal is 40 arcsec. Each mirror is expected to have
a mass of 24.5 kilograms [37].

The mirror substrates are 210 ym thick D263 glass. They
are heat formed into a cylindrical shape. In contrast to
the substrates for HEFT, these are thermally formed using
convex mandrels incorporating slumping technique devel-
oped for IXO (described below). The mandrels are polished
commercial grade fused silica. Adopting the approach under
development for IXO has resulted in formed glass substrates
with excellent figure: the typical two-reflection HPD for the
uncoated substrates is 40 arcsec, with many around 30 arcsec.
Thus the possibility exists that the integrated mirrors will
attain the angular resolution goal.

11

FIGURE 12: Two HEFT mirrors. Each mirror is 24 cm in diameter
and 40 cm long and consists of 70 nested formed glass shells.

The mirrors are mounted and aligned using the approach
developed for HEFT. Improved alignment machines have
been fabricated.

11. Slumped Glass Mirrors for
Constellation-X/XEUS/IXO

The introduction of slumped glass substrates stimulated
work by a number of investigators seeking a means of
forming thin substrates capable of providing high angular
resolution. The motivation for this work comes from
the consensus need for the next major X-ray astronomy
mission—a substantial increase in collecting area combined
with high angular resolution, to facilitate spatially resolved
spectroscopy of distant (and hence faint) objects. The
high angular resolution is driven by the need to perform
spatially resolved spectroscopy of extended objects (clusters
of galaxies, supernova remnants) as well as measure the
spectrum of extremely faint objects without source confu-
sion. The original NASA implementation was Constellation-
X; the ESA implementation was the X-ray Evolving Uni-
verse Spectroscopy (XEUS). In 2007, these missions were
merged into the International X-ray Observatory (IXO).
For Constellation-X, the baseline implementation utilized
slumped glass, with technology development led by GSFC.
For XEUS, the baseline mirror was a Silicon Pore Optic
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(SPO). Slumped glass was considered a backup technology
for XEUS, with technology development at the Max Planck
Institut fur Extraterrestrische Physik (MPE) and at the Osser-
vatorio Astronomico di Brera (OAB). All three institutions
are participating in the glass technology development for
IXO.

The fundamental differences between Constellation-X
and XEUS on one hand, and IXO on the other, are the size
and performance specifications of the mirror. Constellation-
X incorporated an array of four identical mirrors, each
with a 1.3 m diameter and a 10 m focal length. The angular
resolution was to be 15 arcsec HPD, with a goal of 5 arcsec.
XEUS was to have a single mirror, with 5 m? of collecting area
and a 50m focal length. The angular resolution was to be 5
arcsec HPD, with a goal of 2 arcsec. IXO incorporates a single,
large diameter mirror with 20 m focal length, 3.3 m diameter,
and mass of 1750 kg. The effective area at 1.25keV is to be
at least 2.5m? with a 3.0 m? goal and 0.6 m? at 6 keV. The
angular resolution of the entire observatory is to be 5 arcsec;
to achieve this, the mirror angular resolution must be ~3-4
arcsec. Two approaches to the mirror are being pursued. ESA
is developing a mirror based on silicon pore optics (SPO),
wherein commercially available 0.773 mm thick Si wafers are
stacked to form a conical approximation of a Wolter I mirror
[38-40]. Careful stacking and alignment of the wafers lead to
a mirror in which the dominant component of the angular
resolution error budget is the conical approximation. The
second approach, under study by NASA and independently
in Europe at MPE and OAB, uses segmented glass substrates,
slumped into a Wolter shape, and mounted accurately
into groups of identical modules [41—43]. Note that unlike
previous implementations in which a conical approximation
sufficed, true Wolter surfaces are required if the angular
resolution requirement is to be met for IXO. But as for
previous foil mirrors, a key design parameter in the IXO
design is the effective area per unit mass.

A possible slumped glass design for the IXO mirror
(Figure 13) consists of 361 nested Wolter I shells [44]. The
mirror is divided into three rings of modules. The intent
of the modular design is that all the precision alignment
and mounting (and thus all technology development) are
contained within a module; aligning the modules to each
other is straightforward. The inner ring has 12 identical
modules, and the middle and outer rings each have 24.
Each mirror segment is 20 cm in axial length; no segment
has an arc length longer than 40 cm. The inner module
contains 143 segment pairs, the middle 115, and the outer
103. Thus a total of 13,986 segments are incorporated into
the full mirror. The module structure must be carefully CTE
matched to the glass to minimize the introduction of blur
due to thermal gradients. The modules vary in mass between
16 and 23 kg.

Thin slumped glass is the substrate of choice because
of its combination of desirable mechanical and optical
properties. The fundamental technical challenges associated
with using slumped glass are (i) how to introduce via thermal
forming a surface with a contribution of <1.5 arcsec to the
angular resolution error budget; (ii) how to mount and
align these flimsy substrates without introducing stresses
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FiGUrg 13: Schematic of the NASA reference design of the IXO
mirror. The mirror consists of 361 nested shells, in 60 modules. The
overall diameter of the aperture is 3.3 m.

or distortions. While neither goal has been accomplished,
substantial progress has been made towards them.

In the NASA approach, the glass is slumped onto a
convex mandrel (the European glass mirror development
partly retains concave mandrels). The primary reason for
using a convex mandrel is because in a concave mold,
thickness variations in the substrate, even if they are fractions
of a micron, would introduce figure errors even in a substrate
that conforms exactly to the mold. In the IXO design, a
1 ym error in the mirror curvature corresponds to a blur
of 8 arcsec. Mandrels and formed substrates are shown in
Figure 14.

Use of a convex mold means that the X-ray reflecting
surface comes into contact with the mandrel. The Columbia
group used concave mandrels to avoid this contact, to ensure
preservation of the excellent microroughness of the raw
material. Zhang et al. have found that use of a suitable release
layer on a convex mold preserves the microsurface quality
[41]. The microroughness degradation is measured to be a
most 1A. The challenges faced in forming precise mirror
segments are threefold. (i) Mandrels with sufficiently high
quality figure need to be mass produced. (ii) Distortions
introduced into the glass from the slumping must be
controlled. The most destructive distortions are those with
spatial frequencies in the millimeter to centimeter range,
the so-called midfrequency errors. (iii) Any X-ray reflective
coating deposited onto the substrate must not distort it via
bimorphic stresses.

Of the three challenges, the most formidable is the con-
trol of the midfrequency errors. Several optics manufacturers
have the capability for producing mandrels of the required
quality and quantity. Experiments have demonstrated that
the bimorphic stresses imparted by iridium, the reflective
coating of choice, can be compensated by the use of an
undercoating material (such as chromium) that imparts
opposite stress,. Control of the midfrequency errors depends
on the release layer surface quality. Current experiments are
concentrated on a boron nitride coating. Once the coating is
applied, it must be conditioned through a series of buffing
and thermal cycling steps.
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FIGURE 14: Two views of thermally formed glass substrates for IXO
on mandrels. The mandrels are fused silica; each is approximately
50 cm in diameter. The two mandrels shown represent the primary
and secondary reflection stages for a particular shell.

Results to date are promising. It has been shown that
the formed substrates conform to the mandrel figure with
very high fidelity. For a number of reasons, the required
figure quality has not yet been attained. In order for the
full mirror to have 3 arcsec resolution, the error budget
requires each segment to have figure errors less than 2.3
arcsec. This is subdivided into error ascribed to the forming
mandrel (1.5arcsec) and error due to the forming process
of 1.7 arcsec; dominating this 1.7 arcsec is the midfrequency
error due to the release layer. Mandrels with the required
1.5 arcsec HPD are only now available. Individual segments
with figure of ~5 arcsec have been fabricated, and refinement
of the process could make the requirement reachable within
a few months.

The coated substrates must next be mounted accurately
in a module without distorting the optical figure. Bending
moments applied at mounting points propagate across the
entire substrate, compromising the figure. What makes the
mounting extremely challenging is that the substrates are

FIGURE 15: (a) Rear view of an IXO mirror on a strongback for
transfer to a permanent mount. The six actuators provide the
mounting points. (b) A pair of uncoated IXO mirror segments
mounted in a prototype permanent mount.

flimsy, bending under their own weight. At the same time,
alignment tolerances are a fraction of a micron. To accurately
align and mount the substrates, they need to be rigidized,
but in such a way that the intrinsic shape is preserved.
Alternatively, advantage can be taken of the segments’
flimsiness, and the capability for correcting first-order figure
errors (like out of roundness or cone angle variations with
azimuth) can be incorporated into the alignment scheme.
Both approaches are under study and are referred to as the
“passive” and “active” approaches, respectively.

In the passive approach, the first step is to mount and
bond the mirror segment temporarily onto a strongback,
converting the flexible mirror segment into a de facto rigid
body that can be handled, characterized, transported, and
aligned (Figure 15). The mirror segment is next located and
aligned properly in position and orientation using precision
stages under the monitoring of an optical beam with grazing
incidence Hartmann tests (i.e., sequential illumination of
small angular portions of the mirror pair). Once the segment
is aligned, it is bonded at several locations permanently to
the module housing structure. The bonding process must not
introduce stress or displace the segment. After the permanent
bonds have cured, the transfer mount is removed.

In the active approach, radial displacements produced
by actuators at the mirror segments’ forward and aft ends
are used to correct the mirror segments’ tilt errors (pitch
and yaw) and adjust cone angle to minimize the alignment
aberrations of focus error and coma. After achieving the best
possible focus, the mirror segment is permanently bonded
to the module housing structure. After the permanent bonds
have cured, the actuators are disengaged and removed.

X-ray measurements using a single mirror pair were
most recently performed in 2007, using a different mounting
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approach. The measured HPD was ~15arcsec, consistent
with performance predictions based on optical metrology of
the mirror surfaces and the accuracy of the alignment [45].
Since that measurement, both mounting approaches have
been shown to produce higher accuracy alignment, and the
quality of the mirror segments has improved substantially
[41].

Yet another approach would be slumped segments con-
taining both the parabolic and hyperbolic surfaces on a single
piece. The feasibility of doing this has been demonstrated at
MPE [42]. Although mandrel fabrication for this approach
is more challenging, the complexity of aligning the primary
and secondary surfaces is avoided, and alignment errors
thereby reduced.

12. The Future of Segmented Mirrors

The evolution of thin, segmented X-ray mirrors since their
introduction 30 years ago has been remarkable. No longer
are they merely considered as concentrators for enhancement
of focal instrument sensitivity (although they still play that
role on, e.g., GEMS). Through the introduction of new
surface deposition methods (multilayers) and substrates
(glass), they have evolved into the mirror of choice for high
energy imaging (NuSTAR, the Astro-H HXT, and the hard
X-ray capability on IXO). With the introduction of accurate
substrate forming and precision mounting, they also now
have the potential to provide high angular resolution. At
the same time, their key advantages—high filling factor, low
mass per unit collecting area, suitability for mass production,
to name a few—remain attractive features of the design. With
two upcoming space missions using (aluminum) foil mirrors
(Astro-H and GEMS) and one using glass (NuSTAR),
segmented X-ray mirrors play an essential role in the near-
term future of X-ray astronomy. Owing to these factors and
their scalability to large areas, segmented optics have become
the de facto baseline for future X-ray missions.

One realm segmented mirrors opens to future explo-
ration is imaging in very hard X-rays. New material combina-
tions and manufacturing capabilities for multilayer coatings
promise to extend the energy band accessible with direct
imaging well beyond 100keV for reasonable focal lengths
(10-15m) [46, 47]. A telescope using such multilayers
would be able to detect astrophysically important nuclear
transitions such as *°Ni at 158 keV and *’Co at 122 and
136 keV.

As discussed above, the proposed NASA implemen-
tation of IXO, which carries X-ray astronomy well into
the 2020’s, relies on segmented glass. Beyond that, NASA’s
vision mission Generation-X (Gen-X) calls for a single
focal plane mirror system with 50 m? at 1keV, which is
unattainable unless a segmented approach is implemented
[48]. It also calls for extremely high angular resolution (0.1
arcsec HPD). The starting point toward achieving such high
resolution is a successful IXO development program leading
to a ~3arcsec HPD mirror. The angular resolution of this
mirror would be further improved by making the mirror
surfaces active, through, for example coating the back side
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of each glass segment with thin-film pixilated electrodes
over a thin layer of piezoelectric material and then applying
voltage to improve a segment’s figure [49]. Segmented X-ray
mirrors will continue to play a key role in X-ray astronomy
instrumentation for the foreseeable future.
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Silicon Pore Optics (SPO) is a new X-ray optics technology under development in Europe, forming the ESA baseline technology
for the International X-ray Observatory candidate mission studied jointly by ESA, NASA, and JAXA. With its matrix-like structure,
made of monocrystalline-bonded Silicon mirrors, it can achieve the required angular resolution and low mass density required for
future large X-ray observatories. Glass-based Micro Pore Optics (MPO) achieve modest angular resolution compared to SPO, but
are even lighter and have achieved sufficient maturity level to be accepted as the X-ray optic technology for instruments on board
the Bepi-Colombo mission, due to visit the planet Mercury. Opportunities for technology transfer to ground-based applications
include material science, security and scanning equipment, and medical diagnostics. Pore X-ray optics combine high performance

with modularity and economic industrial production processes, ensuring cost effective implementation.

1. Introduction

With two powerful observatories already in space, X-ray
astrophysics is enjoying a time of discoveries and exciting
new science. XMM-Newton [1] and Chandra [2] were
launched by ESA and NASA, respectively, more than a
decade ago, and there is good hope that they will continue
serving the science community well for another decade
before consumables are exhausted or their support systems
fail.

X-ray astrophysics has crucially contributed to our
current understanding of the structure and history of the
universe. The next generation X-ray astrophysics observatory
[3] needs to employ a new X-ray optics technology, enabling
a greater X-ray aperture size without sacrificing angular
resolution in order to explore the Universe in even deeper
detail and provide answers to the questions raised by
Chandra and Newton.

High performance X-ray optics are regarded as the
core enabling technology for the next-generation X-ray
astrophysics observatories to follow the currently operating
missions. The scientific importance of such a new space
telescope is evident from the priorities expressed by the

scientific communities in Europe, the USA, and Japan. In the
ESA Science Programme, Cosmic Visions 2015-2025 [4, 5],
the International X-ray Observatory (IXO) is one of three
selected large class (L) mission candidates for a launch slot
in 2020. IXO is also a high priority in the NASA and JAXA
programmes and is being studied jointly by all three agencies.

European X-ray astrophysics has an impressive heritage,
with a large number of missions from the early phases
[6] with Exosat to the currently operating Newton [7, 8]
observatory. Since such space missions have always been
driving X-ray optics technology, each of them has advanced
the state-of-the-art. For example, the Newton spacecraft
carries three large area telescopes made from electroformed
nickel shells. This technology was developed under ESA lead-
ership in collaboration with European industry and research
institutions. With this nickel optics, Newton provides a much
larger collecting area (and therefore many more photons
from the cosmological sources are delivered to the detector
instruments) than the Chandra telescope operated by NASA
(albeit at a reduced angular resolution to Chandra). It is
largely due to its telescope technology that Newton is one the
most productive ESA astrophysics missions to date (in terms
of published papers).



The IXO mission, a merger of the XEUS [3, 9-11]
and Constellation-X [12] mission concepts, has demanding
requirements on the X-ray optics, which cannot be fulfilled
with current state-of-the-art technologies. The Newton
optics provide an angular resolution of about 12 arc seconds
(") half-energy-width (HEW), while IXO requires 5. The
effective area of the three Newton telescopes together is about
0.45m? at 1keV, while IXO requires an effective area of
3m? to be provided, with the mass allocation to the optics
only about 35% larger than that of Newton. The Chandra
optics has a superb angular resolution of about 0.5, but a
prohibitive mass when applying the same optics technology
to IXO.

A number of different X-ray optics technologies have
been developed to maturity, optimised, and refined for space
missions, and significant investments have been made to
develop each of those. Despite the fact that these missions
were designed and built to achieve a range of goals,
requiring diverse effective areas and angular resolutions,
their performances show a clear correlation. The areal
density of the optics, that is, the effective area provided by
a given mass of optics, appears to be linearly dependent on
the resolving power of the optics, expressed as resolution
elements per angular unit; see Figure 1. The requirements
for IXO, however, clearly deviate from this line; IXO needs
an optics technology that can offer a much more demanding
combination of mass, effective area, and angular resolution.

Additionally, the IXO aperture is large and, therefore, a
timely and cost-effective production of the required optics
modules must be possible.

With the invention of Silicon Pore Optics [13, 14], a
solution to the challenge to meet the IXO optics technology
requirements was found. The required stiffness is achieved
due to the monolithic pore structure of the optic modules
that are individually aligned into the optical bench, replacing
the mounting approach for individual shells used in more
traditional X-ray optic technologies [12, 15, 16]. The span
over which mirror elements must be self-supporting is
drastically reduced in the pore optic due to the rib structure
between shells, as opposed to the use of a few fixed mounting
points in the traditional approach. This allows the mirror
substrate thickness to be drastically reduced, allowing a
much denser packing of mirror shells, thereby increasing the
effective aperture without compromising the optics stiffness
and figure accuracy. Compared to the replicated nickel shell
X-ray optics technology the mass is reduced by an order of
magnitude.

2. Silicon Pore Optics (SPO)

2.1. A Novel Approach to Making X-Ray Optics. The mount-
ing concepts of the X-ray optics technologies used by the
missions flown to date and plotted in Figure 1 share one
common aspect. The optical mirror elements, be it closed
shells or shell segments, are attached to the support structure
on individual points. In most cases, a spider structure is
used, to which the optical mirror element is attached at
the intersection points. These mounting interfaces are rather
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FiGure 1: The effective area versus angular resolution challenge:
A clear correlation is noted, when plotting the mass required to
provide a given effective area as a function of the angular resolving
power, expressed as resolution elements per angular unit. The X-ray
optics flown to date can be separated into three groups: foil based
optics, replicated shells and polished monolithic optics. Although
these are very different from each other, the same area/resolution
correlation is valid for all of them. The optics for each of the
flown missions has been carefully optimised and raised to a high
level of maturity. IXO requires a truly novel optics technology,
clearly off the correlation line. The IXO optics technology has to
be able to provide much more effective area per given mass, whilst
maintaining the angular resolution performance than any of the
preceding missions to date.

localised and involve mechanical clamping or glue-spots
to form the connection. In Figure 2, images A and B, the
mounting concept for closed shells and sectors, respectively,
is sketched.

The Silicon Pore Optics relies on a different mounting
concept [13, 14, 17, 18]. The X-ray mirror elements are
mounted along densely spaced lines, via ribs, which attach
to the back of the mirror element; see Figure2, image
C. These mounting elements (ribs) have two functions:
(1) they provide stiffness to the mirror element in the decisive
longitudinal direction (parallel to the optical axis), and
(2) they distribute the load over a line and not a point. The
mirror element becomes much stiffer, and its figure much
less distorted by the mounting elements.

The pore structure is obtained when mirror elements are
stacked, attached to each other front-to-back, as illustrated
in Figure 2, image D. The ribs on adjacent mirror elements
are coaligned, jointly generating very strong structural walls.
These radial walls, each of their extensions containing the
optical axis, provide strength in the direction normal to the
optical surface. Due to their dense packing, the required
thickness of these walls is very small and the overall loss
in geometric area is, therefore, comparable with that of the
classical spider obscuration.

In the SPO technology, the mounting ribs are made
of the same material as the mirror elements. Actually, the
mirror element and the ribs are manufactured from a single
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Ficure 2: The mounting concept of traditional X-ray optics
technologies is illustrated in images A and B. The closed mirror
shells or sectors are mounted to the support structure at individual
points. In the Silicon Pore Optics technology ribs attached to the
back of the mirror elements form the mounting elements (image C).
These ribs dramatically increase the stiffness of the mirror elements
in the critical longitudinal direction. Mirror elements are stacked
upon each other in the SPO approach, forming a stiff, monolithic
structure containing many mounted mirror elements (image D).

1. Align . 2. Bond I 3. Anneal I

FiGurg 3: The mirror elements are joined using optical bonding,
avoiding the use of glue or cement with its associated shrinkage and
CTE mismatch problems. The mirror element stack is, therefore, a
monolithic silicon crystal. If required, the mirror elements can be
coated before the stacking process.

piece of silicon crystal. Therefore, the thermal expansion
coefficient (CTE) of the mirror elements and ribs is identical.
Individual, ribbed mirror elements are attached to each other
using optical bonding. The surface of the rib tops, as well as
the optical surfaces, must be of sufficient quality to ensure
that the surfaces of adjacent plates bond to form a single
monolithic structure. No glue is required, which would
cause shrinkage and CTE mismatch problems. The stacking
process and the merging of adjacent optical mirror elements
is shown schematically in Figure 3. The mirror elements are
first accurately aligned, then contacted to form a bond, and
finally annealed to improve the strength of the joint. In
Figure 3, it is also indicated by the orange lines, that the

mirror elements can be coated as required before the stacking
process, in order to increase the X-ray reflectivity. Note also
that the unavoidable residual stress introduced by the coating
(with its different CTE) is easily handled by the stiffness of
the mirror element stack.

Considering the large number of required optics modules
for a mission like IXO, it was very important to take into
account mass production aspects right from the beginning of
the technology development. Due to the small size of the SPO
modules the production equipment can be kept compact,
ensuring the cost-effective implementation of a production
line, including the associated cleanroom infrastructure.

The production of the telescope optics for a large mission
like IXO can be split into two streams, as indicated in
Figure 4: (1) the production of SPO modules and (2) the
integration and assembly of the SPO modules into the
complete telescope. These two streams can be established
at different geographic locations and assigned to different
management structures if required.

2.2. Production of Silicon Pore Optics. X-ray optics require
superpolished mirror surfaces. Similar requirements are
imposed on the surface finish of the latest generation
silicon wafers for the electronics industry. These are already
commercially mass produced and very substantial invest-
ments have been made by the semiconductor industry to
achieve the high quality surface finish. The surface roughness
corresponds to that required for X-ray optics and the figure
errors are within the error budget for a few arc second
angular resolution optic [19, 20]. In addition, the surfaces
of such double-sided polished wafers are very parallel, with
very small thickness variations.

As illustrated in Figure 5, the starting material is pro-
cured and then processed for use in an SPO, relying
largely on existing and modified processes available in the
semiconductor industry. New processes and associated tools
are developed only where required. The silicon pore optics
production can be grouped as follows:

(a) production of ribbed and wedged silicon plates,
(b) coating of the plates,
(c) assembly into stacks of tens of plates,

(d) assembly of two stacks to form a mirror module.

The production of silicon mirror plates [21] starts with
dicing SEMI standard (100) 300 mm silicon wafers, which
are double sided polished and 0.775 mm thick, into square
plates. The diced plates are then coated with a protective
layer to prevent damage to the superpolished surface during
the subsequent production steps (see Figure 6). The ribbing
process dices grooves into the silicon substrate, thereby
creating

(i) the pores forming the channels for the X-rays to pass
through,

(ii) the ribs providing the required structural stiffness
when bonded in a stack, and

(iii) a thin membrane.



Stacking

MM assembly

X-Ray Optics and Instrumentation

=}

Petal assembly

FMA integration

X/

FIGURE 4: The production streams for a telescope using SPO technology.
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FiGgure 5: The production of SPO modules starts with commercial
silicon wafers and utilises, as far as possible, existing methods and
processes. The stacking is done automatically using a stacking robot.

Parameters such as rib width, pitch, number of ribs, and
membrane thickness can be optimised for the specific
application. Typically the ribs are 0.17 mm wide with a 1 mm
pitch and a membrane thickness of 0.17mm. A slightly
modified standard semiconductor dicing saw is used for
cutting the channels.

During stacking the plates will be elastically deformed
[22] to create approximations of the curved surfaces of a
Wolter-1 optic [23]. To minimise the strain energy, one
reduces the membrane thickness to a level sufficient to
meet the figure requirements of the final optic. Although
the plate ribbing process results in a well-defined pore
geometry, a known side effect of dicing is the generation
of microcracks in the material. Therefore, a second step
in the shaping of the required rib geometry has to be
applied to remove any residual microcracks, a so-called
damage etch. A potassium hydroxide (KOH) solution is
used to anisotropically and selectively etch damaged silicon
material inside the diced grooves, while a protective coating
is preventing the top surface of the ribs from being etched
(see also Figure 6). Although the surface of the diced grooves
remains rough after damage etching, this will not affect the
optical performance of the telescope. In contrast, surface
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F1GURE 6: Schematic overview of process flow for production of Si mirror plates (Reproduced from [20]).

roughness within the grooves helps to absorb or at least
scatter unwanted X-rays. Since in the SPO manufacturing
one has full access to the pores during manufacturing of
the plates, one could also apply other surface roughening
techniques to further reduce stray light.

The goal of the wedging process is to taper plates along
the optical axis so as to create, when they are elastically
bent and stacked, a conical approximation to a Wolter I
Optic (Figure 7). The wedge angle is proportional to the pore
height, inverse proportional to the focal length of the optic
and, therefore, independent from the radial position of the
plate. Typically the wedge angle is a few 10 urad, resulting
on plate lengths of 66 mm in a wedge layer with a maximum
thickness of a few 100 nm. The tapered wedge of the plates
is applied by controlled etching of the plates in an isotropic
etchant solution using custom-built equipment. The wedge
angle accuracy directly influences the optical performance
and has, therefore, to be controlled to 10 microarcsecond
level. Dedicated equipment has been developed and reliably
produces wedges well within this tight tolerance.

After wedging, a final processing step is necessary
for optimization of the reflectivity of the mirror plates.
High-Z metallic coatings such as platinum, tungsten, gold,
or iridium are typically used to increase the reflectivity
[24]. Patterning of the coated surface by metallic masks
[25] or lithographic processes [21] is necessary to ensure
bondability of the silicon mirror plates during the stacking
process.

The silicon plate surfaces can be bonded either by
hydrophilic or by hydrophobic bonding. Hydrophobic bond-
ing occurs between two silicon layers which are typically
made by removing the native oxide. Hydrophilic bonding
occurs between two oxide layers, which can be native oxide
layers of a few angstroms in thickness or thermal oxide layers
of hundreds of nanometers. The bond strength of room
temperature direct bonded wafers is highest for native oxide
(83 mJ/cm?) and thermal oxide (52 mJ/cm?) and lowest for
hydrophobic Si (10-20 mJ/cm?) [26]. Note that the bond

strength can be increased by a factor 10-20 if the bonded
stacks are annealed.

The wedged mirror plates are then cleaned and elastically
bent, using a fully automated stacking robot, into a conical
shape. A flexible die is used to set the appropriate radius of
curvature. The Wolter-I geometry of a parabolic and a hyper-
bolic mirror can, for long focal lengths, be approximated
by two cones (“conical approximation”). When stacked the
mirrors remain flat along the pores. The achievable angular
resolution is then limited by the height of a single pore [27].
In the case of IXO with a focal length of 20 m and using pores
with a height of 0.6 mm, this results in a lower limit to the
half-energy width (HEW) of about 3”". To reduce the lower
limit, we explore shaping the mirrors also in longitudinal
direction.

The fully automated assembly robot (Figure 8) is specif-
ically developed [28, 29] to stack silicon pore optics and is a
combination of standard semiconductor systems and newly
developed tools. The complete system has a footprint of a few
m? only and is installed in a class 100 clean area. The robot
selects a plate for stacking and inspects it for particles. The
plate is then handed over to the actual stacking tool, which
will elastically bend it into a cylindrical or conical shape. This
tool, called a die, is then lowered onto the mandrel, where
it will deposit the plate, or stack it, onto already existing
ones. The die and the mandrel are supervised by metrology
systems based on autocollimators, cameras and force sensors.
Note that only the figure of the mandrel is replicated, not
its roughness. The stacking is done from outer radii inwards,
thus always exposing the last integrated mirror surface to the
metrology tools.

Multiple mirrors stacked on top of each other form
together a stack, in which the X-rays are reflected off the
reflective membrane inside each pore. Due to the inherent
stiffness of the stacks, the figure of the individual mirrors
remains preserved during further mounting and integration.
Two of such stacks are coaligned and integrated into brackets
to form a so-called mirror module.
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FIGURE 7: (a) Silicon Pore Optics are made from commercial high-quality 12 silicon wafers which are diced into plates. (b) The plates are
ribbed (reflecting surface pointing downwards). The 0.17 mm wide ribs have a pitch of 1 mm and the membrane is 0.17 mm thick. The plates
are then wedged along the rib direction (not shown) and a patterned iridium coating is applied on the reflective surface (c). The pattern
keeps the areas free where the next plate will be bonded. The plate shown has dimensions of 66 X 66 mm? and a thickness of 0.775 mm.

Photographs courtesy of Micronit (b) and DNSC (c).

(c)

FiGure 8: Stacking robot inside the class 100 clean area at cosine. The system is installed on a vibration isolated table, consists of more
than 16 axes, is fully automated, and is designed to build stacks up to 100 plates high. The plates can be positioned with ym accuracy and
automatically be bent into the required shape. Photographs courtesy of cosine Research BV.
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FIGURE 9: A mirror module, consisting of two mirror stacks, coaligned to form a Wolter-I optics, is fixed by two CeSiC brackets. These
brackets provide glue pads, petal interfaces, and integration interfaces. The area covered by the bracket is 92 x 47 mm? and both brackets

together have a weight of 56 g.

Several concepts on how to fix two stacks together, and
thereby maintain particularly the tight tolerance on the kink-
angle required for the Wolter 1 configuration, have been
evaluated and traded [19]. The outcome was a simple design
(Figure 9) consisting of two brackets, which are glued onto

the two stacks, once these are coaligned. This very lightweight
solution uses the intrinsic stiffness of a pore structure to form
a rigid X-ray lens. The brackets have in total three interface
points to the optical bench, which allow for radial translation
and rotation around the optical axis. The bracket material of
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FIGURE 10: (a) A mirror module inside the vacuum tank of the PTB X-ray test facility at the BESSY synchrotron in Berlin. (b) A mirror
module consisting of two wedged stacks coaligned to arc-second level and fixated together by two silicon carbide mounting brackets.

Photographs courtesy of ESA/PTB (a) and cosine Research BV (b).

choice is CeSiC, a silicon carbite ceramics, because it matches
the CTE of silicon, has a high thermal conductivity, can be
easily machined, and has excellent mechanical properties.

Several integration concepts were analysed in order to
achieve the challenging requirement of 1" for coalignment
of two stacks. The simplest solution found was to align
the optics under active X-ray illumination, since it simul-
taneously tests the optics at the wavelength under which
it will operate and allows to determine the optical axis for
integration into the optical bench [29, 30]. For this purpose,
full beam illumination can be used; however, the required
integration times can be quite long and an image is obtained
that convolves alignment errors and possible figure errors.
Pencil beam testing using a synchrotron source has been
already successfully used to characterise silicon pore optics
and has also been found to be well suited for measuring the
coalignment of a mirror module. It yields a higher spatial
resolution and the integration time on the CCD is only a few
seconds (Figure 10).

A dedicated beamline has been set up in the laboratory
of the Physikalisch-Technische Bundesanstalt (PTB) at the
synchrotron radiation facility of BESSY [31]. A 2.8keV
pencil beam of dimension ranging from 1mm down to
50 um is used to scan the sample. After double reflection
of the beam an image is recorded by the CCD, which is
located at 5 m distance from the sample, providing arcsecond
pixel resolution. The beam is used to probe the sample
and the information thereby obtained is correlated with
results obtained from interferometry during assembly of
the stacks. Since the mirror module is then essentially an
X-ray lenslet, residual integration errors can be partially
corrected during integration into the optical bench [32] (see
Figure 11), namely, by radial translation and rotation around
the optical axis.

Currently, conical approximations to the Wolter 1 geom-
etry are the baseline for the technology development, since
metrology and the associated data analysis is somewhat
simplified. In the case of IXO, the conical approximation
contributes about 3" to the HEW budget. Once the angular
resolution performance of the SPO modules produced will

FIGURE 11: Cesic optical bench (“petal”) with a height of 1.1 m
inside the PANTER X-ray test facility, with two silicon pore optics
mirror modules mounted (marked by white arrows) in flight
representative configuration. Photograph courtesy of MPE/Kayser-
Threde.

approach closely the IXO requirements, the technology
developments will start to use true Wolter geometries. The
implication on the SPO production of moving to true Wolter
1 optics are fully understood, and the required equipment
modifications have already been considered. Preliminary
tests have demonstrated the required elastic bending of the
mirror plates.

2.3. Performance of Silicon Pore Optics. The quality of
silicon pore optics is measured throughout the production
process [19]. After the plate has been stacked, its figure
is measured using an interferometer equipped with a
computer-generated hologram acting as nulling lens. Figure
errors can be measured to A/20, and the surface deviation
measurements indicate whether residual particles have been
trapped and what size they had. From these interferograms,
it is possible to predict the X-ray performance of the mirrors.
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FiGure 12: Examples of intrafocal measurements (camera was positioned 8 meters behind the optics) of the two mirror modules at the
PANTER facility. The mirror module on the left was produced in 2007, the one in the right in 2009. From top to bottom plates 1, 4, and 8
are shown. The measurements have been taken at an energy of 3 keV. Such measurements allow to estimate the alignment of the individual
mirror plates and to identify the location and magnitude of figure errors.

Full area illumination is used to characterise the optics,
to measure scattering off the ribs, and to perform reflectivity
as function of energy measurements.

Figure 12 shows a comparison of two different mirror
modules, assembled between 2007 and 2009, and measured
using 3 keV X-rays at the PANTER facility [33] of the Max
Planck Institute fiir extraterrestrische Forschung (MPE).
The figure shows a comparison of plates 1, 4, and 8. The
significant improvement in quality is clearly visible from the
direct comparison of the double reflected image measured
under an incidence angle of 0.5 deg at a distance of 8 m.

Pencil beam X-ray measurements, measured at PTB,
are used during alignment and integration of a mirror
module and are then used to predict its optical performance
by reflecting a small X-ray beam at grazing incidence of
the surface of every plate/pore. These measurements allow
determining the angular deviation of the mirror surface in
each pore of a mirror module. Using raytracing algorithms
[34], this allows us then to predict the PSF and HEW
of the optic in the focal plane. In combination with
the data taken from the individual stacks (see Figure 13),
this gives additional information on how stack up errors
propagate.

In November 2009, a mirror module (XOU5) was then
measured in double reflection, mounted in flight represen-
tative configuration (i.e., the mirror module was mounted
in a petal structure as required for IXO). From the results
measured at 5m, one can extrapolate an estimate for the PSF
expected in the focal plane, shown in Figure 14 for the first 4
and for 20 plates.

Figure 15 shows the measured performance of the first
assembled mirror modules made from silicon pore optics
and an estimate for the further evolution. The quality of
the optics has drastically improved with increased cleanliness
of all involved process steps. The technological issues of
cleanliness and bonding are being addressed by improved

assembly hardware, developed in the course of the ongoing
technology research program and during the steep learning
curve in assembling pore optics. It shall be noted that
so far no show stopper has been identified that would
impede improving the performance of silicon pore optics
beyond 5”.

2.4. International X-Ray Observatory. Silicon Pore Optics
technology enables future X-ray telescopes with a large
effective area and high angular resolution. The International
X-ray Observatory (IXO) is an L-class mission candidate
within ESA’s Cosmic Vision 2015-2025 programme [5]. IXO
is developed with the joint efforts of NASA, ESA, and JAXA
and launch is planned for around 2021.

The key requirements of the IXO X-ray mirror are an
effective area of 3 m? at 1.25keV and an angular resolution
of 5arcsec HEW. Multilayer coatings on the inner part of
the mirror will provide enhanced reflectivity for the 10—
40 keV range, with an effective area of 150 cm? at 30keV
and 30arcsec angular resolution. The available launchers
limit the mass of the mirror assembly to 2000 kg, including
mounting structure and thermal control. This requires a
mirror technology with a very high area-to-mass ratio of
20 cm?/kg, being 50 (8) times larger than for Chandra [2]
(XMM Newton [1]). Two different approaches are studied by
IXO: Silicon Pore Optics by ESA and Segmented Glass Optics
by NASA.

The mirror diameter is 4m, limited by the size of the
fairing. To allow small grazing angles of incidence, a large
focal length between 20-25m is required. This is realized
by connecting the mirror and the instrument modules by
a deployable structure (see Figure 16). The spacecraft is
folded to fit into the launcher fairing and deployed once in
space.

IXO will contain five different instruments for imag-
ing, spectroscopy, polarimetry, and timing measurements.
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FIGURE 13: (a) PSF of the first plate (bottom) of a stack of 9 wedged plates measured using established procedures in single reflection at
2.8 keV at the FEM beamline in the PTB lab at the BESSY synchrotron radiation facility. The full length of the plate was scanned using a
100 ym pencil beam with an intrinsic HEW of 4. The scans where repeated every 2 mm over the full width of the plate. The resulting PSF,
excluding the direct beam, has a HEW of 4.2". (b) The same measurement repeated on the entire stack of 9 plates. The HEW of the PSF,
excluding the direct beam, is 7"’. In double reflection this would result in a HEW of a mirror module of 10”.
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FIGURE 14: PSF of the first 4 (a) and 20 (b) plates of a mirror module consisting of 20 wedged plates measured using established procedures
in double reflection at 2.8 keV at the FEM beamline in the PTB lab at the BESSY synchrotron radiation facility. The full length of the plate
was scanned using a 100 gm pencil beam with an intrinsic HEW of 4”. The scans where repeated every 2 mm over the full width of the plate.
The resulting PSF, excluding the direct beam, has a HEW of 8.9” (4 plates) and 16" (20 plates).

Their details can be found in [35, 36]. The large effec-
tive area of the telescope will enable observations that
are not possible with Chandra or XMM Newton, but
are crucial for a quantitative understanding of the X-ray
universe.

3. Glass Micropore Optics (MPO)

This optic type is less performing in terms of angular
resolution but extremely efficient with regard to the mass
allocation, making it of particular interest for applications on
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FIGURE 15: Performance of mirror modules of silicon pore optics
measured (solid blocks) in mounted configuration, measured with
X-rays at 3 keV.

FIGURE 16: Schematic diagram of IXO showing the articulated arm
deployment system (shroud not shown) [35].

planetary missions. Collimating elements still form the back-
bone of X-ray instrumentation for planetary exploration
and science. With the development of coated, square pore
micropore optics for X-ray imaging optics, this situation
changed.

3.1. Building on Night Vision. Glass micropore optics (as
opposed to silicon micropore optics [37], which is produced
by micromachining silicon) are based on the Microchannel
Plate (MCP) technology that has been developed for many
decades for image intensifiers and photon and particle
detectors. One method to produce microchannel plates is to
cut thin slices off fused bundles of thin round glass fibres and
etch out the fibre cores. The glass fibres have a cladding of
a different type of glass than the core, and the fibre bundle
is fused at a temperature where the cladding glass melts
together but the core glass is unmodified. The slices are
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etched such that the core glass of all fibres is etched away,
leaving behind the cladding glass. The result is a glass plate, of
about 0.5 to a few mm thick, with a high density of cylindrical
holes with diameters between 3 and 100 ym. The surface of
the pores in the plate can be treated or coated to become able
to produce photo and secondary electrons, and an electric
field is placed over the two sides of the plate. A photon that
is absorbed by a wall inside one of the pores may generate a
free electron through the photoelectric effect. This electron
is then accelerated by the electric field towards the anode.
When it hits the wall of the pore again, it may generate
several secondary electrons, resulting in an amplified cascade
of electrons. The resulting charge pulse can be measured to
determine the energy of the photon and the position where it
was absorbed on the plate, resulting in a microchannel plate
detector that can be used to measure energy and position of
incoming visible to gamma ray photons and particles such
as electrons, protons, neutrons and ions. The electron pulse
can also be converted into several photons using a fluorescent
screen, resulting in an image intensifier as for example used
in night vision equipment.

The walls of these pores will also reflect X-rays under
grazing incidence and can be used to focus X-rays into a spot.
However, because the original direction of the photons is lost
upon one or more reflections on the round walls, it cannot be
used to produce an imaging optics. This problem is overcome
by using square fibres, which results in pores with flat,
aligned walls. These walls can be used as reflecting surfaces to
produce an imaging optics. Because of the extreme extension
of the glass in the fibre production process, the roughness of
the interface between square and cladding glass is reduced
from that of a typical optical polish to the few nm roughness
required for X-ray reflection.

The fibres can be placed in different geometries, each
resulting in a different type of optic. For example, when the
square fibres are placed in a circular geometry, the pore walls
will reflect the X-rays from a point source towards a single
focus. When the plate is also curved to a spherical shape, this
will also happen for a source at a large distance.

However, proper imaging requires two reflections. This
occurs with some of the X-rays that are reflected by a square
array of fibres, namely, those rays that reflect from two
adjacent orthogonal walls (i.e., an X-ray is reflected on one
surface of the pore, and then hits the perpendicular surface
of the adjacent wall of the same pore, where it is once
more reflected). This results in a cross-shaped focus. When
the plate is also curved to a spherical shape, the geometry
resembles that of the eye of a lobster and images over a
large field of view [38—44]. This technology can even be used
to mimic the two surfaces of revolution that constitute a
Wolter-I geometry for X-ray imaging [45, 46]. This requires
two plates, each with the fibres aligned in circles around the
optical axis. The plates are curved to a spherical shape, where
the radius of curvature of the second plate is 1/3 of that
of the first plate, and the plates are placed directly behind
each other. X-rays from a source at a large distance, and that
are reflected by the first and second plate consecutively, are
imaged to a proper focus at a focal distance that is 1/4 of
the radius of curvature of the first plate. This also holds for
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FIGURE 17: Manufacturing steps for micropore optics, reproduced from [47].

sources that are not on the optical axis, and therefore the two
plates together form the equivalent of an X-ray “lens”.
Larger MPOs can be tiled using MPO units, which
themselves are limited in size (typically to less than 100 mm
diameter) due to the manufacturing process. The angular
resolution is currently limited to a few arc minutes.

3.2. Production of MPOs. The production of MPOs is
derived from well established manufacturing methods of
microchannel plates using drawing and stacking of glass
fibres. But while microchannel plates contain cylindrical
holes, X-ray optics need flat surfaces and consequently pores
with a square profile. The required manufacturing steps are
illustrated in Figure 17.

The base material is a polished glass block with a square
profile that is surrounded with a cladding of a different
glass type. Note that while the outer cladding forms the
pore walls, its surface quality is mainly determined by the
core glass block. A primary draw is performed in a draw
tower, where the glass block is partially melted and drawn
into a fibre by a traction system. The fibre is broken in
regular pieces and stored. The geometry of the fibres is
measured by dedicated optical metrology devices [47] during
the drawing. Starting with a block size of approximately
20 X 20 X 300 mm?, the resulting fibres have a size of about
1 X1 x40 mm?.

A second drawing step is required to reach pore sizes in
the order of a few 10 ym. Therefore, about 35 x 35 fibres
are fused together, forming a multifibre stack. The second
drawing results in multifibres with a pore size of 20 X 20 ym
and a wall thickness of 3 ym. These multifibres are the basic
building blocks for larger X-ray pore optics.

The multifibre stacks are again stacked and fused to form
X-ray optics with larger apertures, including the possibility to
form a geometry of radial segments. Micropore optics plates
with the desired geometry can be sliced from this block. The
glass fibre cores are removed by selective etching of the glass
type. The glass fibre cladding material forms the walls of
a large number of holes with a square profile. Due to the
high number of fused pores, the resulting element is of high
structural stability.

The shape of a Wolter optic is approximated by thermally
slumping separate micropore optic plates to form approxi-
mations to the hyperbolic and parabolic elements. In order
to increase the reflectivity, metallic coatings such as nickel
or iridium can be applied using an electroless deposition
method. Two plates placed in front of each other form a
focusing, micropore, X-ray optics.

3.3. Performance of Micropore Optics. The optical perfor-
mance of the micropore optics strongly depends on the
deformation of the individual fibres during the drawing,
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stacking and slumping processes. In order to understand and
improve the production process, X-ray measurements of the
optics are performed after the different manufacturing steps
[46-48]. Pencil beam measurements performed at the BESSY
II beamlines of the Physikalisch-Technische Bundesanstalt
(PTB) in Berlin are used for characterizing local properties
of the micropore optics, using a 50 ym beam size. Full beam
illumination is done at the PANTER facility of the MPE in
Munich.

Figure 18 shows a full beam illumination measurement
from the first generation of slumped micropore optics
sectors, about 50 X 30mm? in size. At the design focal
distance of 2 m, the focal spot with a HEW of 6.1 arcmin was
measured. The focal position demonstrates the successful
slumping of the 2.5 mm thick plate to a radius of curvature of
4 m. The HEW of 6.1 arcmin indicates that not all multifibres
have been slumped correctly. Single reflection measurements
on single multifibres have a typical HEW of 120 arcsec, where
individual fibres within the multifibre are as good as 30 arc
seconds [47], demonstrating the potential of the technology.
In Figure 19, an early design is shown for assembling MPO
sectors into complete optics.

An early concept for mounting of MPOs into an optics
assembly is shown in Figure 19 [49].

3.4. Bepi-Colombo. In 2007, the MPO technology was
chosen for implementation in the Mercury Imaging X-ray
Spectrometer (MIXS). MIXS is an instrument of the Mercury
Planetary Orbiter of the Bepi Colombo Mission [50, 51]
planned to launch in 2014. The imaging spectrometer will
measure X-ray fluorescence from Mercury within an energy
range of 0.5-7.5keV. It consists of two instruments [52]:
one collimator (MIXS-C) and one telescope (MIXS-T) which
uses a conical approximation of the Wolter-1 configuration.
The latter has a diameter of 210 mm and a focal length of
1 m and is required to yield a field of view of 1 degree with
an angular resolution below 9 arcmin.

4. Summary

Pore Optics technology allows the production of high
performance X-ray optics. The mass density required to
achieve a given angular resolution is much lower than

the established X-ray optics technologies. In Figure 20, the
established optics technologies currently operating in orbit,
on board Chandra and Newton, are compared with the SPO
and the MPO technologies.

SPO technology has already demonstrated the required
mass density for use on IXO and has shown very promising
performance measured at X-ray facilities. A technology pro-
gramme is being implemented, addressing further improve-
ment of the angular resolution to reach the requirement
of IXO, the predevelopment of mass production equipment
necessary for large telescope implementations and, finally,
the environmental qualification of SPO modules [35, 53-56].

MPO technology has achieved a maturity level adequate
for adoption into a flight programme. This technology is the
lightest, albeit with reduced angular resolution performance,
and is suitable to meet the reduced mass and envelope
requirements for planetary mission instrumentation.

The transfer of these technologies to ground applications
is possible and attractive, in a wide range of fields, ranging
from material science to medical diagnostics and security
equipment.
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The UK Smart X-Ray Optics (SXO) programme is developing active/adaptive optics for terrestrial applications. One of the
technologies proposed is microstructured optical arrays (MOAs), which focus X-rays using grazing incidence reflection through
consecutive aligned arrays of microscopic channels. Although such arrays are similar in concept to polycapillary and microchannel
plate optics, they can be bent and adjusted using piezoelectric actuators providing control over the focusing and inherent
aberrations. Custom configurations can be designed, using ray tracing and finite element analysis, for applications from sub-
keV to several-keV X-rays, and the channels of appropriate aspect ratios can be made using deep silicon etching. An exemplar
application will be in the microprobing of biological cells and tissue samples using Ti K, radiation (4.5 keV) in studies related to

radiation-induced cancers. This paper discusses the optical design, modelling, and manufacture of such optics.

1. Introduction

Microoptical arrays (MOAs) is the generic name for optical
systems consisting of a very large number of small (micro-
scopic) elements. Such elements can be refractive (lenses),
diffractive (gratings), or reflective (mirrors). The idea of
MOAs of grazing incidence reflectors was first discussed
at a SPIE meeting in 2001 [1] and subsequently at the
international X-ray Microscopy conference in Grenoble in
2002 [2]. Some further development has been reported since
then [3, 4], and the UK Smart X-ray Optics consortium
(SXO) has received funds initially for a pilot study (2004)
and a full programme of research (starting 2006) under the
Council UKs’ Basic Technology scheme [5, 6]. Initial work on

X-ray MOAs in the SXO programme was reported at SPIE in
2007 [7] and in 2009 [8-10].

The MOA concept is similar to polycapillary [11] and
microchannel plate [12] optics, in which X-rays are guided
by multiple grazing incidence reflections along a large
number of small channels. The arrays can be manufactured
by etching a periodic array of narrow channels in silicon
wafers as illustrated in Figure 1. In this sample, the channels
are parallel, ~10ym wide, with a pitch of ~20um. The
sides of the channels act as mirrors at grazing incidence to
provide point-to-point or line-to-line imaging/focusing as
shown in Figure 2. If the channels are planar then we can
get line-to-line focusing via just 1 reflection or spot-to-
spot focusing using two successive orthogonal reflections.
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FiGURE 1: MOA channels etched in Si (SMC UoE).

If a more ambitious circular/radial slot geometry is adopted
and 2 reflections are employed, then we can get point-to-
point imaging as illustrated in Figure 3. The use of two
reflections means that the Abbe sine condition can be
approximately satisfied, thereby greatly reducing aberrations
(in particular coma). A central stop prevents unreflected
X-rays from reaching the focus. In practice many more
channels would be used than those illustrated. Through
actively varying the radius of curvature of one of the
reflection arrays by actuating piezoelectric material fixed to
the radial spoke the focal length can be changed.

In Section 2, we consider the geometric optics of several
possible MOA arrangements suitable for focusing X-rays.
The manufacturing of the channels by etching and the
actuators attachment are discussed in Section 3 and X-ray
scattering from the surface roughness and profile errors on
the channel walls are discussed in Section 4. Ray-tracing and
finite element analysis of a 1-D MOA structure are presented
in Section 5, and finally, Section 6 describes the application
of X-ray focusing by MOAs in microprobing of biological
cells.

2. The Geometric Optics of Grazing Incidence
Microstructured Optical Arrays

We will start by considering line-to-line focusing using
a single-reflection MOA consisting of planar channels,
as shown schematically in Figure 2. We will then discuss
tandem systems which use two reflections; firstly in the same
plane to provide line-to-line focusing and secondly in per-
pendicular crossed planes to provide spot-to-spot focusing.
Finally, we will look at the generalisation to spot-to-spot
focusing using channels with a circular geometry (as shown
in Figure 3) which is obvious via symmetry arguments.

2.1. Line-to-Line MOA Focusing. For an unbent component
the object and image distances are equal, or more generally,
using a bent component such that the channel walls
are tilted, we have the geometry shown in Figure 4. The
combined reflections from many channels only provide an
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FIGURE 2: Grazing incidence reflections from the slot walls provide
line-to-line focusing.

approximate line focus because the reflecting surfaces are
assumed to be planar rather than curved. If the length of the
channels is / and the grazing angle is 0, then the focused
line width will be ~ [6,. The geometry of a single-reflection
from a channel wall is shown in Figure 4; the source to MOA
distance is s; and the MOA to image distance is s,. The
channel is tilted by an angle ¢ with respect to the optical
axis. If the distance of the channel wall from the axis is A,
then, using the small angle approximation (h < s1,5,),

h
g = Gg Bz
L (1)
g = Gg + .
Eliminating ¢ leads to
11 20, 1
PR @

which is the standard Gaussian imaging equation with a
focal length f = h/26,. Eliminating 6, between (1) gives

1 1 2

5 s h 3)
which gives the MOA radius of curvature, R = h/¢,
2518,
R=——.
A (4)

Note that if s; = s;, the radius of curvature is infinite and
the MOA is unbent. If the channel width is w, then there
is a maximum grazing angle of operation, O m.x = 2w/,
assuming parallel walls (see Figure 5). This, in turn, sets
an upper limit to the separation from the optical axis,
hmax = 251w/l and hence, assuming no channel curvature,
defines the effective f-ratio of the optic, 2hmax/f = 8W/I.
The aperture can be increased by employing a pair
of MOAs so that the focusing is accomplished by two
reflections. The grazing angles on each component are then
reduced by a factor of approximately two for a given value
of h. The increase in the effective aperture depends on the
ratio of the grazing angles in the two-components. Such an
arrangement is shown schematically in Figure 6.
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FIGURE 3: (a) Schematic of a two-reflection MOA. (b) Possible channel layout of one of the components. (c) Definition of the geometry of a

two-reflection MOA.

Image Source

F1GURE 5: The maximum grazing angle for a channel of length / and
width w.

Three cases of a two component (2-reflection) MOA are
considered below:

(1) The grazing angle is the same in each of the compo-
nents, which are bent in opposite directions (defined
to be negative curvature for the first component and
positive for the second). This is likely to yield close-
to-maximum efficiency for the double-reflections
which, for linear arrays, produce a line image. The
effective aperture will be double that obtained with a
single MOA, 2hmay/ f = 16w/l.

(ii) One component is flat and the other is curved.

(iii) The focal length of the first component is set to the
object distance s; and that of the second component
to the image distance s,.

Image Source

FIGURE 6: In-plane reflection from a two-component MOA.

In the third case, the pair of plates forms a collimator-
telescope combination; rays passing from the first to the
second component are parallel to the optical axis (planar
wave fronts). If the channel sizes and spacings are identical
for both components then all rays reflected from the first will
intersect with the reflecting surfaces of the second. However,
in the first two cases, the rays are converging or diverging
and the fraction of rays reflected by the second component
will depend on the separation between the plates.

For the reflections from the two components

h h
2N o1 + @1, 2= o2 T 2. (5)
S1 S

2.1.1. Equal Grazing Angle Double-Reflection MOAs. Setting
the grazing angles to be equal (61 = 0y = 0,), eliminating
them from (5), using ¢; = —hi/R; and ¢, = hy/R,, and
assuming that the component separation D < 53,5, so that
]’lz =~ ]’ll ~ ]’l, then

-—-— (©)



The included angle between the two components is equal to
IT— ¢, — ¢, and to IT — 20,. It then follows that

et @)

R, R s
and solving (6) and (7) for the radii of curvature R; and R,
gives
4515, 4515y
R =—F—, Ry= —F"—. 8
! s1 — 35, ’ 31— ( )
It can be seen that if s; = s, = s, then Ry = —R, = —2s, s0
that the radii of curvature are equal but with different signs,
as expected. The angle between the optical axis and the rays
between the two componentsis 6, = Og1+¢1 = 2h/Ri+|h/s;|.
Substituting for R, from (8) gives
h(sy —
o= M) ©)
5182
Eliminating ¢; and ¢, from (5), with equal grazing incidence
angles, gives the grazing angle for this configuration

_ ﬁ51+sz

£ 4 55 (10)
and the width b of the transmitted beam is
_ _ & S1t+$
b=10, = 1 s, (11)

noting that the latter result neglects reflections from the
opposite sidewalls, that is, a nondiverging beam and s;,s, >
h.

So that the rays reflected from the first component are
reflected by the second, the gap D between them must be
small enough such that the rays intersect the width b in the
second component, that is,

Ih S1+ 8
D« S 12
46a 5182 ( )
which gives, by substituting for 6,,
I'si+
D« LT (13)
2 S51— 8
If s; = s, then the rays between the components are

nominally parallel, and there is no limitation on the gap D
given by (13). In this case, the divergence of the rays set by
the source distance s; becomes important, and we require
D < s so that rays which reflect from channels in the
first component intersect with channel walls of the seconds
component.

2.1.2. Flat-Curved Double-Reflection MOAs. With the first
component unbent, and the second component bent, (5) are
still valid, but now ¢, = 0, corresponding to the required
infinite radius of curvature. In addition, ¢, = 0,1 + 0 =
h/R,, so that

25152

Ry = 12
2 S1t+$ (14)
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noting that s; = 3s, gives R; = oo for the equal grazing angle
case, (8), and R, = s1/2 for the flat-curved combination (14).
Satisfying these two requirements simultaneously is a special
case for which the first component is flat and the grazing
angles are equal in the two components. For the flat-curved
combination, 8, = 6,1 and (13) are reduced to the simpler
criterion that D < [ to avoid heavy losses.

2.1.3.  Collimator-Telescope Double-Reflection MOAs. A
collimator-telescope configuration requires R, = —2s
and R, = 2s,, where the negative sign indicates that the

first component is curved with the centre of curvature on
the object side so the two components curve in opposite
directions. If R; is set correctly and the reflecting surfaces
are flat and introduce negligible scatter, then rays in the gap
between the components will be parallel to the axis and the
gap can be widened to accommodate other optical elements,
such as a grating, filters, and/or support structure without
loss in performance.

2.2. Spot-to-Spot MOA Focusing Using Planar Channels. We
can achieve spot-to-spot focusing with two-planar channel
MOAs using the geometry described in Section 2.1, but
setting the channels in the second component (aligned to,
for example, the y axis) are set perpendicular to those in
the first (aligned to the x axis). If there is a gap between the
components (which there must be in any practical system),
then the object and image distances, s; and s,, will be slightly
different for the first and second component, and hence the
magnification will be slightly different in the x and y axes
on the image plane, but otherwise the system will provide
true imaging limited only by the resolution set by the width
of the channels (see Section 2.3). The radii of curvature of
the components can be set independently using (4) and the
effective f-ratio of the optic will be as given in Section 2.1. In
such an arrangement, there is no need for accurate alignment
of the channels in the first component with those in the
second, and the size of the gap D is not critical and has little
impact on the efficiency.

2.3. Efficiency and Resolution

2.3.1. Line-To-Line Focusing. The width b of the beam
transmitted through the channels increases linearly with
axial offset h until b = w, the width of the channel. At
this offset, the opposite wall of the channel starts to block
the inner edge of the beam. As h is increased further, the
beam width drops linearly until it reaches zero at the edge of
the useful aperture which is given by (for a single-reflection
MOA in the equal grazing angle case)

4w 518
h = — . 15
max l Sl+$2 ( )

Note that /., will be twice this value for a double-reflection
MOA; using two reflections doubles the width of the available
aperture. The mean beam width across the aperture is
bmean = W/2.
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The geometric area of the single-reflection aperture
which provides the line-to-line focusing is given by the sum
of all the channels over a square aperture of size W =
2hmax. If the channels are evenly spaced with a period p, the
geometric area is

(16)

32w [ s1s, \?
Ageom = (#) .

plZ S1t+ 85

The effective area is limited by the grazing incidence
reflectivity of X-rays from the channel walls. For a given X-
ray energy, there is a critical angle 6, for reflection, that is, the
grazing angle below which the reflectivity is high. Efficient
use of the channels thus requires w/l = 6., so that

5152

Hmax = 46 .
max 651+Sz

(17)
So long as channels can be manufactured with this aspect
ratio (I/w) and over an area of 2hmax X 2hmay then the
maximum effective area which can be achieved at the X-ray
energy corresponding to the critical angle is

At ~ 3zeﬂ(ﬂ)2, (18)
‘p\si+s

assuming that the reflectivity is 100% for 0, < Oc. This
represents an idealised upper limit to the effective area for
a single-reflection MOA. If we use a double-reflection MOA,
himay 1s increased by a factor of two because the grazing angles
are reduced by a factor of two, and the areas Ageom and At
will be increased by a factor of four. In practice absorption
and scattering will reduce the reflectivity, and the aspect
ratio corresponding to this effective aperture will be hard to
achieve; a silicon surface reflecting titanium K, X-rays would
require //w ~140 while in the current work only ~30 has
been achieved.

Planar channel walls provide no focusing. If the source
line is very narrow, the width of the on-axis line from a single
channel is

2
5= ”ﬂ(m) , (19)

4 S182

so that the best resolution (minimum &) will result from
short channels close to the optical axis but these channels
provide very little effective area. If the aperture is constructed
to give the maximum area as described above then the
resolution from the combination of channels across the
aperture is determined by the average effective beam width
w/2. A finite source size y will increase the line focus width
by xs»/s1 so that the overall line focus width for a single-
reflection configuration A, is the combination of two terms,

ws +S8 $
A~ | = SX— )5
! ( 2 S XS] ) (20)

if the profiles are Gaussian, A; is given by adding the two
terms in quadrature but for other profiles the combination
will have a different form.

The centre of the line-spread distribution corresponds to
rays which reflect from half way down the channel walls while

the extremities correspond to rays which reflect from the
ends. Because the channel walls are planar and not curved,
the reflections from the ends introduce a small angular
reflection error ABma.x =~ w/s;. This maximum reflection
angle error occurs for h = hpax/2. For a double-reflection
configuration the maximum reflection angle error is given
by the same expression but this now occurs at twice the axial
offset, h = hmayx, because the radii of curvature of the plates
is twice as large. However, each ray in the double-reflection
case suffers two reflection errors so the line-spread function
contribution from the length of the channels will be twice as
wide.

s1+s 572) 21)

Az - (W S1 ’Xsl
For many applications, it is useful to express the performance
of a device in terms of a gain given by the ratio of the
geometric (or effective) aperture area to the area of the line
(or spot) focus. If we use the first term in (20) for the focus
width and the total length of the line focus as 4hmax (this
length is twice the width of the MOA aperture) then the
geometric gain of a single-reflection device is

4w 5183

Pl (si+5) (22

Ggeom =

The gain of a double-reflection configuration will be twice
this because the aperture area is increased by a factor of four
while the line-spread width is increased by a factor of two. Of
course, the true gain will be limited by the X-ray reflectivity
and scattering losses, s0 Ggeom represents an idealised upper
limit.

In summary, the maximum aperture half width, geomet-
ric area, and width of the line-spread function for a single-
reflection MOA are given by (15), (16), and (20), respectively.
For a double-reflection MOA, the maximum aperture width
is twice that of a single-reflection MOA. This increases the
geometric area by a factor of four and the line-spread width
by a factor of two. Therefore the flux per unit area in the
line-spread function from a double-reflection MOA could be
twice that of a single-reflection MOA. That is, the double-
reflection system has twice the gain. However, it is likely
that channel alignment, figure errors in the channel walls
and surface roughness of the channel walls will limit the
performance of a double-reflection device, and this potential
advantage over a single-reflection MOA may not be realised.

Adjustment of the curvature of the plates gives us poten-
tial control over the focused line width and, for a double-
reflection MOA, the flux level in the focused line. For a
single-reflection device, we can tweak the curvature, R, using
piezoelectric actuators, so that it matches the requirement
given by (4). In principle, an array of actuators could be
employed such that any error in the bending or deviations
away from the cylindrical (circular) form could be reduced or
eliminated. For a double-reflection configuration tweaking
the curvature of the first plate will alter the convergence or
divergence of the beam (rays) in the gap between the plates.
This will provide control over the flux that intersects with the
channels in the second plate and hence the flux in the focused



line/spot. Tweaking of the curvature of the second plate then
gives us control of the size of the focused line, but this has
only a very small effect on the efficiency.

For the double-reflection configuration, the lateral and
rotational alignment of the two elements is also critical in
achieving the highest efficiency. It is envisaged that these
alignments would have to be adjusted in conjunction with
the curvature of the first plate to realise the highest flux
level in the focused line. The potential flux advantage of
the double-reflection device would only be achieved if such
adjustment was possible/successful.

2.3.2. Spot-to-Spot Focusing. For a crossed pair of planar
channel MOAs in the arrangement described in Section 2.2
the geometric area is a factor of w/2p less than a single-
reflection MOA because only that fraction of the flux focused
by the first component is intercepted by the channels of the
second. The geometric aperture area is therefore

l6w* 2
6w ( $182 ) ’ (23)

P2 \s +s;

A geom —

where we have assumed that the gap between the compo-
nents is small such that s; and s, are the same for both. Two
reflections give focusing in two axes so the area of the focused
spot (assuming a point source) is

w? (s +s5)\2
A? = 7(7) . 24
1= ) (24)

Therefore the geometric gain is given by

64w?  sis3
P (s1+5)"

Ggeom = (25)

and the ratio of the gain for the spot-to-spot focusing using
a crossed pair compared with line-to-line focusing using just
one MOA is 2ws;/(pl).

In order to achieve the optimum (minimum spread)
focus in a crossed pair configuration, we required adjustment
of either both the radii of curvature of the components or the
adjustment of the radius of one component and the position
of the detector or source along the axis (tweak of s; or
s2). These adjustments could be provided using piezoelectric
actuators and would give independent control of the focus in
x and y directions on the image plane.

2.4. Circular-Channel MOAs. A schematic of the geometry
of a two-reflection MOA with circular channels is shown
in Figure 3. This is similar to the flat-curved configuration
with planar channels considered above except that the two
components are set with separation (of the centres along
the axis) D; the grazing angles on the first and second
components are 8, and 6,; distances h; and h; now become
radii of the reflecting surface walls, 1 and r; S is the
distance from the source to the first component; d is the
axial distance between the centre and edges of the second
component (introduced by the curvature); F is the focal
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distance measured from the centre of the second component
which is bent to a radius R. We have

’
tan 6, = §1 ,

r=r —(D+d)tan6y, (26)
(R—d)’+r} =R,

Assuming that D and R are set by the user, we can solve (26)
giving d and r, for a given r,. Then, 6, can be calculated from

tan(6; + 0,) = —(Rrj L
(27)
n

F-4a

tan(6; +26,) =

These equations hold for rays which come from a point
source on axis and reflect from the centres of the channels.
In practice, radiation incident on the first component
before (after) the centre will have a larger (smaller) grazing
incidence angle and will therefore hit the second component
channel after (before) the centre. The result is a broadening
of the focal spot. The system provides point-to-point imag-
ing with a resolution limited by the length of the channel
wall, I. The rays diverging from the source intersect the
rays converging to the focus at a principal surface which is
approximately planar and lies between the first and second
components, perpendicular to the optical axis. Thus a source
spot of finite size will be imaged to a focal spot of finite size
with demagnification ~ F/S.

The geometric aperture area and gain of a two-reflection
MOA with circular channels could be comparable to or larger
than a crossed pair of planar channel devices as described
in Section 2.3.2 but it would be critically dependent on
the manufacture tolerances of the channels and the co-
alignment of the two components. Circular channel MOAs
can be aligned and adjusted for optimum performance in
the same way as planar channel devices. The spot flux
and spot size produced by the flat-curved configuration
illustrated in Figure 3 could be controlled by changing both
the separation, D, and curvature, R, using piezo actuators.

3. Manufacture of MOAs

There are two stages in the manufacture of the types of
optics discussed in the previous section: first, to produce
the channel structures and second, to bond the actuators.
To date, only the 1-D planar channel components have been
made.

3.1. Deep Silicon Etching of the Channel Structures. The
channel structures of the MOAs can be formed by silicon
etching via the Bosch process [13], using a pattern mask
and a cycle of etching/passivation. The gases used are SFq for
etching and C4F; for passivation; the latter prevents sidewall
etching and so allows deep channels with parallel walls to
be made. However, the cyclic etch process results in quasi
periodic “terracing” or “scalloping” of the sidewalls as the
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etch proceeds down into the silicon. Also, line edge rough-
ness on the mask—which is random but not periodic—
is replicated on the etched sidewalls as vertical striations,
the “curtain effect”. Both of the surface roughness features
are illustrated by the SEM pictures shown in Figure 8. They
must be minimised to prevent excessive X-ray scattering. A
root-mean-square roughness of around 2 nm is required as
discussed in the next section. Early etching attempts did not
provide roughnesses much better than 1 ym, but a succession
of changes to the process cycle has led to values within
an order of magnitude or so of those required, coupled
with deep channels and relatively straight walls. The changes
include the following:

(i) shortening of the etch/passivate cycle time to reduce
both the amplitude and the spacing (wavelength) of
the scallops,

(ii) the use of “over-run”, that is, overlapping the etch and
passivate stages, to smooth the peaks and troughs of
the scallops,

(iii) varying the gas flow rates and pressure,

(iv) following etching, the channel walls are subject to
oxidisation followed by removal, which has the effect
of “snapping off” the peaks.

Using such improvements, other authors have achieved
sidewall roughnesses of ~10nm [14]; although this is still
several times larger than that required, it is likely that further
changes to the processes can provide further improvements.
An alternative to the “dry” etching process is “wet” etching
whereby the silicon is immersed in a chemical solution and
is dissolved to achieve the desired shape by the use of a mask.
This preferentially etches along the (111) or (110) silicon
crystal planes, creating very smooth, straight walls. Initial
testing indicates that the surface roughness achieved is much
lower than that for the dry etching process, providing that
the mask edges are accurately aligned to the crystal lattice,
but this technique cannot be used to produce cylindrical
geometry because the etch follows the crystal planes. A
full analysis of the manufacturing process will be given in
subsequent publications.

3.2. Actuator Control. Several 2 X 1 cm silicon chips with 2 x
2 mm active areas have been epoxy-bonded to piezo actuators
with the general arrangement shown in Figure 7, and these
are awaiting testing. Issues that are being addressed include
piezo thickness, and width, bonding agent thickness and
the use of low-shrinkage glues (to prevent shrinking itself
causing bending). Different types of actuators, including
unimorph (as discussed here), bimorph, and piezo fibres are
also being considered. These aspects will also be discussed in
future publications.

4. X-Ray Scattering from the MOA Walls

Surface roughness in the axial direction (across the scallops)
will cause in-plane scattering while the curtain profile will
give either out-of-plane reflection errors and/or out-of-plane

Piezoelectric actuator
(under wafer)

FIGURE 7: Schematic of the piezo actuator bonded to silicon wafer.
A quarter of a 1-D chip is shown. The bottom left corner contains
the etched channels which cover 2 x 2 mm? in the centre of the chip.
The dashed line indicates dimensions which were varied in the FEA
modelling.

scattering in which the curtain behaves like a ruled grating in
a conical diffraction configuration.

4.1. In-Plane Scattering. Figure 9 shows the geometry of in-
plane scattering from the axial surface roughness across the
scallops. This scattering is conventionally calculated using
first-order theory which gives the Total Integrated Scatter
(TIS),

470,0\°
TIS ~ ( ”Aga) , (28)

where ¢ is the rms surface roughness; A is the X-ray
wavelength; 0, is the grazing angle. This will be a good
approximation provided that 8,0/ < 1 and the TIS is a few
percent. Rearranging gives

A(TIS)Y?
0O = ———.

4ml, (29)

If we take A = 10A (1.24keV), 6, = 2 X 102 radians (1.14

degrees) then 0 = 4(TIS)1/2 nm, and we require ¢ =~ 2nm
to keep the TIS small (<0.25) as already stated above. The
scattering angles will be given by the grating equation

ni
dsin 0,

= sinf, (30)

where d is the correlation length of the surface roughness
along the axial direction down the scallop. If the surface is
much rougher than this, then higher-order scattering and/or
shadowing (absorption) will become important and TIS —
1. The higher orders can, in principle, be calculated but we
require detailed knowledge of the statistical properties of the
surface height distribution over and above ¢ and d.

4.2. Out-Of-Plane Reflection/Scattering. The walls of an
MOA will act as a diffraction grating with the grating spacing
given by the width of the curtain features b as shown in
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FIGURE 8: (a) Scalloping on the etched channel walls. (b) Details of the curtain effect caused by rough edges of the etching mask.
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Active area channels
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FIGURE 9: In-plane scattering from the MOA wall with scallops of width b, height 4, and radius T.

Figure 10. The grating equation gives a diffraction angle out-
of-plane

. A
sinfg = m, (31)
which for small angles reduces to
A
ﬁd = @ (32)

Taking the curtain profile to be a sector of a circle, the radius
of the profile can be calculated using the height of the curtain
features, h, and the width, b,

b2

T=—. 33

o (33)
Using the radius of the curtain profile T and the spacing
between the cusps b, the maximum out-of-plane gradient
error is then given by

b
Agmax = ﬁ) (34)
and the average gradient error is then
— b
-7 35
Ag =7 (35)

Therefore, the average out-of-plane deflection error (twice
the gradient error) from the curtain is

2 b

Br = IiT " oT (36)

The dividing line between geometric optics (figure error
dominated) and wave optics (scattering and/or diffraction
dominated) is given by equating the two angles, 4 and S,
giving

== Ta (37)
and rearranging to give
(38)

If b*/T is larger than this (i.e, T is small or b is large)
then the geometric out-of-plane reflection errors dominate.
If b*/T is smaller than this (i.e., T is large or b is small)
then the diffraction from the scallops dominates. b and T
(and therefore h) will be fixed by the channel manufacture,
and A will be restricted to a given range so the dominant
varying factor will be ;. This will be small for the channels
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FIGURE 10: Out-of-plane scattering of an MOA wall with the curtain effect.

at the centre of the MOA plates and large at the edges. Again
rearranging and using (33), (37) becomes

A

- (39)

O
thus giving us the dividing line between geometric reflection
errors and diffraction over the MOA aperture.

We can look at this from the point of view of the 1st-
order scattering theory. For the out-of-plane diffraction, the
TIS is dependent on the height of the scallops, A, just as the
in-plane TIS is dependent on the rms surface roughness, o.
The out-of-plane TIS from the scallops is given by

2
4
TIS = ( ”ig0h> , (40)

where oy, is the rms height of the scallops. If h < T, then we
can we can estimate this rms height

o =R -, (41)
giving
2h
= —, 42
op 3\/5 ( )

Substituting this into (44), setting TIS = 1, and rearranging,
we get

A
=c= 4
Op = cyp (43)
where
c= 35 _ 1.068. (44)
21

This is comparable to the result produced in (39)and again
gives the dividing line between geometric reflection errors

and scattering/diffraction. At small grazing angles the phase
errors introduced by the height error of the scallops are
small, so scattering drops and geometry take over. As 0,
increases, the height errors become important and at some
point scattering takes over. This also means that diffraction
dominates when the projected area of the channel walls is
large.

The typical curtain width is b = 800 nm. Assuming A =
10A and 6, = 2x 1072 radians, (32) gives a diffraction angle
of B4 = 0.63 radians or 35 degrees. When the depth of the
curtain, A, is given by (39) (or (44)), the deflection error f,
given by (36), will also be 35 degrees. If we are using planar
channels to produce a line focus, this out-of-plane deflection
will simply shift rays out-of-plane, and there should be little
effect on the focus but there will be a marked decrease in
the efficiency. Using the same wavelength and grazing angle
we require a curtain depth & < 50 nm to prevent excessive
losses due to out-of-plane scattering/reflection. For a crossed
planar or circular-channel double-reflection configuration
which can produce a focused spot rather than a line focus,
the out-of-plane scattering by the curtain is a more serious
problem. The curtain depth must be reduced to h = 6.7 nm
so that 0, = 2nm and out-of-plane scattering is reduced to
the same level as the in-plane scattering.

5. Finite Element Analysis and Ray-tracing

The MOA channels are made in flat silicon and then bent
using piezo actuation to give the required focusing and active
control. We are using finite element analysis (FEA) to model
the effects of the bending on the channel walls, and the
results from this will be fed into ray-tracing analysis in order
to determine the properties of the MOA focus. Section 5.1
describes the progress to date on the FEA, and Section 5.2
discusses the results of ray-tracing. The latter uses in-house
software as commercial packages are not well suited to MOA
structures (Zemax was used for the same inititial ray-tracing
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FIGURE 11: FEA results for bending of a 1-D MOA using two strips of 150 ym thick PZT-5H. See text for details.

analysis but this was very cumbersome and time consuming).
The FEA results have not yet been incorporated in the ray-
tracing.

5.1. Finite Element Analysis. The FEA was carried out using
the commercial package COMSOL Multiphysics [15]. The
aim was to study the stress and displacement of a 1-D MOA
when bent by a unimorph piezoelectric actuator in different
configurations. Only a quarter of the silicon wafer was
modelled to take advantage of the symmetry, thus reducing
the processing time and allowing finer FEA meshing. The
geometry is shown in Figure 7. Figure 11 shows the bending
produced by two strips of 150 um thick PZT-5H placed
adjacent to the active area. The dark curve is for strips 4 mm
wide, that is, covering the whole area between the active
area and the edge of the silicon chip (see Figure 7). The grey
curve is for 2 mm wide strips and the light curve for 1 mm
wide strips. In these calculations, the effect of glue used to
bond the actuators was neglected. The applied voltages were
the maximum that the piezos are expected to withstand,
namely ~2.5V/um of thickness. The curvature required is
along the X-axis. Note that there is a small step at x = 1 mm
which corresponds to the edge of the etched area which
contains the channels. Clearly, the bending results in very
complex shapes, and more detailed analyses are ongoing.
The smallest radius of curvature, produced by the 4 mm
wide strips of PZT-5H, is =200 mm. Similar curves produced
using piezo thicknesses of 50 ym and 100 ym indicate that
this is the smallest radius of curvature which can be produced
with PZT-5H. The typical radius of curvature required for
optimum 1-D single-reflection designs is ~50 mm and for
double-reflection configurations ~100 mm although some
configurations in which s; ~ s, utilize flat plates or very large
radii. Further work is required to find the optimum piezo
material and geometry which can generate and give adequate
adjustment of these curvatures.

5.2. Ray-tracing. For the ray-tracing described in this sec-
tion, the software “Q” developed at the University of

Leicester specifically for grazing incidence [16], was used.
This is much better suited to optics such as MOAs than
commercial packages are and has the flexibility to allow
future add-ons, for example, to take diffraction into account.
In the examples given here the rays travel from right to left. In
all the simulations presented, the same channel dimensions
were assumed; channel width w = 10pum, channel pitch
p = 20um, and channel depth (axial length) I = 200 ym.
In the first four cases, the total distance between the source
and image plane (s; + s;) was set to 40mm, and the
aperture dimension was set to the appropriate value of 2hyax
depending on the configuration. As a first example, line-to-
line focusing by a single-reflection MOA with s; = 25mm,
s, = 10mm, and bending radius R = 33 mm is shown in
Figure 12. The rays which suffer from one reflection and are
brought to a line focus are shown in green. Rays which are
not reflected but penetrate the channels near the axis and
rays, towards the edge of the aperture, which suffer from two
reflections are shown in red and blue, respectively. The width
and integral of the focused line profile shown in the right-
hand panel are in good agreement with the predictions given
by (20) and (16). The Full Width Half Maximum (FWHM)
of the line profile is 16 um and the geometric area of the

utilized aperture is 3.5 mm?.

Ray-tracing of a double-reflection equal grazing angle
MOA is shown in Figure 13. This has s; = s, = 20 mm so
that it is also a special case of the collimator-telescope con-
figuration. The gap between the components is set to 2 mm
so that rays in the gap, parallel to the axis, are clearly visible.
The bending radii are R; = R, = 40 mm, with opposite
curvatures. Near the axis a few rays miss both components.
Further out rays which reflect from the 1st component but
miss the 2nd are clearly visible as rays running parallel to
the axis on the left. There are also a few rays which miss
the 1st and reflect from the 2nd being brought to a focus
half way between the 2nd component and the image plane.
The focused line profile in the right-hand panel is much
broader than the single-reflection configuration shown in
Figure 12. This is partly because there are two reflections
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FIGURE 12: Line focusing by a single-reflection MOA (a) traced rays; red: no reflection, green: 1 reflection, blue: 2 reflections, (b) the focused

line profile.
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FiGURE 13: Line focusing by a double-reflection MOA with equal grazing angles. (a) Traced rays; red: no reflection, green: 1 reflection, blue:

2 reflections, (b) The focused line profile.

but also because (s; + s,)/s; = 2 whereas this ratio was set
to 1.6 in the single-reflection case. The FWHM of the line
profile is 30 yum. The effective aperture width and hence the
integrated flux in the line-spread distribution is a factor 3.2
larger for the double-reflection configuration as expected;
the geometric area of the utilized aperture is 11.1 mm?2. In
this configuration the double-reflection MOA provides a flux
advantage but degrades focusing.

Figure 14 shows the ray-tracing results for a double-
reflection flat-curved configuration with equal grazing
angles. The structure in the focused line profile seen outside
the central peak is due to rays which have penitrated
both components without reflection. These could be elim-
inated using a small central aperture stop. As explained in
Section 2.1.2 s = 3 s, = 30mm and the curvature of the
second plate must be R, = s;/2 = 15mm. In order to
maximise the throughput, the gap was adjusted until the

integral in the line-spread function was maximised. This
corresponded to D = 0.45 mm. The position of the source
and the image plane were then tweaked to minimize the
width of the line-spread function. The geometric area and
line-spread function width for this configuration are very
similar to the single-reflection case shown in Figure 12. The
FWHM of the line profile is 9 ym, and the geometric area
of the utilized aperture is 2.9 mm? so, surprisingly, the ray-
tracing simulation indicates that using two reflections in a
flat-curved configuration gives very little performance ben-
efit over the single-reflection configuration. This is because
some flux reflected from the first plate is not intercepted
by the channels in the second plate even when the gap
has been optimised. Furthermore, experience in setting up
the ray-tracing and optimizing the simulation performance
indicates that the double-reflection configuration would be
more difficult to align and adjust in reality.
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FIGURE 14: Line focusing by a double-reflection MOA with a plane-curved equal grazing angle configuration. (a) Traced rays; red: no
reflection, green: 1 reflection, blue: 2 reflections, (b) The focused line profile.
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FIGUrE 15: Spot focusing by a double-reflection crossed pair. (a) Traced rays; red: no reflection, green: 1 reflection, blue: 2 reflections. (b)

Image of the focused spot.

Figure 15 shows a ray-tracing of a crossed double-
reflection configuration. The first component is placed with
s = 20mm and the second with s; = 21 mm so the
gap is D = 1 mm. The radii of curvature were adjusted in
an iterative process to find the minimum spot Half Energy
Width (HEW); Ry = 691 mm and R, = 262 mm. Thus
the ray-tracing software was used to simulate the active
adjustment of the components to optimise the performance.
The geometric aperture area was 0.8 mm?, and the minimum
HEW found was 10.1 ym. The FWHM of the spot was
9.1 ym.

Table 1 Summarises the ray-tracing results for the four
configurations tested. The ray-tracing was run with perfect
reflectivities to give the geometric area Ay, mm? and
the line/spot width FWHM pm. It was then rerun using
theoretical reflectivities as a function of grazing angle for

1 keV X-rays from a Silicon surface and Gold surface so that
gains, Gsi and Gay, could be calculated. These represent the
best estimates of the gains which could be achieved if the
channel walls were perfectly smooth. The gains calculated
using the simple formula, Ageom, and the ray-tracing, Ajrace,
are in reasonable agreement. The differences are due to
a combination of losses not included in the formulae for
double-reflectivity MOAs and a better estimate of the true
width of the focused distribution is provided by the ray-
tracing. The Gg; values are all much lower because the
critical angle from Silicon at 1keV is much smaller than
that required to utilise the edges of the aperture. The Gy,
values are significantly better because the high-Z material
provides a much higher soft X-ray reflectivity than bare
Silicon. For applications where the flux per unit area in
the focused line/spot is paramount the crossed spot-to-spot
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FIGURE 16: A small aperture double-reflection crossed pair system. (a) Traced rays; red: no reflection, green: 1 reflection, blue: 2 reflections,

(b) Image of the focused spot.

TaBLE 1: Summary of ray-tracing results. Ggeom is the gain calculated using the formula (22) or (25). Agyace (mm?) and Gypqce are the geometric
area and gain calculated from the ray-tracing. FWHM (ym) is the width of the line-spread or point-spread function. Gg; is the gain calculated
including the reflectivity of 1 keV X-rays from a Silicon surface (uncoated). Gy, is the gain calculated including the reflectivity of 1 keV X-rays

from a Gold surface (channel walls coated).

Configuration Ggeom Atrace FWHM Girace Gsi Gau
Single Figure 12 58 3.5 16 58 9.0 23
Double Figure 13 100 11.1 30 70 8.2 16
Flat-curved Figure 14 56 2.5 9.0 40 0.06 6.9
Crossed Figure 15 6400 0.80 9.1 9660 326 1690

focusing configuration is by far the best, despite the fact
that the geometric aperture area is rather small. However,
gain values of 100s to 1000s will only be achievable if
the channel walls can be manufactured with low-surface
roughness, <2 nm rms, so that the TIS is kept low.

The results in Table 1 are for configurations in which
the aperture (f-ratio) was set to maximise the geometric
collecting area. In these configurations, the width of the
line-or point-spread functions is determined by the channel
width p which is why the FWHM values are ~10ym or
bigger. Instead of trying to maximize the aperture area
we can choose to minimize the width of the focus while
also providing a useful gain. At the same time we can
look for configurations which are optimized for X-rays,
including the X-ray reflectivity, rather than considering just
the geometric response. We can reduce the focus size by
shrinking the aperture, increasing the object and image
distance and increasing the demagnification by making
sy/s1 smaller. Figure 16 shows the ray-tracing results for
a double-reflection crossed pair system with s; = s, =
80mm, gap between the components D = 1mm, and
aperture width 1 mm. The simulation was run using X-ray
reflectivities calculated for Silicon at 4.51 keV. The spot size
and effective area are therefore representative of the idealised
X-ray performance at this energy. The radii of curvature
were adjusted to give the minimum spot size FWHM =

1.27ym and HEW = 1.28uym; R; = 3180mm and R, =
1077 mm. The effective area was Aeg = 6.15 X 107*mm—2.
This is tiny because the grazing angles are very small, and
most of the radiation goes straight through the channels
without reflecting from the walls. A much larger area could
be achieved if the channels were much narrower but such
channels would be difficult to manufacture. Despite the low
area, the gain is Gs; = 380 which is comparable to the
value obtained for the crossed system given in Table 1. Using
a larger f-ratio, we can decrease the spot size, shift the
response to higher X-ray energies, and suffer a large decrease
in effective area, but retain a high gain.

6. Microprobing of Biological Cells

A potential application of the MOAs described above
is in the microprobing of biological cells. Research into
radiation-induced cancers involves measuring the response
of biological material—cells, subcellular components, and
ultimately, tissue samples—to hard radiation. To do this,
we need to focus X-rays down to micrometre scale and to
date this has been carried out using (primarily) carbon K X-
rays (wavelength 44 A, energy 284 eV) and zone plate optics
[17, 18]. These initial investigations are limited because
carbon K X-rays are almost totally absorbed by single cells,
so that tissue samples, of more relevance to living organisms,
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cannot be studied. For every ~104 cells killed by irradiation
only one will mutate, so very many cells must be irradiated
to track mutations, and in order to irradiate smaller cellular
components, very small focal spot sizes are necessary. What
is required is a focusing optic capable of delivering more
flux per unit time (intensity) than a zone plate (which is
limited by its aperture, typically a few hundred micrometres),
while providing a focal spot of similar size. To facilitate
tissue irradiation, higher X-ray energies are also needed but
a zone plate focal length is proportional to energy, so a
zone plate system is inherently achromatic and provides less
demagnification of the source and hence larger spot sizes at
higher energies. The fundamental equation which describes
a zone plate is [19]

r2=nAf +r3, (45)

where A is the wavelength of the X-rays being focused; f is
the focal length; ry is the radius of the first zone. The width
of the nth zone can be calculated using

Af
dy, = o (46)

In Section 5.2, we showed that an MOA system with
a geometric aperture of =2mm, a channel aspect ratio
(length : width) of ~20:1, and a constant period of 20 ym
in 200 ym thick silicon can produce small spot size and high
gains provided that sidewall roughness is no more than a
few nanometres. In particular, the double-reflection crossed
system, Figure 16, was shown to provide a spot size of ~1 ym
and gain of ~380 for an energy of 4.51 keV (Ti K, X-rays).
Ultimately, a double-reflection circular MOA configuration
may be able to provide a performance better than this if the
components can be manufactured and aligned.

For example, using the system illustrated in Figure 3 with
§=160mm, D = 1 mm, R = 100 mm, and [ = 100 ym, gives
d = 10ym and F = 72.9 mm, the same as the focal length
of a zone plate (using (45) and (46)) of diameter 200 ym
and outer zone width 100 nm for Ti K, X-rays. For a point
source of Ti K, X-rays, the ray-tracing package Zemax [20]
predicts an MOA focal spot diameter of ~0.2 ym while for
a 5um source, the focal spot diameter is =2 um; the latter
is dominated by the demagnified source size, and so it is
the same for the zone plate and the MOA. With a smaller
bending radius R the value of F for the MOA would be
reduced, resulting in a smaller focal spot size. The only way
to do this with a zone plate is to use a different optic with
either a smaller diameter or a smaller outer zone width. With
a sidewall roughness of =2 nm, the MOA provides around
two orders of magnitude more focused flux (higher gain)
than the corresponding zone plate, primarily due to the
larger aperture—the effective aperture diameter is ~1 mm as
towards the edge of the optic, the grazing angle is larger than
the critical angle, so that the reflectivity decreases.

7. Conclusion

Active MOAs manufactured by etching Silicon have a great
potential for the focusing of soft X-rays, 0.1-5keV, into
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very small spot sizes. We have presented a comprehensive
analysis of the various geometrical configurations that can
be employed and simulation results which demonstrate
this potential. The SXO consortium is currently working
on refining the manufacturing process which produces the
arrays of slots and optimising the way in which piezoelectric
actuators can provide the necessary curvature and active
adjustment of the focusing properties. Progress in these areas
will be reported in subsequent publications.
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A summary of focusing X ray polycapillary optics is presented including history, theory, modeling, and applications development.
The focusing effects of polycapillary optics come from the overlap of the beams from thousands of small hollow glass tubes.
Modeling efforts accurately describe optics performance to allow for system development in a wide variety of geometries. The
focusing of X ray beams with polycapillary optics yields high gains in intensity and increased spatial resolution for a variety of
clinical, lab-based, synchrotron or in situ analysis applications.

1. Introduction

Polycapillary optics are arrays of small hollow glass tubes.
X rays are guided down these curved and tapered tubes by
multiple reflections in a manner analogous to the way fiber
optics guide light. They differ from single-bore capillaries
and X ray mirrors in that the focusing or collecting effects
come from the overlap of the beams from thousands of
channels, rather than from a few surfaces. Generally, this
results in relatively efficient collection, especially from large
divergent sources such as conventional X ray tubes, but does
not produce submicron beam spot sizes.

The potential for guiding X rays down single-capillary
tubes by total reflection was noted in the 1950s [1, 2] and
measured in the 1960s [3] and 70s [4-6]. The invention of
polycapillary optics by Kumakhov was built on this work
[7-10] and inspiration from ion channeling and channeling
radiation [11]. A theoretical review of the potential for
polycapillary optics and prototype testing was published in
1990 [12].

In November of 1990, the Center for X Ray Optics (CXO)
at the University at Albany was jointly founded with the
Institute for Roentgen Optical Systems (IROS) in Moscow
as part of an agreement between Kumakhov and the late
Gibson to jointly develop the technology [13-15] both at
these institutes and at a jointly founded company, X Ray
Optical Systems (XOS). Early work at CXO [16-21] and

IROS [22-25] was concerned with developing techniques for
systematic measurements and of investigating the potential
for application development. In 2001, Gibson retired from
the university and moved to XOS. Kumakhov also worked
in commercialization of the optics with other companies,
especially with Unisantis. Over the years, many more groups
have contributed to the worldwide development of the
optics. Not every group can be mentioned here, but more
than two dozen are cited in this paper. In addition, while in
the discussion of the behavior of the optics, example data
has largely been drawn from CXO, in many cases similar
data could have been obtained from almost any of the other
groups.

Polycapillary optics are well suited for clinical, in situ,
or laboratory-based applications such as X ray fluorescence
and X ray diffraction, especially on small samples [26, 27].
Because they are based on reflection, not diffraction, they
are achromatic, appropriate for broadband applications,
including white beam synchrotron focusing and collection of
astronomical signals for spectroscopy.

X rays can be transmitted down a curved hollow tube as
long as the tube is small enough, and bent gently enough, to
keep the angles of incidence less than the critical angle for
total reflection, .. The critical angle for borosilicate glass is
approximately

_ 30keV

0. Z

rad, (1)
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FIGURE 1: X rays traveling in a bent capillary tube. The trajectory of
the ray entering at the top at grazing incidence is projected onto the
page, but in three dimensions will “toboggan” in a constant radius
spiral. The X ray entering at the bottom (closest to the center of
curvature) strikes at a larger angle.

F1GURE 2: Sketch of the interior channels of a monolithic polycapil-
lary optic with a short input and longer output focal length.

which is approximately 1.7° for 1 keV photons and 0.086° for
20keV photons. The angles are somewhat larger for leaded
glass.

As shown in Figure 1, the angle of incidence for rays
entering a bent tube increases with tube diameter. The
requirement that the incident angles remain less than the
critical angle necessitates the use of small channel sizes,
typically between 2 and 50 ym, although research for sub-
micron channel sizes is reported in Section 5.6. The optics
are produced by pulling large diameter glass tubes to create
small diameter tubes, stacking and pulling them together,
and repeating. The final pull is designed to create a section
with the desired shape, from which the ends are cut away, as
shown in Figure 2.

2. Alignment and Transmission with
Tube Sources

Standard techniques have been developed for aligning and
characterizing polycapillary optics with tube sources [17-
19, 24, 28-30]. The optic is typically first rough aligned by
determining the location and direction of the most intense
part of the X ray cone emitted from the tube source. This
can be accomplished by placing two washers in the path, as
shown in Figure 3. The first washer is translated until the
image of the washer is centered in the most intense part of
the beam. The second washer is then translated until the two
images are concentric, as shown in Figure 4. Lasers can then
be aligned to the two washers to provide a rough beam axis.
To begin alignment, the optic is placed near the source, as
shown in Figure 5. Then, depending on the source geometry,
either the source or the optic is translated in the two
dimensions perpendicular to the optic axis in small steps,
producing a measurement of intensity versus relative source
position, as shown in Figure 6 [29]. Alternatively, the optic
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F1GURE 3: Alignment of washers.

FIGURE 4: Image of two washers of the same size [31].

may be rotated in two dimensions [28]. In order to determine
the focal length of the optic, scans are repeated at increasing
distances from the source. When the source is away from the
focal point, the intensity is low and the scan is broad. Near
the focal point, the plots are symmetric and Gaussian, which
indicates good alignment of the source, optic, and detector.
At the focal distance, the ratio of the width of the scan curve
to the optic-to-source distance, called the source scan angle,

Ax
e= —
z

> (2)

should be a minimum, as shown in Figure 7. At the focal
point, the maximum source size that is captured by the optic
is approximately

Dsource ~ f 95, (3)

where f is the input focal length of the optic and 0, is the
critical angle for reflection. Rays originating from outside
this range are incident on the optic channels at too high an
angle to be reflected. Smaller sources allow for smaller input
focal lengths and hence higher beam intensity.

Transmission is the ratio of the number of photons
passing along the channels to the number incident on
the front face of the optic. Transmission with respect to
the source-optic distance is also shown in Figure 7. The
highest transmission and the lowest source angle occur at
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FIGURE 5: Geometry for source scans. With the source at a distance S which is less than the input focal length f, only a few channels of the

optic transmit.
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FIGURE 6: Source scan with the source near the focal point, taken
at 17.5keV for two different optics with input focal lengths ranging

from 48-56 mm.
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FIGURE 7: Transmission () and source angle (O) versus source
distance. The transmission is the highest at the design focal length
of 56 mm.

the focal distance. Transmission at the focal distance as a
function of photon energy can be measured with an energy
sensitive detector, with a typical result shown in Figure 8. The
transmission falls with photon energy because of the energy
dependence of the critical angle given in (1). The maximum
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FiGure 8: Transmission versus energy for a focusing optic with a
58 mm input focal length and 119 mm output focal length.

FIGURE 9: Estimating the maximum incident angle, 6.

incident angle for a input beam can be estimated from the
channel size and bending radius, as shown in Figure 9, using
R 62 1 c
= — l-— —=~1- =
o= e =7 ¥ v ww R

2c
0~ .=,
VSV R

where R is the radius of curvature of the channel and c is the
channel diameter. R can be estimated from the length of the
optic as in Figure 10 by

(4)

(5)



F1GuRre 10: Estimation of channel bending radius, R.

g

FiGurek 11: Global divergence, a.

where L is the length of the optic and ¢ is the capture angle,
found from the radius of the optic, r, and the focal length, f,

¢=2atan<;>. (6)

For the optic measured in Figure 8, ¢ = 10pym, and R =
2.7m, giving a maximum incident angle of 2.7 mrad, equal
to the critical angle for 11keV photons. At 10keV, the
transmission is 50%, nearly the full fraction of the front
face not filled by glass walls, but the transmission drops
rapidly with energy as the critical angle decreases below the
maximum incident angle.

3. Divergence and Focal Spot Size

As shown in Figure 11, the output from a polycapillary
focusing optic has both global divergence, «, and local diver-
gence, f. Even for a collimating optic, where the channels
are parallel on output (a« = 0), the output divergence, S, is
not zero, but is approximately given by the critical angle and
therefore is dependent on the X ray energy [32]. The local
divergence and transmission losses will result in a beam spot
which is less intense than the emission spot on the anode.
This is consistent with the second law of thermodynamics,
which requires that the photon state density in phase space
cannot increase, as sketched in Figure 12.

The total divergence, a + f3, at a energy of a Bragg peak
can be estimated by rotating a high quality crystal in the
beam and measuring the angular width of the peak, as shown
in Figure 13 [33]. The inherent width of the Bragg peak is
typically a few eV [34, 35], so that the angular width, given
by Bragg’s law, is

AE
A6 = —tan OF (7)

usually less than 100 prad. Since the Darwin width and
mosaicity of the crystal are typically also much smaller
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Ficure 12: Liouville’s Theorem requires that A,Q, < A;Q for each
photon energy transmitted by any optic.

than the exit divergence from the optic, the measurement
yields the divergence directly. Using collimating optics, the
local divergence, f, has been measured and typically is
~1.36.. The factor 1.3 is an experimentally determined
parameter that arises from the fact that most of the beam
has a divergence less than the maximum divergence of 26,
produced by reflection at the critical angle. Unlike the case
for pinhole collimation, the local divergence of the beam
does not depend on the source size, although it should be
remembered, as noted in (3), that large sources may not be
efficiently captured by the optic.

The global divergence can be found separately from the
slope of a plot of the beam size versus distance from the optic,
as shown in Figure 14. In that instance, an imaging detector
was used. However, near the focal point, the spot size can
be small compared to the resolution of the imaging detector.
The spot can be measured using a knife edge technique as
shown in Figures 15, 16, and 17, or by scanning a small
pinhole across the beam. Better accuracy in determining
the focal spot size requires insuring that the knife edge or
detector plane is perpendicular to the beam axis [30].

Assuming perfect overlap, the spot size at the focal point
is determined by the spot size from each individual capillary
channel, which depends on channel size, ¢, output focal
length, f, and local divergence, 3, as shown in Figure 18, as

dspot ~ \Cz + (fout ) ﬁ)z (8)

The critical angle, 6, at 20keV is 1.5mrad. Using f ~
1.36,, an optic with ¢ = 3.4pym and fo,x = 9mm has
a predicted spot size of 18 yum. An intensity distribution
measurement, by the pinhole technique, gave an FWHM of
21 um [37]. Because of the divergence from each channel,
optics with smaller focal lengths have smaller spot sizes, as
do measurements at higher photon energies.

Focusing the beam increases the intensity, for example,
onto a small sample, compared to pinhole collimation. While
for some systems higher intensity could be achieved by
simply moving the sample closer to the source, there are
generally geometric constraints which limit the minimum
distance. If a comparison is made between a pinhole with
a diameter ¢ constrained to be at a distance L from a
conventional source, and an optic with focal spot size ¢
focused at the pinhole location L, the gain is given by

Gain = <d§£ic)T(§)2, 9)

mn

where dopic is input diameter of the optic, T is the
transmission, and fi, is the input focal length. Measured
gains are in good agreement with this computation [32].
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FIGURE 13: Rocking curve geometry for focusing optic.

TaBLE 1: Results for monolithic focusing optic in a synchrotron beam [38]. The spot size was measured using the knife edge technique. The
gain was calculated as for (9) taking fi, ~ L, given the low divergence of the synchrotron beam.

X ray energy (keV) Spot size (mm) Transmission (%) Measured Gain 350 ym pinhole Calculated Gain 350 ym pinhole
6 0.09 36 78 81
8 0.08 49 96 110
10 0.09 39 83 87
12 0.09 39 74 87
white 0.17 42 11 89
2.5 Focusing lens Detector

\S’D Slope = 2f3 = 0.5° Source

_é L5 < Knife edge

& X FIGURE 15: Geometry for knife edge measurement.
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FiGurg 14: Global divergence of focusing optic found by a linear
fit to the beam size on an imaging detector versus optic-to-detector
distance [33].

Similarly, polycapillary optics can be used to focus
synchrotron beams. For example, Table 1 shows the result of
focusing white beam bending magnet radiation using a 5 mm
diameter optic with a 17mm focal length. The measured
gain for a 350 ym sample was ~100x, and the calculated gain
through a 10 ym pinhole for this optic was more than 1000
[38]. Polycapillary optics have been installed on beamlines at
BESSY [39], Hasylab [40—42], and ESRF [43], generally for
micro X ray Fluorescence (uXRF) but also for a variety of

The dependence of the critical angle for reflection on
photon energy results in an energy-dependent transmission,
as shown in Figure 8. Thus, capillary optics can be used
as a low pass filter, using the same principle as for the
mirrors commonly used for synchrotron and plasma facil-
ities. With this low pass filter, higher-order harmonics can
be removed from the output of a crystal monochromator
[44] or from conventional sources for energy-dispersive X
ray diffractometry and reflectometry [45]. With the optics,
high anode voltages can be used to increase the intensity of
the characteristic lines without increasing the high energy
background. An example of the effect of a polycapillary
optic designed to pass 8 keV Cu Ka radiation is shown in
Figure 19 [32]. The optic slightly reduces the Cu K 9keV
peak and suppresses the high energy bremsstrahlung. For
low resolution diffraction applications, the energy filtration
provided by the optic allowed the monochromator to be



6000

—I—./.\I’.—.

5000 - E— 89%

4000 - /'
3000 A /

2000 A

Counts

1000 A T/c 11%

n---g-m-E
0

—-0.06

—0.02 0 0.02 0.04 0.06

Knife edge displacement

—0.04
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FiGure 17: Spot size versus distance from optic.

replaced with a simple nickel absorption filter to remove the
Kp peak.

5. Simulations and Defect Analysis

In order to assess optics defects and also to predict perfor-
mance in a variety of geometries for applications develop-
ment, a number of computer codes have been developed to
simulate X ray transport in polycapillary optics. Modeling
of polycapillary optics requires manipulation of relatively
complex geometries compared to one or two bounce mirror
optics. Further, because of the multiple reflections, the
total throughput, the transmission, is more sensitive to
roughness and other optics defects. Early modeling was based
on an algorithm developed for ion channeling [46], and
included a projection of the three-dimensional geometry
onto a moving planar cross-section of the optic channel [17].
Very good agreement was found between simulation and
experimental results [47—49] for transmission, absorption,
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FiGure 18: The spot size is enlarged from the channel diameter
¢ because of the local divergence which arises from reflections at
angles up to the critical angle.
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FIGURE 19: Spectrum of a copper tube source with and without
a slightly focusing optic. The optic suppresses the high energy
Bremsstrahlung [32].

and exit divergence, a wide range of X ray energies, source
geometries, and optics lengths, channel sizes, and bend radii.

The realization of numerous applications has been
advanced by the development of simulation analyses which
allow for increasingly accurate assessment of optics defects.
These computer codes, like Shadow [50] are generally based
on Monte Carlo simulations of geometrical optics trajec-
tories and provide essential information on performance,
design and potential applications of polycapillary optics [51—
53]. Generally, a point is selected on the source and the
optic face, the ray is propagated until it hits the channel wall
surface, a computation is performed of the angle of incidence
and hence reflectivity, and the ray, if reflected, is propagated
along the channel. If the capillary channel has a complex
shape versus distance along the optic axis, the computation
of the point of incidence is usually performed by iteration or
approximation, and the computation of the surface normal
can be complicated.

Some simulations allow for optics defects, discussed
below, including roughness, waviness of the capillary walls,
channel blockage and profile error to be taken into account.
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FiGure 20: Transmission of a 0.5 mm diameter straight polycap-
illary optic, compared to a simulation with two fitting parame-
ters, waviness = 0.15 mrad, and unintentional central axis bending
radius R = 120m [54]. The fiber had a measured open area of
64.5%, 10 ym channel diameter, and a length of 200 mm.

While characterizing these defects could introduce a large
number of fitting parameters, the defects create different
signatures in different energy and source geometry regimes,
and so can be assessed almost independently. Optics perfor-
mance over a range of energy from 10 to 80 keV, including
multiple datasets of transmission as a function of source
position and energy, can often be matched with one or two
fitting parameters, as shown in Figures 20 and 21 [55, 56].
For submicron channels, wave effects become significant, as
discussed in Section 5.6.

5.1. Open Area. The fractional open area of a polycapillary
optic is defined as the fraction of the area of the front face
of the optic which is not taken up with the glass walls of the
channels. Both the channel diameter and the open area can
be measured from microscope images of the front face of the
optics. Alternatively, it is simplest to estimate open area for
fiber stock by measuring the X ray transmission as a function
of energy for short pieces. The transmission maximum is
generally equal to the fractional open area.

However, since most optics are sealed to prevent etching
by water vapor and avoid other contamination, values of
both the channel size and open area must be obtained from
the manufacturer. Typical values are 50-70% open area and
channel sizes of 5-25 ym. The open area tends to decrease
with channel size because of surface tension effects during
the drawing of the glass. If it is not known, it can be used
as an overall multiplicative fitting parameter independent of
photon energy and source location.

5.2. Bending and Profile Error. Bending the channels
increases the X ray incidence angles, as shown in Figure 1.

Because the critical angle, 0., is inversely proportional to
the X ray photon energy, bending the channels decreases
the X ray transmission down the channels most significantly
at higher photon energies. Experimental data taken on a
nominally straight fiber (i.e. a thin, straight polycapillary
optic) are shown in Figure 22 compared to a CXO simulation
[55, 56] which includes otherwise perfect channels with
a slight bending. A bending radius smaller than 100 m
would underestimate the high energy transmission. Thus
the limit on unintentional bending can be estimated solely
from the transmission at the highest photon energies. Unin-
tentional bending is consequently unimportant for lower
photon energies or channels of an optic which have smaller
deliberate bending radii. Simulations with smaller deliberate
bending in different shapes also show good agreement to
measurements [17].

5.3. Waviness. Midrange spatial frequency slope errors, that
is surface oscillations with wavelengths shorter than the
capillary length and longer than the wavelength of the
roughness, are often called waviness, ripple, or surface
oscillations. The detailed shape of the channel walls is
unknown, but waviness can be modeled as a random tilt of
the glass wall. Waviness is then implemented by changing
the surface normal after the point of impact of the ray has
been determined. For the CXO simulation, the distribution
of surface angles in the glass is assumed to be Gaussian with
width w [55, 56]. For high quality glass and photon energies
less than 200 keV, w is much smaller than the critical angle,
0. Most borosilicate and lead glass optics have simulation
fitting parameters which give a Gaussian width for the
waviness of 0.12-0.15mrad. This is in agreement with the
directly measured slope variance of the Cornell group [57].

Consideration should be taken in the simulation of the
fact that rays are more likely to impact a surface that is
tilted toward the ray rather then tilted away [55]. The effect
of waviness on fiber transmission is shown in Figure 23.
Waviness decreases the transmission a midrange energies,
where bending has little effect. The value of the waviness
can be estimated from the midrange transmission data alone.
Waviness also causes a reduction in the width of source
scans at those energies. A simulation fit including waviness
and bending for a single 0.5 mm diameter fiber with 10 ym
channels is shown in Figure 20 [54].

If the input X ray beam has small local divergence,
for example, from a very small spot source, the waviness
increases the average angle of reflection and thus the average
angle at which X rays exit the fiber. For example, for the
case of a small source with a local divergence of 2.4 mrad, a
simulation at 8 keV with no channel wall defects produces
a divergence less than the critical angle. For a simulation
including a typical waviness of 0.15mrad, the divergence
grows to 3.9 mrad, which matches the measured value [56].
In a geometry in which the number of bounces per photon
is small, the output divergence can remain smaller than the
critical angle.

5.4. Roughness. Roughness is small-scale fluctuations of the
glass surface [58, 59]. If the surface can be described as
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FIGURE 21: Source scan data from the fiber of Figure 20, and simulation (solid line) using the same two fitting parameters, R = 120 m,

w = 0.15 mrad, and also roughness = 0.5 nm.
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FIGURE 22: Transmission spectra of a thin fiber similar to that
of Figure 20, compared to simulations with different bending
curvature alone [55]. At the highest energies, a radius of less 100 m
will not fit the data. The best fit bending radius will be slightly larger
and should be determined after the simulation fitting for waviness
is determined.

deviating locally from some average smooth surface by an
amount Z(x), then the effects are described in terms of
roughness correlations which are given in terms of the
correlation function g(x),

1 (* =
g =1 J Z()Z(x +x)dx’ = Z2e 9, (10)
0
which has an rms amplitude Z and correlation length s.
Roughness causes a decrease in reflectivity which depends
on both parameters, but becomes relatively insensitive to
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FiGure 23: Simulations [56] of transmission spectra for a fiber
with waviness values from 0.15 to 0.3 mrad compared with the
experimental data. A waviness of 0.15 mrad fits the midrange energy
data well. That value of waviness should be included with the best
fit bending radius [55].

changes in correlation length for large lengths [58]. Simula-
tions typically use a value for s in the long length range and fit
the roughness amplitude alone. For example, the correlation
length for the data in Figure 24 was chosen as 6 ym to bring
the roughness height into an agreement with atomic force
microscopy (AFM) data of similar fibers. Roughness only
slightly decreases the specular reflectivity at low angles and
so has almost no impact on the transmission spectra of the
optics. However, roughness becomes increasingly important
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FIGURE 24: Roughness has little effect on the transmission of an
aligned fiber, but decreases the width of the source scans in the
simulation (solid colored lines) [55, 56]. For the data at 10keV, a
roughness height of 0.5 nm fits the data well.

under circumstances in which the angle and number of
reflections increases, for example in source scans, as shown
in Figure 24. Thus, it is often only necessary to include
roughness in the model if the application is one for which
off axis photons are important.

5.5. Absorption: Blockage and Halo. Another defect that is
seen occasionally in borosilicate glass optics, and more preva-
lently in lead glass fibers, [47, 60] is a drop in transmission at
low energies, as shown in Figure 25. Reasonable agreement
is obtained over the whole range of photon energies by
assuming that a layer of glass of the same composition as the
channel walls blocks the channels. This glass could be dust
left from the cutting process or from crystallites which have
formed in the channels during drawing [61]. An increase
in required layer thickness with fiber length is consistent
with a stochastic random model of glass inclusions. This
random probability of glass inclusions would cause the
transmission to drop exponentially with optic length, as
shown in Figure 26 [47]. Because of the increased processing
at high temperatures, and the dust which can be induced
into the channels due to the process of cutting a shaped
optic, the transmission decrease at low energies is also
occasionally observed for finished borosilicate optics, as
shown in Figure 27.

Conversely, for a focusing optic it can be important that
the halo of the unfocussed beam be removed completely by
absorption in the glass walls of the optic [62]. Typically the
optics are packaged in housings which contain absorptive
materials, but unless care is taken in design, the focal spot
may be surrounded by a “cut through” halo approximately
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FIGURE 25: Transmission of two similar lead glass fibers, 30 and
60 mm in length. The simulation [55, 56] fits include 17 and 33 ym
of glass layer, respectively, or 0.55 ym of blockage per mm of length
[48].
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FIGURE 26: Measured transmission at 8 keV, as a function of length,
for identical borosilicate polycapillary fibers with 17 ym channels.
The solid line is an exponential fit with decay length = 120 cm.

equal to the diameter of the housing aperture [63—65]. In
such cases the spot size from the optic is generally larger than
predicted by (8) and does not decrease with photon energy.
The expected transmission of the walls of the optic is

T, = e - upx, (11)

where f is the fractional open area, (1 — f) is the fraction
filled with glass, up is the absorption coefficient of the glass,
and x is the path length across the optic [66].
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FIGURE 27: Drop in transmission at low energy of a sharply bent
focusing polycapillary optic, possibly due to blockage by glass
inclusions.

5.6. Wave Modeling and Nanocapillaries. Most simulations
of polycapillary optics use simple geometric ray tracing.
For coherence and wave effects to be important, the wave-
front must be partially coherent over the capillary channel
diameter. The transverse coherence width from a source of
diameter s at a distance D for a wavelength A is

Ly = %D. (12)

For a conventional source with A = 0.16 nm (8keV), s =
200 ym, and D = 50 mm, the coherence width is only about
40nm and the typical criterion for the use of geometrical
optics is well satisfied. Certain effects due to the capillary
structure of the optics can still be seen in this regime [67, 68].
Coherence effects could be seen from a small part of an area
of array of capillaries, even if each acts as an incoherent
source, if the propagation distance is large enough to satisfy
(12). For example, if two neighboring capillaries act as a
source of size s = 2d,, the transverse coherence of the
combined source for two 5uym capillaries will be 100 ym at
a distance of 8 m for 10 keV X rays.

For a 5um source at 1 m, the coherence width of the
source is 30 ym, and interference effects might be observed
between neighboring channels. To use waveguide modeling
for transport down a capillary channel, the number of
waveguide modes excited by the beam must be small. The
number of modes is approximately [69]

d
Nmodes = T;) (13)
e

where d, is the diameter of a channel. For a channel size of
5um, and a wavelength of 0.16 nm, the number of modes
is in the tens of thousands. However, this is reduced if
consideration is made of the fact that only incident angles
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less than the critical angle are important, so the effective
transverse wavelength is

b= 5 (14
Because both the critical angle and the wavelength increase
inversely with photon energy, the effective wavelength is
roughly independent of X ray photon energy and is about
40nm. For a 5um channel, this still results in hundreds
of modes, but a small number of modes are present
for capillaries with diameters in the submicron regime.
Waveguide theory has been developed for coherent sources
[69], partially coherent sources and short pulse sources
[70]. Measurements for coherent sources and small channels
have been performed and are consistent with wave-based
calculations [71-75].

6. Applications

6.1. X Ray Fluorescence and Spectrometry. Focusing polycap-
illary optics are widely used [76-79] in X ray fluorescence
(XRF) and spectrometry (XRS) because of the large intensity
increase compared to pinhole collimation and the resulting
more flexible system design. These allow for in situ and
rapid throughput systems [80, 81] as well as medical [82],
and portable monitoring systems [83—-85]. The smooth beam
shape potentially allows for easier analysis. A large body of
current work is concentrated on the issues of quantitative
analysis, especially for irregularly shaped objects [86—88].
A typical geometry for conventional sources is shown in
Figure 28. Rastering the sample then allows for spatial
mapping. An example of the results from a volcanic inclusion
is shown in Figure 29. Polycapillary focusing optics are also
used on several synchrotron beam lines [39-41] for XRE,
absorption spectroscopy [43], and micro XRF tomography
[89, 90].

Instead of using the focusing optic on the excitation side,
many groups use a focusing optic to collect the fluorescence
radiation from the sample in conventional, synchrotron
beam [91], proton beam [92], and particle-induced X ray
emission (PIXE) [93, 94] systems.

Confocal systems such as that sketched in Figure 30 [15]
provide the double benefit of enhanced signal intensity and
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FIGURE 29: MXRF maps of a quartz phenocryst with small volcanic
glass inclusions. Courtesy of Ning Gao, XOS.
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Ficure 30: Sketch of microfluorescence experiment, showing
that overlap of irradiation and collection volumes yield three-
dimensional spatial resolution [15].

three-dimensional spatial resolution. There are a growing
number of confocal systems, [42, 95, 96] including multiple
beam confocal systems [97].

There are also a rising number of multiple optics
combinations [98], including pairing polycapillary optics
with Kirkpatrick-Baez mirrors for XRF and a toroidal mirror
for EXAFS [99].

6.2. Single Crystal Diffraction. Significant reduction in data
collection times for single crystal diffraction can be achieved
with polycapillary optics [100-103]. An image recorded in
just 20 seconds is shown in Figure 31 [100]. For focused
beam diffraction, the volume of reciprocal space that is
accessed in a single measurement is greatly increased com-
pared to parallel beam geometries. The local divergence
from the optic, for example, 0.19° at 8keV, is less than
the w crystal oscillations typically employed to increase the
density of reflections captured in a single image in protein
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FIGURE 31: Lysozyme pattern taken in 20s with 2.8 kW rotating
anode, comparable to 30-35 min. without the optic. The linear R
factor (a measure of the deviation from the expected intensity for all
indexed reflections) was 6.4% without the optic compared to 6.9%
with the optic on the same sample.

Reciprocal

lattice
vector, G

Origin of
reciprocal

lattice

FiGgure 32: Ewald sphere description of focused beam diffraction on
a single crystal.

crystallography, so a gentle focus does not significantly
broaden the spots.

Figure 32 displays a sketch of the diffraction condition
for a single crystal with a monochromatic convergent beam.
Diffraction conditions are satisfied for the two incident beam
directions, ko and k;, when they make the same angle with
the reciprocal lattice vector, G. Thus, changing from ko to
ki rotates the diffraction triangle of ko, G, and ky about the
vector G by an angle ¢ [100]. This results in the diffracted
beam, ks, moving to trace out a tangential line on the
detector as shown in Figure 33. The maximum value of ¢
is the convergence angle. There is no broadening in the
transverse direction.

The effects of the one-dimensional streaking are shown
in Figure 34 for a lysozyme diffraction pattern taken with a
2.1° focusing angle [103]. Serious overlap problems were not
encountered except in low index directions. However, for cell
dimensions >200 A, the diffraction spots are not completely
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Detector

FIGURE 34: Lysozyme diffraction image taken in 5 minutes with a
1 mA tube source and a focusing polycapillary optic [103].

separated. Patterns with smaller convergence angles can be
analyzed with conventional software and give good results
(100, 104].

6.3. Powder Diffraction. Reductions in data collection time
can also be obtained for powder diffraction. The symmetric
beam profile and enhanced flux give improved particle
and measurement statistics. While powder diffraction mea-
surements are most commonly performed with collimating
optics to reduce beam divergence, the nearly Gaussian peaks
produced by the polycapillary optics provide uncertainties
in peak center localization which is much less than the peak
widths [33]. Thus the peak location uncertainty for powder
diffraction are much smaller than the beam angle, even for
highly convergent beams [36]. Polycapillary optics are also
used in synchrotron systems, for example, to evaluate stresses
in steel [105] and in other confocal geometries [106].

6.4. Medical Therapy and Small Animal Imaging. Polycapil-
lary optics have been tested to provide beam shaping and
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FiGure 35: Focusing optic used to collect both the external beam
used for computed tomography and the emission from the internal
radiation emitted from the radioactively tagged pharmaceutical to
produce registered images.

scatter rejection in radiography [14, 28, 47]. Beam shaping is
particularly intriguing for small animal imaging. An example
of a focusing optic used to collect combined computed
tomography (CT) and micro Single Particle Emissision CT
(SPECT) images is shown in Figure 35 [107, 108]. Collecting
both the external CT beam and the scintigraphy image with
a single optic decreases registration error when combining
scintigraphy images from a conventional y camera with CT
data.

Polycapillary optics could also be used to shape focused
beams with the potential for orthovoltage therapy. Con-
ventional X ray radiation therapy is performed with high
energy X ray or gamma radiation. High-energy photons are
chosen to minimize the absorbed skin dose relative to the
dose at the tumor, although energies as low as 100 keV are
employed in orthovoltage modalities. The choice of high
energies to reduce skin dose is necessary because, in an
unfocused beam, the intensity is highest near the point of
entry. As an alternative method, polycapillary optics have
been tested for their potential to provide a beam of lower
energy X rays focused at the tumor site [109].

Neutron beams can also be focused by polycapillary
optics [110-112]. A focused neutron beam could be used
in boron neutron capture therapy (BNCT), based on the
selective delivery of a boronated pharmaceutical to cancerous
tissue followed by irradiation with thermal neutrons [113—
115]. This procedure could be useful in treating near surface
regions such as ocular melanomas.

6.5. Astronomy. Polycapillary optics can also be used to focus
parallel beam radiation for astrophysical applications. The
transmission of a 3 cm square multifiber optic developed for
astrophysical applications is shown as a function of photon
energy in Figure 36 [116, 117]. Polycapillary optics could
be used to collect broadband radiation and redirect it to a
spectroscopic detector.

6.6. Radiation Resistance. Because the X ray optical prop-
erties of materials depend on total electron density, the
optical constants are insensitive to changes in electronic state.
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FIGURE 36: Simulated [116] (circles) and measured [117] (squares)
transmission of a 3 cm square optic with 2 m focal length.

While color centers form rapidly in glass during exposure to
intense radiation, the blackening of the glass is not indicative
of a change in the X ray transmission of a polycapillary
optic. Thin fibers exposed to intense beams do undergo
reversible deformation due to nonuniform densification
in the radiation beam. In addition, radiation-enhanced
diffusion causes crystallites to grow into the channels and
cause a decrease in low energy performance similar to that
of Figure 27. However, rigid optics annealed in situ at 100 C,
were shown to withstand in excess of 2 MJ/cm? of white
beam bending magnet radiation without measurable change
in performance at 8 keV [61, 118].

7. Summary

The focusing of X ray beams with polycapillary optics
yields high gains in intensity and increased spatial resolution
for a variety of clinical, lab-based, synchrotron, or in situ
analysis applications. Modeling efforts accurately describe
optics performance to allow for system modeling in a wide
variety of geometries.
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An overview is given of the study on X-ray focusing using the Fabry-Perot type multi-plate silicon crystal cavities consisting of
compound refractive lenses. Silicon (12 4 0) is used as the back reflection for cavity resonance at the photon energy of 14.4388 keV.
Measurements of focal length of the transmitted beam through the crystal cavities show enhanced focusing effect due to the
presence of back diffraction. Also, an incident beam with ultrahigh energy resolution can improve the focusing owing to the wider
acceptance angle of the back diffraction. Considerations based on the excitation of dispersion surface within the framework of
X-ray dynamical diffraction theory are also presented to reveal the origin of this enhanced focusing.

1. Introduction

Focusing X-rays is usually considered very difficult because
the refractive index of X-rays is smaller than and very close
to unity. The advances in technology development have led
to X-ray focusing using polycapillaries [1] and zone plates
[2].In 1996, Snigirev et al. succeeded in focusing high-energy
X-rays by the so-called compound refractive lenses (CRL)
of spherical shape [3]. Later, the CRL of parabolic shape
have been developed to eliminate the spherical aberration
and other distortion and Kinoform lenses have also been
used to diminish the absorption [4]. Moreover, several kinds
of CRL were proposed to exceed the critical angle limit
[5, 6]. Very recently, two- and multi-plate X-ray cavities
of silicon have been realized using X-ray back reflection
and X-ray interference fringes due to cavity resonance been
observed [7, 8]. In addition, attempts to combine this
Fabry-Perot type crystal cavity with CRL lenses of circular
[9] and parabolic shapes [10] for X-ray focusing have
been pursued. In this paper, an overview is given of this
development of utilizing crystal cavities for focusing X-rays.
Also, the difference in beam-focusing between the use of back
diffraction and the conventional optical refraction will be
addressed.

In the following, we will first briefly describe the
cavity resonance in Fabry-Perot type crystal cavity via back
diffraction from perfect silicon crystals.

2. X-Ray Fabry-Perot Resonator and
Back Diffaction

Hard X-ray Fabry-Perot resonator is composed of two or
multiple crystal plates of a monolithic Si crystal. An incident
X-ray beam is reflected back and forth within the gap
between the two adjacent crystal plates via a back reflection,
whose Bragg angle is 90 degrees [7, 8, 11, 12]. The interaction
among the forward transmitted and back reflected beams
gives rise to interference fringes due to cavity resonance,
provided that the required coherent condition is satisfied.
That is, the longitudinal coherent length [} is greater than
two times the effective gap distance d,, that is, I > 2d,,
where d, = d +t, d is the thickness of the crystal plate and
t the gap distance (7, 8]. Experimentally, interference fringes
in angle and energy scans are the convincing proof for the
cavity resonance effects. The distance between two adjacent
maxima of the transmitted beams in an energy scan is the
so-called free spectral range (E;), defined as E; = hc/2d,
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FIGURE 1: Schematic of focusing crystal cavity with compound
parabolic lenses: Each hole also serves as a crystal cavity of the
Fabry-Perot type.

TasLE 1: The parameters of the focusing crystal cavity devices.

Device d (um) R (ym) N Soptics (mm)
No. 1 10 40 12 715
No. 2 10 50 13 800

where h is the Planck constant. This distance can be verified
experimentally.

If the surface of the crystal plates of a cavity (resonator) is
changed from flat to concaved surface, then the cavity could
act as an X-ray lens, similar to the compound refractive lens.
With this idea, the following focusing cavities and related X-
ray diffraction experiments are designed.

3. Sample Preparation and Experimental Setup

Figure 1 is the schematic of a multi-plate crystal cavity for X-
ray focusing. The shape of curved multiple plates is similar
to the conventional parabolic refractive X-ray lenses. The
crystal devices were manufactured from [001] silicon wafers
using microelectronic lithography processes and dry etched
with reactive ions. Several holes with parabolic cross-section
were made on the wafer such that a serious of concave lenses
are lined up along the [310] direction. The (12 4 0) was used
as the back reflection for 14.4388 keV X-rays. The structures
were 300 yum deep along the [001] direction. There were two
different designs for the crystal devices, No.1 and No.2. The
design parameters are listed in Table 1, where R is the radius
of the parabola apex, d the distance between the two adjacent
holes, and N the number of the lenses. The lens formula
Soptics = R/2N 8 was used for the design, where fopiics is focal
length and the corresponding refractive indexisn = 1 — § —
if. For 14.4388 keV photon energy, the real and imaginary
corrections of the refractive index are § = 2.33 x 107® and
B = 1.72x107%. The ideal focal distances are 715 and 820 mm
for No. 1 and No. 2 cavities, respectively.

X-Ray Optics and Instrumentation

0
Undulator 1 ﬁ Pin diode
—— 3; I =5
— Slits HRM Ite nT
Si(111)
. Blade
monochromator Diffractometer

FiGURE 2: Experimental setup: The incident radiation was mono-
chromatized by a Si(111) double-crystal first and then by a high-
resolution monochromator (HRM) at 14.4388 keV. The focusing
crystal cavity is placed at the center of an 8-circle diffractometer.
An ion chamber (IC) and a pin diode were used to monitor the
back-diffracted (12 4 0) and the forward-transmitted (000) beam.

Focal length measurements were carried out on the
Taiwan undulator beamline BL12XU at the Spring-8 syn-
chrotron facility in Japan. Figure 2 is the experimental layout.
The storage ring was operating at 8 GeV and 100 maA.
The synchrotron radiation was first monochromatized to
the X-ray energy close to 14.4388keV wusing a Si(111)
double-crystal monochromator. The X-rays were then fur-
ther tuned to have the energy resolution AE/E ~ 2.5 X
107% at 14.4388keV with a four-crystal high-resolution
monochromator (HRM). The HRM was composed of two
pairs of asymmetric (422) and (11 5 3) reflection planes
of Si [13]. Experimentally, focal lengths were measured
with and without the HRM to investigate the energy-
resolution dependence of focusing. The crystal device was
mounted on a goniometric head located at the center of
a Huber 8-circle diffractometer. The incident beam was in
the [—3 —1 0] direction normal to the device. The forward-
transmitted and the back-reflected beams were monitored
by an ion chamber and a pin-diode, respectively. A knife-
edge of 500 A surface roughness was used to measure the
beam size of the forward-transmitted beam through the
crystal cavity at several positions along the transmitted beam
direction.

4, Results

The energy resolution of the incident beam without using
the HRM was about AE/E ~ 1.4 X 107* and AE ~ 2eV
at 14.4388keV. Under this condition, both the horizontal
tilt, Ag, around [001] and the vertical rotation, A6, around
[—1 3 0] of the device No. 1 gave the intensity distribution
of the transmitted beam as a dip as shown in Figures 3(a)
and 3(b). The high background plateau was the intensity of
the (000) beam without diffraction. This means that during
the back diffraction of (12 4 0) at the position, A0 = 0° and
Ap = 0°, the intensity of the (000) beam was taken away
by the (12 4 0) reflection. However, due to the insufficient
energy resolution, we were sure that the diffraction condition
of the (12 4 0) back reflection was not exactly fulfilled because
the dip was too sharp. As will be clear, the correct profile
of the (12 4 0) back reflection is a much wider dip (see
Figure 4(a)). Nevertheless, it is yet worth investigating the
beam-focusing effect under general diffraction conditions
with modest energy resolution.
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FIGURE 3: (a) The Af scan at A = 0 and (b) the Ag scan at A@ = 0 of the transmitted beam through the crystal device No. 1. (¢) and (d)
The beam sizes of the transmitted beams through the crystal devices, No. 1 and No. 2, with (black dots) and without the back diffraction
(gray dots) versus the distance from the exit end of the crystal devices.
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FIGURE 4: (a) The A¢ scan at Af = 0 of the (12 4 0) back diffraction for the crystal device No. 1. (b) The beam sizes of the transmitted
beam through the crystal device No. 1 with (black dots) and without back diffraction (gray dots) versus the distance from the exit end of the
crystal device.



Figures 3(c) and 3(d) are the measured sizes of the
transmitted beam at various positions versus the distance
of the measured position from the exit end of the crystal
devices, No. 1 and No. 2, respectively. The gray dots and
black dots show respectively the beam sizes measured at the
angular position, A@ = 0° and Agp = —0.15°, at which no
diffraction takes place and at the position, A = 0° and
A¢ = 0°, at which the (12 4 0) diffraction occurs. When there
is no diffraction, the experimental focal lengths were around
774 and 877 mm at the position, A@ = 0° and Ap = —0.15°,
for the crystal devices, No. 1 and No. 2, respectively. The
results are close to the theoretical values, 715 and 820 mm.
The difference probably originates from the inaccuracy in
cavity manufacturing. On the other hands, when there is a
diffraction, the black dotted curves give the focal distances,
700 and 750 mm, for the crystal devices, No. 1 and No. 2,
respectively. The reduction in focal length is about 2~9%.
This is probably because the width of the diffraction peak,
about 0.01°, is too narrow to maintain the back diffraction.
In other words, when the parallel incident beam passes
through several crystal plates, the outer part of the beam is
bent more than 0.01°. The back diffraction condition is then
no longer satisfied so that this part of the beam is bent only
due to optical refraction. That is why the reduction of the
focal length is very small.

After inserting the HRM into the experimental setup, the
energy resolution of the incident beam was about 0.36 meV.
In Figure 4(a), the horizontal tilt (A¢) of the crystal device
at A@ = 0° shows the intensity profile with a wide hollow
of the width about 0.2° against the (000) background. This
indicates the occurrence of the (12 4 0) back diffraction at
the photon energy almost exactly equal to 14.4388 keV. In
addition, the sharp dip located right in the middle of the
hollow at A¢ = 0 results from the simultaneous presence of
other 22 reflections owing to the high structural symmetry
Si [7, 8]. This 24-beam multiple diffraction also took away
the transmitted and reflected intensities from the (12 4 0)
reflection to the 22 reflected directions. Consequently the
reflectivity and transmissivity of the involved X-ray beams
drop considerably.

The measured beam sizes versus the distance from the
end of the exit surface are shown in Figure 4(b), where
the black curve was obtained at Ap = 0° when the (12
4 0) back reflection and the additional 22 diffractions (24-
beam diffraction) were in operation [7, 8]. And the gray
curve is the measurement taken without the back reflection,
namely, under a pure refraction circumstance like in the CRL
situation. As can be seen, the transmitted beam was focused
to the position 356 mm from the end of the device for the 24-
beam diffraction at Ap = 0°, while the optical CRL focusing
gave the focal length of about 774 mm. The beam sizes at the
focal points were respectively 6.2 and 9 ym. In other words,
the focal length of the CRL was reduced by nearly a factor
of 2 due the 24-beam diffraction. Moreover, under the 24-
beam diffraction condition, the crystal devices also preserve
the characteristics of X-ray Fabry-Perot resonators. Indeed,
the interference fringes were observed clearly from the device
No. 1 in the photon-energy scan of the transmitted-beam
(Figure 5). Since the effective gap distance is 200 ym for this
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F1GURE 5: The energy AE scan at E = 14.4388 keV of the transmitted
beam through the crystal device No. 1. The vertical axis is the
normalized transmitted intensity.

crystal device, the fringe spacing, also called free spectral
range (Ey), is about 3.4 meV, which agrees with the calculated
value 3.1 meV.

It is estimated that for crystal No. 1 the real gain
defined in [3] is about 7.6 for refraction and 11 for back
diffraction. We have also measured the intensity of the
focused transmitted beam by back-diffraction which is about
18% of that of the incident beam, which is comparable with
that of conventional CRL.

5. Theoretical Analysis

The beam-focusing effect can be understood according to the
dynamical diffraction theory of X-ray back diffraction [11,
12, 14-18].

The dynamical theory of X-ray diffraction [11, 12, 14—
16] describes the interaction of X-ray waves with a crystalline
material, thus forming the so-called wavefields in crystal
lattice. The wavefields during the X-ray diffraction can
be described by Maxwell’s equations. The wavefields in
the crystal are assumed to take the form of Bloch waves,
which lead to the fundamental equation of wavefield [14].
The secular equation of this fundamental equation gives
the dispersion relation and the dispersion surface can be
constructed accordingly. Dispersion surface simply sketches
the relationship of the amplitudes and wavevectors of the
wavefields as a function of the angular position of the crystal
in the reciprocal space. As an example, Figure 6(a) is the
schematic of the dispersion surface (green color) of a two-
beam Bragg reflection in a wide-angle incidence geometry,
where O and G are the reciprocal lattice points representing,
respectively, the (000) and (hkl) reflection. The spheres in
black are the Ewald spheres outside the crystal centered
at points O and G. After the X-rays enter the crystal, the
Ewald sphere becomes smaller due to the fact that the index
of refraction n is smaller that unity. The intersections of
the two Ewald spheres (green curves) centered at O and G
inside the crystal are modified approximately as hyperbola
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FIGURE 6: Dispersion surface projected onto the plane of incidence of a Bragg diffraction: (a) the general wide-angle incidence case with
0p < /2 and (b) the back diffraction case with 85 ~ 7/2. The green curves represent the dispersion surface inside the crystal.(7: the crystal

surface normal; O5: the Bragg angle; L,: the Laue point [14]).

(green solid curves) when the Bragg’s law, Ko = Ko + EG
is satisfied, where K o and K ¢ are the wavevectors of the
(000) and (hkl) diffracted beams inside the crystal and (?é =
OG. The correspondlng wavevestors outside the crystal are
k o and P - The dispersion surface is excited by an incident

beam k 0, whose wavevector starts from a given entrance
point on the black Ewald sphere and ends at point O. This

excitation generates the diffracted beams, K o and K G, which
have a common starting point, called tie point. The tie point
and the entrance point lie along the surface normal direction
7 such that the continuity of the tangential components of

the K o and 7{0 at the crystal boundary is fulfilled. The same

is true for K and k g. Hence, by taking the sample surface
normal into account, the wavevectors inside the crystal can
be determined.

However, when the Bragg angle is almost equal to 71/2,
the dispersion surface has the unusual shape represented
schematically in Figure 6(b). The two Ewald spheres in green
color centered at points O and G inside the crystal are just
touching and tangent to each other at the only contact point,
which is also the tie point for the exact back reflection.

Therefore, Ko and K¢ are parallel to 7 and opposite to
each other. Since there is only one contact region, this
corresponds to only one angular range of total reflection
whose angular width is wp g, /2 ~ ZM =0.0745°, derived
from the dynamical theory [14]. It is wider than that of
the general case of wide-angle incidence, wp,g,<z2 ~ Ixgl =
0.0014°, because the value of the electric susceptibility |ygl
is generally about 107> to 1077. Hence the acceptance angle
of a back diffraction is about one order of magnitude greater
than that of general cases [11, 12, 14]. This feature is useful
for beam-focusing under back diffraction conditions.

We now consider the focusing effects associated with the
back diffraction in the multi-plate focusing cavity based on
the determination of wavevectors inside the crystal via the
excitation of the dispersion surface. We will first concentrate
on the back diffraction of the first crystal lens, and then
extend it to the N lenses. In real space (Figure7(a)), a

parallel beam of the wavevector k 4 is incident on the first
crystal. For simplicity, the upper part of the incident beam
hits the first concave surface and generates an transmitted

beam with the wavevector K; which propagates inside the

first crystal. After passing through the second (exit) surface,
this K 9; beam becomes the forward transmitted wavevector,

ko1 and exits from the first crystal. The vector n;j; and
n; stand for the entrance and exit surface normals of the
ith crystal. Similar situation is encountered for the lower
part of the incident beam. Although the scheme (Figure 7(a))
looks similar to optical refraction, the focusing mechanism is
different due the presence of back diffraction.

The distinction between diffractive and optical focusing
can be understood from the excitation of the dispersion
surface in the reciprocal space. In Figure 7(b) the reciprocal
lattice points O and G represent the incident (000) and
the (12 4 0) back reflection. Because the Bragg angle 03
is nearly equal to /2, the wavefront, X, of the incident

beam k 0(= Ep O) is almost perpendicular to the rec1procal

lattice vector OG. Ey is the entrance point of the beam x 00-
Considering the continuity of the tangential components
of the wavevectors inside and outside the crystal at the

boundary, the incident beam ko excites the dispersion
surface at the tie point T) along the first surface normal

g, thus generating a forward transmitted wave, TlO(—

K o1)inside the first crystal. When the beam K o1 arrives at
the first exit surface, it generates the outgoing wavevector,

El—(j(: k o1) along the exit surface normal nj,. In contrast
to the back diffraction, the grey dashed line represents the
dispersion surface for optical refraction, projected onto the
plane of the incidence of the (12 4 0) reflection. In this case,

the incident beam k 5 excites the (grey) dispersion surface
and generates a refracted beam g, O inside the first crystal.

Subsequently, an outgoing exit beam nO is produced. By
comparing the degree of inclination of the wavevectors
involved in diffraction and refraction, it is clear that the
diffracted beams 70 hand E; O are more focused onto point

O than the refracted beams gl—(j and rl_(j Figure 7(c) shows
the focusing effects due to diffraction and refraction in ray
tracing in real space for one crystal lens. Similar situation
occurs for the incident beam entering in the lower half
of the crystal. Namely, the beam-bending ability of back
diffraction is better than that of optical refraction. Moreover,
there are more dispersion sheets (96 in total) involved in the
24-beam diffraction [18]. That implies that there are more
chances for the transmitted beam to focus on to point O [10].



Ko1 (diffractive)

=T0

(c)

FIGURE 7: (a) Ray-tracing of a parallel incident beam in the first
two crystal lenses in real space: the symbols with “prime” are for
the lower part of the beam; (b) Schematic of the excitation of
the dispersion surface projected onto the plane of incidence in
reciprocal space for (a); (c) The ray-tracing of the diffracted beam
(black) and the optical refracted beam (gray) for the first crystal
according to the corresponding wavevectors.
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Hence the transmitted beam will be focused further. This
theoretical consideration can be continually applied to next
crystal lens and up to the Nth crystal and the focusing effect
due to back diffraction is expected to be much enhanced.

In summary, the dynamical effect on focusing involving
back diffraction is mainly due to the excitation of the
dispersion surface for curved crystal surfaces. This curved
crystal boundaries make beam focusing happen. That is, this
focusing effect, governed by the curvature of the curved CRL,
is due to the change of the direction of the wavevector of
the transmitted beam during the excitation of the dispersion
surface of the diffractions involved.

6. Conclusion

In conclusion, we have shown X-ray focusing using curved
crystal cavity with incident X-rays of modest and ultrahigh
energy-resolution. If only a conventional double crystal
monochromator is employed as the beam conditioner, the
focusing is less effective than the case with an ultrahigh
resolution monochromator, because the latter could easily
fulfill cavity resonance conditions and provide a wider
acceptance angle for the incident beam. On the other hand,
this type of focusing depends on the presence of diffraction.
It seems that in this particular case reported here optical
refraction, the two-beam back reflection, and the 24-beam
diffraction give the longest, shorter, and the shortest focal
length, respectively. The reduction in focal length could be
50% compared to the refraction case. Also, according to
[3], the real gain of a CRL lens depends on the absorption,
real focus size, effective lens aperture, image distance, and
source distance. Since the focus size for back diffraction is
smaller than for refraction, the gain for back diffraction is
larger than that for refraction. This distinct feature could be
useful for high resolution diffraction, scattering, and imaging
investigations. However, because back diffraction takes place
at a specific energy and the required energy resolution is very
strict, the use of this type of crystal devices as a focus tool
might be limited to some specific photon energies for a given
crystal used for making the devices.
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This paper describes the design, crystal selection, and crystal testing for a vertical Johann spectrometer operating in the 13 keV
range to measure ion Doppler broadening in inertial confinement plasmas. The spectrometer is designed to use thin, curved, mica
crystals to achieve a resolving power of E/AE > 2000. A number of natural mica crystals were screened for flatness and X-ray
diffraction width to find samples of sufficient perfection for use in the instrument. Procedures to select and mount high quality
mica samples are discussed. A diode-type X-ray source coupled to a dual goniometer arrangement was used to measure the crystal
reflectivity curve. A procedure was developed for evaluating the goniometer performance using a set of diffraction grade Si crystals.
This goniometer system was invaluable for identifying the best original crystals for further use and developing the techniques to

select satisfactory curved crystals for the spectrometer.

1. Introduction

The analysis of the X-ray emission line spectrum of highly
ionized atoms in high temperature inertial confinement
target implosions is a powerful tool for the characterization
of plasma conditions in the target [1]. In principle, space and
time resolved spectroscopic data can be used to determine
three dimensional plasma conditions in the compressed
plasma. Electron densities can be determined from Stark
broadened line profiles and continuum edge shifts, and
electron temperatures can be determined from line ratios
and continuum distributions [2]. In most current inertial
confinement experiments however, ion temperatures have
been impossible to measure from X-ray spectroscopy because
Stark broadening and collisional broadening of dopant ions
are larger than the thermal ion Doppler broadening that
could be used to measure ion temperatures. While neutron
and proton emission time histories and spectra can provide
some data on ion temperatures, no satisfactory technique
currently exists to measure time and space resolved ion
temperatures in implosion plasmas, and any viable technique
for ignition targets will likely have to rely on X-ray emission

rather than on neutron or proton emission because of time
of flight dispersion of particle arrival times at the detectors as
well as proton range effects.

Yaakobi et al. [3, 4] have shown, however, that for
very highly charged Kr XXXV ions in exploding pusher
implosions, which achieve ion temperatures in excess of
10keV, ion Doppler broadening in low lying helium like
13-15keV resonance lines may be observable if spectra
can be recorded with sufficiently high spectral resolution.
This is basically possible because the energy levels of the
highly charged krypton ions are tightly bound, have large
relativistic fine structure splitting, have low polarization in
the plasma microfield, and have small collision cross sections.
The observable lines least sensitive to Stark broadening
are the 1s to 2p resonance transitions at 13029eV and
13115eV. Similar conditions are expected in experiments
that will be possible when the ignition of thermonuclear
burn is achieved with the next generation of megajoule class
lasers like NIF, where nuclear energy released is expected to
produce electron temperatures as high as 50 keV and even
higher ion temperatures. The high electron temperatures will
produce hydrogen and helium like ions in heavy dopant
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FIGURE 1: (a) Vertical Johann Spectrometer Scheme-Layout (b) Vertical Johann Spectrometer Scheme-Top view looking down cylinder axis.

atoms such as krypton and xenon, and the broadening of
Is to 2p resonance lines from these ions is predicted to be
dominated by ion-Doppler broadening despite the very high
expected plasma electron densities in excess of 10%¢ e~/cm?.
The Kr dopant can be used in exploding pusher gas, targets
on NIF, or with high atomic number impurities in the solid
portion of cryogenic targets.

The resolving power necessary to measure Doppler
broadening in these heavy ions is expected to be E/AE =
2000 or greater, depending on the ion temperature achieved
and the mass of the ions being observed. This type of
measurement is now standard in Tokamak experiments [5],
but it is difficult to achieve on laser driven implosions due to
the relatively low brightness of the source and the restricted
viewing solid angle and space available for instrumentation.
In this paper, we describe the design of a small one-
dimensional imaging spectrometer that is compatible with
the experimental space constraints for direct drive laser
implosions, and that can achieve high resolving powers for
helium-like krypton transitions at 13 keV. We also describe
our work on the design and characterization of the curved
diffraction crystals needed to provide sufficient resolving
power for the spectrometer. This type of instrument could be
used to make time and space resolved measurements of the
ion temperature in exploding pusher krypton doped plasmas
or other very high temperature plasma experiments that are
expected to be possible in the future.

2. Spectrometer Design

The spectrometer we are designing is a version of a vertical
Johann spectrometer (VJS). The principle of this type of
spectrometer has been described in detail by Renner et al.
[6, 7] and Kopecky [8].

The main element of the V]S is a cylindrically curved
crystal that diffracts X-rays from a source of small spatial
extent located on the Rowland circle of the crystal. In a
normal Johann spectrometer, X-rays from a monochromatic
point source are approximately focused to an opposing point

on the Rowland circle in a plane normal to the axis of the
cylinder containing the point source, as shown in Figure 1.
It is easy to show that this focusing is conserved for points
along the line parallel to the cylinder axis that intersects
the Rowland circle above this central plane, as shown in
Figure 1(a). A point source on the Rowland circle focuses to
a line shown as F in Figure 1(a). The angle of incidence of
lines incident on the diffraction crystal increases slowly with
increasing elevation angle from the Rowland circle, so that
the sine of the angle of incidence varies as

sin(6) = sin(6p) cos(¢). (1)

The wavelength of diffracted rays is determined by the Bragg
relation

A = 2d sin ®. (2)

This means that the wavelength of X-rays diffracted from the
crystal for the point source varies with ¢ as

An = Ap cos ¢, (3)

where Ay is the wavelength focused in the plane of the
Rowland circle and Ay, is the wavelength for the ray tilted at
an angle ¢ to the plane.

For high resolution, the length of the crystal illuminated
by the source must be limited because the angle of incidence
on the crystal from a point source slowly changes as the X-
rays from the source hit the crystal at increasing distances
from its center. This is the familiar Johann defocusing defect.
The angular size of the crystal used can be controlled with
the beam block shown in Figures 1(a) and 1(b).

For extended sources, the cylindrical crystal focuses the
image of the source in one dimension perpendicular to the
ray diffracting from the crystal. The high vertical dispersion
of the spectrum greatly reduces the effects of source size
on spectral resolution in the direction of the axis. For
sources displaced from the Rowland circle in the direction
perpendicular the ray striking the crystal and the axis of



X-Ray Optics and Instrumentation

Bent cylindrical crystal

Line
image

x
o Extended
X-ray source

FIGURE 2: Spectral line formation geometry.

symmetry of the crystal, as shown in Figure 2, the spectrum
is shifted spectrally relative to the point on the Rowland
circle because the angles of incidence of all rays are shifted
slightly. A small spatial shift in this direction gives a much
larger change in Bragg angles on the surface of the crystal
than an equivalent vertical translation of diffracted rays in
the image plane, so the wavelength at one value of ¢ changes
very rapidly with horizontal source size, leading to steeply
sloped lines on the detector for a given wavelength.

The dependence of the line position on the position
of the source can be calculated from the geometry of the
spectrometer. For a distance x shown in Figure 2, displaced
laterally from the Rowland circle, the change in Bragg angle
in the plane of the Rowland circle is given by (4):

00, = tan_l[ O = Qg — 6@¢x,  (4)

Foney )
Rsin® |

where R is the radius of curvature of the crystal.

Then the angle of inclination of the diffracted X-rays of
wavelength A for a given point x displaced off the Rowland
circle is given by

A
ol
$x = cos [Zd sin ®0X]' %)

The displacement of an X-ray diffracting at ¢, in the vertical
(axial) direction of the diffracted line is then given by

_ 2R sin(®p) tan(¢y)
- cos(80qy)

(6)

The one dimensional imaging of the detector allows these
spatially dependent spectral profiles to be separated. If a
detector with poor or no spatial resolution in the imaging
direction is used, the combined spectral effects are equivalent
to the normal source size broadening for a flat crystal.

The VJS has several properties that make it useful for
laser experiments. It has high collection efficiency due to
having the source on the Rowland circle, where all rays at one
angle of inclination phi hitting the crystal are collected and
focused to a point. It has very high dispersion independent of
wavelength and Bragg angle due to vertical dispersion. This

means that small Bragg angles and small beam deflections
can be used in a very high resolution design, which allows
us to fit the spectrometer into a very small solid angle
that is compatible with direct drive laser experiments. The
large vertical dispersion also allows us to use detectors with
relatively poor spatial resolution in one dimension. Finally,
the spectrometer has a spatial resolution that can be better
than 10 microns in one direction for a properly bent crystal.

For our experiments we have designed a spectrometer to
look at the Kr XXXV 1s to 2p resonance lines. By using only
the portion of the crystal diffracting rays at an angle near 13°
angle of inclination and then rotating the source, crystal, and
detector around the line normal to the center of the crystal,
we can achieve the vertical Johann geometry in a small linear
package that can fit in a diagnostic tube. The layout is shown
in Figure 3, which shows the schematic design for a vertical
Johann instrument designed to be used in a 6 inch diagnostic
tube for laser implosion experiments. Bragg angles less than
10° are required in order to meet the geometric constraints
of the diagnostic tube. For our design, the crystal is bent to
a radius of 1644 mm, with a 13.4° angle of inclination, and a
Bragg angle of 8.201° using a mica crystal in third order (006
plane).

3. Crystal Requirements

The resolution achievable with this spectrometer depends
primarily on the diffraction properties of the crystal and the
accuracy of its surface alignment to a cylinder. Resolving
powers of 2000 to 10000 are required, with higher values
allowing lower ion temperatures to be measured and increas-
ing the potential accuracy of the measurement. A variety of
bonding techniques can be used to bend the crystal into a
cylindrical form with optical precision. We are using fused
silica substrates ground to an accuracy of 1/4 wavelength,
with a 1642 mm radius of curvature. The crystals are held
between two glass forms with convex and concave curvature
and glued with a thin layer of UV curing cement to the
concave cylindrical substrate.

Crystal planes that could be used for the 13keV X-
rays we are measuring, with Bragg angles less than 10°,
can have resolving powers E/AE ~ 10,000 for flat crystals
comprised of low atomic number materials like mica 006,
quartz 10-10 and 10-11, and silicon 111. This isotopic
approach of Taupin, which depends only on Poisson’s ratio
and neglects anisotropy of the crystal when bent, agrees well
with the Bragg reflections measured by Uschmann et al.
[9, 10]. Unfortunately the diffraction width of these planes
is significantly affected by the 1.6m radius of curvature
being used. The effects of curvature are primarily due to
penetration of X-rays close to the Bragg angle at the surface
of the crystal far enough into the crystal that the vector
normal to the curved lattice planes of the crystal can rotate
enough to allow Bragg diffraction. The result of this is a
decaying tail of diffraction at lower angles of incidence,
dropping slowly from the peak of the pattern. Distortion of
the lattice as the X-ray propagates into the crystal is a smaller
effect for our conditions. Diffraction patterns for the curved
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crystals can be calculated from the Takagi-Taupin equations
which account for both these effects [11, 12].

Figure 4 shows how diffraction pattern calculated with
the code from the Taupin equations [9] changes for a flat
and 100 micron thick mica 006 (third order reflection)
crystal at 13 keV. The tail increases the integrated reflection
coefficient for the crystal, but increases the width of the
curve. It is theoretically possible to reduce this curvature-
induced broadening by using a crystal that is thinner than the
propagation depth of the X-rays, as shown in Figure 5. The
tail on the diffraction curve is reduced as the crystal thickness
is reduced. Five micron thick crystals have curves very similar
to the flat crystal. With a 5 micron thick perfect mica crystal
of 1.644 m radius using 6 mm of arc, ray tracing calculations
show that the resolving power possible is about 7800.

Higher atomic number crystals with higher absorption
at 13keV do not have large changes to the flat crystal

diffraction widths due to crystal curvature. This is because
their absorption prevents X-rays from reaching deep enough
into the crystal to form large diffraction tails. Germanium
111 is an example of this type of crystal, which can have
a resolving power of 3160 at 13keV. This crystal has less
resolution than a perfect thin mica crystal, but has the
advantages of higher integrated reflection, consistently more
perfect grown crystals, and surfaces that can be polished
optically flat. Ge 111 crystals were mounted and tested in the
same way as mica, so they could be used for initial testing and
as a backup for the mica crystal.

4. Monochromator Crystal Selection

Mica (006) and Si (111) have nearly the same reflectivity
as flat, perfect crystals. But mica has been selected as the
best candidate for the VJS because it can be cleaved to the
5 micron thickness and bent to the desired curvature. This is
not practical for Si (111) and quartz. Si (111) crystals are used
to evaluate the dual goniometer system performance. Dicing
Si or quartz crystals was considered but rejected as being too
costly.

Manufacturing crystals thinner than 100 ym that have
dimensions on the order of 1 cm in the crystal axis orienta-
tion needed is very difficult for most available crystals except
for mica. Mica has very weak binding between planes, and
is readily cleaved to thickness of 1 micron or even thinner.
Mica tends to be an imperfect crystal, however, with distorted
surfaces and mosaic broadening occurring in most crystals.
But studies done by Uschmann et al. [10] have shown that
some crystals can be flat and perfect on an atomic scale over
areas of up to 20 cm?.

Natural mica crystals vary considerably in their diffrac-
tion quality. Mica crystals were purchased from a variety of
sources, and a synthetic crystal was also tested. The crystals
were tested flat in the first stage. The procedure for evaluating
these crystals began with optical testing, selection of those
having the best quality, and measurement of the X-ray
reflectivity curve for the selected crystals. We have examined
several hundred crystals visually and interferometrically
using Fizeau and Haidinger fringes with optical flats in
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TABLE 1: Crystals Used, the Miller Indices, and the Bragg Angle at 11442.3 eV.

Crystal Silicon 111

Mica 006 Germanium 111

Bragg angle, degrees 9.950

9.347 9.547

monochromatic light to find sufficiently perfect mica crystals
for our needs. The crystals were examined as 200 to 300 ym
thick slabs. Relatively few were acceptable for the X-ray
testing, and this became a learning process for the best
sources of mica crystals.

The crystals that passed the optical evaluation were
then tested using X-rays as thick flats. There were many
more rejections in this phase. The best flat candidates were
mounted at their original thickness with UV curing glue on
fused silica curved substrates, and then cleaved in water to
thicknesses of 3—10 microns while attached to the substrate.
We were unable to first cleave the crystals and then mount
them, as they wrinkled uncontrollably when they contacted
the UV cement. The reflectivity curve for these curved
crystals was then measured.

5. Characterizing the X-ray Diffraction

Measurements of X-ray reflectivity for mica and Ge crystals
were done using the Au Lg spectral line at 11442.3eV.
Measurements on the Si crystal were done using the Au
Lp1 spectral line and the Au L, spectral line at 9713 eV.
The Bragg angle at 11443 eV for these crystals is given in
Table 1. The calculated dynamic diffraction properties for a
mica crystal at the X-ray energy used for testing are given
in Table 2 [13]. All measurements are compared to these
quantities. The curve quality needed for high resolution
spectroscopy is the width of the reflectivity curve. The Full
Width at Half Maximum (FWHM) is an adequate measure
of this quality. This width represents an energy spread of the
reflected radiation for a given Bragg angle.
The energy spread can be adequately estimated using the
differential form of Bragg’s Law:
AE = A® - cot®p, (7)
E
where E is the band center of the spectral line, AE is the
energy spread produced by the crystal reflectivity width, A®
is the FWHM for the reflectivity curve, ®p is the Bragg angle.

For the conditions in Table 2, and assuming an equal
polarization mixture so that A®@ = 12.373urad, AE =
0.860 eV at 11442.3 eV.

5.1. The Dual Goniometer Instrumentation and Technique.
The X-ray source used for measuring the mica crystal
diffraction performance is a diode type with a water cooled
anode. It operates in the medium X-ray energy range, 600 ¢V
to 16 keV and is illustrated in Figure 6. The source chamber
and the sample chamber have independent vacuum controls
and are separated by a tubing section that includes a remotely
operated valve. The source maximum operating voltage and
power are 20 kV and 4000 W. The operating anode was gold
for the mica measurements, and the Au Lg; spectral line was
selected.

To collimate the X-ray beam, the sample chamber has
a pair of slit mechanisms separated by 200 mm. Each slit
mechanism has a vertical and a horizontal slit pair, with the
horizontal slit pair operated manually, and the vertical slit
pair operated using a computerized motion controller. Both
slit opening and slit offset can be operated remotely. The slit
mechanism locations are shown in Figure 6.

The dual goniometer system has four separate rotation
stages, two for the monochromator crystal and two for the
sample crystal stage. The sample stage has three orthogonal
translation degrees. Each of these stages has an independent
motion control. They are computer controlled and can be
programmed for automatic scanning. Rotation precision is
1 mdeg, and the translation precision is 1 gm. The absolute
rotation accuracy is determined by the actual alignment of
the elements of each rotation stage. A crystal can be moved
in the horizontal and vertical directions using the translation
stages to produce reflectivity curves so that uniformity of the
crystal across the entire surface can be verified.

The crystal arrangement for these experiments is shown
in Figure7. A vacuum compatible, solid state, energy
dispersive detector is mounted on the 4th rotation stage.
It provides photon counting sensitivity, and the energy
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TasLE 2: Calculated Mica 006 Crystal Properties at 11442.3 V.
Polarization R, FWHM, mdeg FWHM, urad Integrated Reflection Integrated Reflection
Curve, mdeg Curve, yrad
mica 006
o 0.932 0.728 12.708 0.868 15.142
T 0.928 0.690 12.037 0.820 14.308
mixed 0.930 0.704 12.37 0.844 14.716
. v
o /
[ 4 20

X-ray
source

e Beam arrangement
o Dual goniometer
o Sample translation in 3 directions

FiGure 6: The NSTec X-ray Source and Dual Goniometer for
Crystal Measurements, showing the X-ray Beam Path.

information helps to verify that the reflection being observed
is in the correct spectral range (i.e., the correct spectral line
from the monochromator has been selected, etc.). The X-ray
source is 600 mm from the first slit. The slits are separated
by 200 mm. The slit opening for all measurements given
in the following sections was 200 ym. Measurements made
using smaller slits did not change the measured reflectivity
curve.

5.2. Alignment Procedure. For reliable reflectivity curves, the
monochromator crystal and the sample crystal must be
properly aligned to the X-ray axis (the rotation axis of the
crystal is perpendicular to the X-ray beam axis). They must
also be parallel to each other. The system is set up so that
a laser beam that can be injected into the X-ray beam path
and follow it exactly. The initial system alignment assures
that this beam path goes directly over the rotation axis of the
monochromator crystal and the sample crystal.

The crystal alignment is done using the laser beam.
The monochromator crystal is removed from the system for
the sample alignment, and the alignment technique utilizes
retro-reflection of the laser beam. The mounting devices
for the crystals provide micrometer positioners for precise
vertical alignment. The sample crystal is adjusted vertically
after rotating the stage so that the crystal faces the slits. Using
this micro-positioner, the sample crystal is rotated until the
laser beam is reflected exactly back on the slits. The rotation

Detector

Source :

Crystal

FiGure 7: The NSTec X-ray Source and Goniometer for Crystal
Measurements, showing Angles.

origin is also obtained by rotating the sample until the
reflected laser beam falls unto the slit. The monochromator
crystal is then put in place and the same retro-reflection
procedure follows, ensuring that the two crystals are parallel.

The system is not designed or operated to measure crystal
angles from the goniometer angles exactly. The absolute
angle is determined from the spectral analysis and the
literature values of the Bragg angle. The relative angles are
determined accurately by the goniometers.

5.3. Measuring the Crystal Reflectivity Curve and Instrumental
Contributions—The Integrated Reflection Curve (IRC) and
FWHM™*Rp. Several factors, both instrumental and spec-
tral, influence the measurement of the crystal reflection
curve. These factors include the horizontal and vertical
beam divergence, spectral energy spread, alignment of the
monochromator and sample crystals, and the monochro-
mator crystal reflectivity FWHM. The system performance
was evaluated using a set of three diffraction grade silicon
crystals. One crystal would be used as a monochromator
and the other as a sample crystal. The reflectivity curve
of the sample was then measured. The three crystals were
interchanged to test all combinations. The reflectivity curves
for all combinations agreed within experimental uncertainty,
indicating that all three crystals had similar diffraction
quality. Typical reflectivity curves for two energies are shown
in Figures 8 and 9.
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TaBLE 3: Calculated and measured silicon 111 crystal properties at 11442.3 eV and 9713.3 ¢V.

Integrated reflection  Integrated reflection

Peak reflectivity, R FWHM, md FWHM, prad . .
caie reflectvity: % mdes pra coefficient, mdeg coefficient, yrad
11443.2eV
Mixed polarization 0.966 1.280 22.344 1.571 27.42
Measured double crystal 0.41 4.1 71.6 2.13 37.2
Single crystal (calculated from 585 497
the double crystal)
9713.3eV
Mixed polarization 0.953 1.504 25.250 1.820 31.76
Measured double crystal 0.35 5.2 90.8 2.31 40.3
Single crystal (calculated from 361 63.0
the double crystal)
04 Silicon double crystal reflectivity Au Ly 9713 eV could be done by the different operators. The motion control
' : system limits the step size to 3 mdeg, thus reducing the
0.35 accuracy of measuring the integrated reflectivity. Figure 8
03 ' TLorentzian fit shows a Lorentzian fit to the data.
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F1GURE 8: Reflectivity curve for Si-Si double crystal measurement at
9713 eV.
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Figure 9: Silicon double crystal reflectivity curve from three
measurements (shown with three different, closely overlapping,
colored curves) taken using the Au Lg, spectral line, 11443.2 eV.

These figures show the typical results for all crystal
combinations and quite reproducible. Measurements have
been done by different instrument operators and separated
by extended periods so that the full alignment procedure

The calculated properties for Si 111 are given in Table 3.
The measured values are included in the table so that
they can be compared easily. A significant feature for this
instrument evaluation is the measured FWHM compared
to the theoretical. Since this is a two-crystal measurement,
the results are increased roughly by /2 [9]. This value
for FWHM is shown in the row called Single Crystal, and
is a factor of about 2.2 larger than the value expected
theoretically. The integrated reflectivity is larger than the
theoretical value. The uncertainty in the FWHM is on
the order of 20% and that of the integrated reflectivity
is 30% based on the reproducibility of the measurements.
Since the two crystals are the same, they have the same
diffracting plane separation and the same Bragg angle, so the
measurements should be unaffected by the Au spectral band
width of 8 eV. The 4 mdeg (0.004°) reflectivity curve width
calculated from (6) corresponds to 5 eV.

These results imply that there is an instrument con-
tribution to the measurement of the FWHM. It was not
deemed practical or necessary to determine the origin of
this instrument contribution. It has been discussed in the
literature [14, 15] that the integrated reflectivity is not
sensitive to instrument parameters. The purpose of the
reflectivity measurements is to select the best mica crystals.
Since the integrated reflectivity is less influenced by the
instrument properties than the peak reflectivity (Rp) and the
FWHM, it was chosen for this comparison.

6. Measured Crystal Diffraction Properties for
Mica and Germanium

As discussed in the previous section, the goniometer system
produced an instrumental broadening of the Si reflectivity
curve. Since the integrated reflection curve is not influenced
by these instrument parameters, it was chosen to be the
measure used to evaluate the mica crystal quality. All
measurements were done using an Si monochromator, the
same crystal that was used for the measurements shown in
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FiGure 10: Reflectivity curve for the best mica flat crystals, 300 ym
thick.
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FiGurg 11: Comparing the crystal shown in Figure 10 when it was
300 pm thick to the same crystal after it was cleaved to 5 ym thick.

Figures 8 and 9. A round robin comparison of the three Si
crystals all gave reflectivity curves similar to Figure 9. The X-
ray illuminated area was near 1.5 mm high by 0.30 mm wide.
For the better crystals, several points were measured in the
1 cm? area that would be illuminated in the VJS.

The initial measurements were done on two square
centimeter mica crystals about 300 yum thick attached to an
optically flat glass substrate. The first set of mica crystals fell
into two categories. The majority had an integrated reflection
curve (IRC) that was significantly larger than the calculated
value given in Table 2. There were a few that measured
an IRC that was within experimental uncertainty of the
theoretical value but the FWHM was near 10 mdeg and so
was larger than the instrumental contribution observed in
the Si double crystal measurements. Then we came upon the
first crystal that matched the theoretical IRC and the FWHM
was at the instrumental limit that was obtained with the
Si double crystal measurement. This is shown in Figure 10.
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Figure 12: Typical best reflectivity curve for good quality mica
attached properly to a curved glass substrate.

It appears that mica IRC values can match the theoretical
value with diffraction widths at the apparent instrumental
limit. Therefore, the criterion for our decision that a mica
crystal might have sufficient diffraction quality for the high
resolution spectrometer was that the FWHM be near 4 mdeg
(0.004°).

The flat crystal whose measurement is shown in
Figure 10 was then cleaved to a thickness of 5 ym while still
glued to the flat glass substrate, and the reflectivity curve was
measured again. The result of this measurement is shown in
Figure 11 along with the data from the thick crystal. Within
the measurement uncertainty, these diffraction curves are
identical. The cleaving did not disturb the crystal diffraction
quality. At 9.4° the path through the mica is much larger than
the mica extinction length (2.6 ym).

The next step was to take crystals that had come from
sources that provided the satisfactory flat crystals and test
them for X-ray diffraction quality. The 300 yum thick mica
flat was glued to a glass substrate that was curved in one
direction to a 1.6 m curvature radius and flat in the other
direction. The mica was then cleaved to a thickness of 5 ym.
This procedure took some practice to develop so that the
mica adhered accurately to the glass surface.

The curved crystal’s reflectivity was then measured on
the X-ray goniometer system. The reflectivity measurement
was done varying the angle of incidence in the direction
with no surface curvature of the cylindrical mica crystal.
The majority of crystals did not have satisfactory diffraction
quality. The best crystals had a typical reflectivity curve
as that shown in Figure 12. The 6 mdeg (0.006°) width
apparently represents the instrumental contribution for
measuring the curved mica crystal, although it is not entirely
clear if this instrumental limit could not be closer to the
flat crystal measured value of 0.004°. This 6 mdeg (0.006°)
reflectivity curve width became the criterion for selecting
spectrometer crystals.
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TaBLE 4: Calculated germanium 111 crystal properties at 11442.3 eV.

Integrated reflection Integrated reflection

R
P FWHM, mdeg FWHM, prad curve, mdeg curve, prad
Mixed polarization 0.724 2.743 47.87 2.297 40.06
Measured 0.27 7.5 131 2.34 40.8

Thick curved mica crystal

/™

o o
==
&
/g.

Reflectivity

0.04

0.02 A LY

/ ™~
| 41 ~pd

ot
-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12
Relative angle (mdeg)

F1GURE 13: Typical best reflectivity curves for thick (300 ym) mica
crystal from three measurements (shown with three different,
closely overlapping, colored curves).

For reference, several curved 300 ym thick crystals were
measured. Typical reflectivity curves for the best crystals
are shown in Figure 13. The FWHM of 0.008° is larger
than the 0.006° width obtained from the best thin curved
crystal measurements. This is consistent with the calculated
broadening of a thick mica crystal of 4 mdeg shown in
Figure 5.

Germanium was chosen as a backup for the mica crystal
for use in the initial testing of the spectrometer. Its reflectivity
properties at 11442.3 eV are given in Table 4. Reflectivity
measurements of a 500 ym thick germanium crystal bent to
a 1.6 m radius of curvature are given in the last row of the
table. The measured reflectivity curve width for the curved
germanium crystal is slightly less than that of the thick mica
crystal curved to the same radius, and this is consistent with
theoretical calculations.

7. Further Experiments Using an X-ray Source

NSTec Livermore Operations also has a high energy, open
beam X-ray source. It uses a 160kV source to produce
fluorescence from various materials. X-ray beams from 8 keV
to 100 keV can be generated. The spectrometer can be aligned
and tested using this facility. The Rb K, and Bi L, spectral
lines will be used since they are near the Kr XXXV He like
lines.

The spectrometer will be mounted and aligned to the
X-ray beam. Image plates and film will be used to turn the
alignment and focus the spectrometer. An upgrade to the
dual goniometer system is planned for 2010. This includes a
high resolution rotator stage and upgraded monochromator
crystals.

8. Conclusion

The goniometer system of the NSTec Livermore Operations,
although limited in resolution, is a good tool for finding
satisfactory crystals for hard X-ray spectrometers like the
Vertical Johann Spectrometer described in this work. Because
of the instrument’s construction it is not possible to measure
the true crystal resolving power. It is able to differentiate
crystal diffraction performance sufficiently to show when
the reflectivity curve width is A® < 2.8 mdeg (see Table 3)
so that AE < 5.5eV at 13.3keV (6) and is usable for
the Doppler width measurements. The process of selecting
suitable mica crystals, curving them accurately to a precision
glass substrate, and thinning them to a thickness less than
10 microns is difficult and time consuming. A tool such as
the NSTec goniometer system has proved to be invaluable for
evaluating the diffraction quality of the crystals needed for
this work.
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We review feasibility studies, technological developments, and the astrophysical prospects for Laue lenses devoted to hard X-

/gamma-ray astronomy observations.

1. Introduction

Hard X-/soft gamma-ray astronomy is a crucial window for
the study of the most energetic and violent events in the
Universe. With the ESA INTEGRAL observatory [1] and
the NASA Swift satellite [2], unprecedented sky surveys in
the band beyond 20keV are being performed [3, 4]. As a
consequence, hundreds of celestial sources have already been
discovered, new classes of Galactic sources are being iden-
tified, and an overview of the extragalactic sky is available,
while evidence of extended matter-antimatter annihilation
emission from our Galactic center [5] and of Galactic
nucleosynthesis processes have been also reported [5, 6].
However, in order to take full advantage of the extraordinary
potential of soft gamma-ray astronomy, a new generation
of telescopes is needed. The current instrumentation has
relied on the use of direct-viewing detectors with mechanical
collimators (e.g., BeppoSAX/PDS, [7]) and, in some cases,
with modulating aperture systems, such as coded masks
(e.g., INTEGRAL/IBIS, [8]). These telescopes are penalized
by their modest sensitivities, that improve at best as the
square root of the detector surface. The only solution to
the limitations of the current generation of gamma-ray
instruments is the use of focusing optics. To study either
the continuum emission or the nuclear line emission from
celestial sources, Laue lenses, based on diffraction from
crystals in a transmission configuration, are particularly
suited to focus photons in the hard X-/soft gamma-ray

(<1MeV) domain. As we will show, they show imaging
capabilities for on-axis sources.

With these lenses, we expect a big leap in both flux
sensitivity and angular resolution. As far as the sensitivity
is concerned, the expected increase is by a factor of at least
10-100 with respect to the best nonfocusing instruments
of the current generation, with or without coded masks.
Concerning the angular resolution, the increase is expected
to be more than a factor 10 (from ~15arcmin of the mask
telescopes like INTEGRAL IBIS to less than 1 arcmin).

The astrophysical issues that are expected to be solved
with the advent of these telescopes are many and of fun-
damental importance. A thorough discussion of the science
case has been carried out in the context of the mission
proposal Gamma Ray Imager (GRI), submitted to ESA in
response to the first AO of the ’Cosmic Vision 2015-2025
plan [9] (but see also [10-12]). We summarize here some of
these issues.

(i) Deep study of high-energy emission physics in the
presence of super-strong magnetic fields (magnetars)

The XMM and INTEGRAL observed spectra of Soft
Gamma Ray Repeaters [13], and Anomalous X-ray pulsars
[14] leave unsolved the question of the physical origin of the
high-energy component (>100keV). A better sensitivity at
E > 100keV is needed.



(ii) Deep study of high-energy emission physics in compact
galactic objects and AGNs

A clue to the emission region and mechanism, along with
the properties of the hidden black hole, can be obtained with
the measurement of the high-energy cutoff and its relation
with the power-law energy spectrum of the compact objects.
The current observational status is far from clear (see, e.g.,
[15, 16]). Much more sensitive observations are needed,
for both AGNs and compact Galactic sources. In the case
of blazars, the gamma-ray observations are crucial for the
determination of their emission properties given that their
energy emission peaks at hundreds of keV [17].

(iii) establishing the precise role of nonthermal mechanisms
in extended objects like galaxy clusters

The existence of hard tails from Galaxy Clusters (GCs)
is still a matter of discussion [18], and, should they exist,
their origin is also an open issue. Are they the result of a
diffuse emission or are they due to AGNs in the GC? In the
former case, what is the emission mechanism? What is their
contribution to CXB? To answer these questions will require
much more sensitive observations, like those achievable with
broad band Laue lenses.

(iv) Origin of cosmic hard X/soft gamma-ray diffuse back-
ground

Currently, a combination of unobscured, Compton thin,
and Compton thick radio-quiet AGN populations with
different photon index distributions and fixed high-energy
spectral cutoff (E.) are assumed in synthesis models of
the Cosmic X-ray background (CXB) [19]. Is it reasonable
to assume a fixed E. for these sources? A photon-energy-
dependent contribution from radio-loud AGN to CXB, like
blazars, is generally assumed. But their real contribution is
still a matter of discussion. Deep spectral measurements of
a significant sample of AGNs beyond 100 keV is needed to
solve these issues.

(v) Positron Astrophysics

Positron production occurs in a variety of cosmic
explosion and acceleration sites, and the observation of the
characteristic 511 keV annihilation line provides a powerful
tool to probe plasma composition, temperature, density, and
ionization degree. The positron annihilation signature is
readily observed from the galactic bulge region, yet the origin
of the positrons remains mysterious. Compact objects—both
galactic and extragalactic—are believed to release significant
numbers of positrons leading to 511keV gamma-ray line
emission in the inevitable process of annihilation. A recent
SPI/INTEGRAL all-sky map [5] of galactic e” e* annihilation
radiation shows an asymmetric distribution of 511keV
emission that has been interpreted as a signature of low-
mass X-ray binaries with strong emission at photon energies
>20keV (hard LMXBs). A claim for an annihilation line
from a compact source (Nova Muscae) was reported in the
90s [20] but was never confirmed. Much more sensitive
observations are needed to study the annihilation line origin,
sources, and their nature.
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(vi) Physics of supernova explosions

Type Ia supernovae (SNe Ia) are major contributors
to the production of heavy elements and hence a critical
component for the understanding of life cycles of matter
in the Universe and the chemical evolution of galaxies.
Because Laue lens telescopes allow the direct observation of
radioactive isotopes that power the observable light curves
and spectra, gamma-ray observations of SNe Ia that can be
performed with this type of instrument are in a position to
allow a breakthrough on the detailed physical understanding
of SNe Ia. This is important for its own sake, but it is also
necessary to constrain systematic errors when using high-z
SNe Ia to determine cosmological parameters.

High-resolution gamma-ray spectroscopy provides a
key route to answering these questions by studying the
conditions in which the thermonuclear explosion starts and
propagates. A sensitivity of 107 photons cm™2s™! to broad-
ened gamma-ray lines allows observations of supernovae
out to distances of 50—100 Mpc. Within this distance, it is
expected that there will always be a type Ia SN in the phase
of gamma-ray line emission, starting shortly after explosion,
and lasting several months.

In this paper, we review the physical principles of Laue
lenses, their geometry, their optimization criteria, their
optical properties, the current development status and the
prospects for future missions for gamma-ray astronomy.

2. Laue Lens Concept

Diffraction lenses use the interference between the periodic
nature of the electromagnetic radiation and a periodic
structure such as the matter in a crystal. For a classical
textbook on X-ray diffraction see, for example, [21]. In a
Laue lens, the photons pass through the full crystal, using
its entire volume for interacting coherently. In order to be
diffracted, an incoming gamma-ray must satisfy the Bragg-
condition, relating the spacing of lattice planes dyx with the
energy of incident photons E and with the angle of incidence
0p with respect to the chosen set of planes (hkl) (The indices
h, k, I, known as Miller indices, are defined as the reciprocals
of the fractional intercepts which the lattice plane makes with
the crystallographic axes. For example, if the Miller indices of a
plane are ( hkl), written in parentheses, then the plane makes
fractional intercepts of 1/h, 1/k, 1/1 with the axes, and, if the
axial lengths of the unit cell are a, b, ¢, the plane makes actual
intercepts of a/h, b/k, c/l. If a plane is parallel to a given axis,
its fractional intercept on that axis is taken as infinity and the
corresponding Miller index is zero. If the Miller indices [ hkl]
are shown in square brackets, they give the direction of the plane
with the same indices.)

2dpi sin O = HE, (D)

E
where dp (in A) is the spacing of the lattice planes (hkl), n is
the diffraction order, hc = 12.4keV. A and E is the energy (in
keV) of the gamma-ray photon. An elementary illustration
of the Bragg condition, in two different configurations
(reflection and transmission), is given in Figure 1, where



X-Ray Optics and Instrumentation

Incident beam

(a)

Diffacted beam

Incident beam

0

00000

20p Diffacted beam

(b)

FiGure 1: The Bragg condition for constructive interference of a gamma-ray photon beam with the atoms of a given crystalline plane. (a)
Bragg diffraction in reflection configuration (Bragg geometry). (b) Bragg diffraction in transmission configuration (Laue geometry).
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FIGURE 2: Geometry of a Laue lens (see text).

it can be seen that the incident waves are reflected by the
parallel planes of the atoms in the crystal.

A Laue lens is made of a large number of crystals, in
transmission configuration (Laue geometry), that are dis-
posed such that they will concentrate the incident radiation
onto a common focal spot. A convenient way to visualize
the geometry of a crystal lens is to consider it as a spherical
cup covered with crystal tiles having their diffracting planes
perpendicular to the sphere (see Figure 2). The focal spot is
on the symmetry axis at a distance f = R/2 from the cup,
with R being the radius of the sphere of which the spherical
cup is a part; f is called the focal length.

From the Bragg equation, for the first diffraction order
(n = 1), it can be seen that the photons incident on a given
crystal at distance 7 (fmin < 7 < 7mayx) from the lens axis can
be reflected toward the lens focus if their energy E is given by

_ he |1 | L hef
E= 2 51n[2arctan<r):| S ar (2)

where the approximated expression is valid for gamma-ray
lenses, given the small diffration angles involved.

Conversely, the lens radius r (see Figure 2) at which the
photon energy E is reflected in the focus is given by

he f

r = f tan[20p] = A E

(3)

Rotation around the lens optical axis at constant r results
in concentric rings of crystals (see Figure 3(a)), while a
uniformly changing value of r gives rise to an Archimedes
spiral (Figure 3(b)). Assuming that the chosen diffracting
planes (hkl) of all the lens crystals are the same, in the first
case (constant r), the energy of the diffracted photon will
be centered on E for all the crystals in the ring, while in the
second case (Archimedes spiral), the reflected energy E will
continuously vary from one crystal to the other, as shown in
Figure 4.

2.1. Energy Passband. Any Laue lens will diffract photons
over a certain energy passband (Emin,Emax). From (2), at first-
order diffraction (the most efficient), it results that

hc
Emin ~ d f 5
hkl max (4)
hef
Enax = d .
hklTmin

Given that, for astronomical applications, the lens pass-
band is desired to be covered with the highest effective area
(The effective area at energy E is defined as the geometrical
area of the lens projected in the focal plane times, the total
reflection efficiency at energy E.) and in a smooth manner
as a function of energy, the energy bands of the photons
reflected by contiguous crystal rings or, in the case of the
Archimedes structure of a lens, by contiguous crystals have to
overlap each other, like in Figure 4. Since the full width at half
maximum (fwhm) of the acceptance angle § (known as the
Darwin width) of perfect crystals is extremely narrow (frac-
tions of an arcsec to a few arcsec, see [21]), such materials are
not suitable for astrophysical Laue lenses. In order to increase
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FiGURE 3: The basic design of a crystal diffraction lens in Laue geometry. Flat crystal tiles are assumed. (a) concentric rings of a given radius
r concentrating a constant energy E. (b) crystal tiles disposed along an Archimedes’ spiral result in a continuously varying energy E. Given
the footprint of the crystals, the image in the focal plane has a minimum size equal to that of the crystal size.
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FIGURE 4: An example of the expected reflectivity profile of
three contiguous crystals with a mosaicity of 1.5arcmin along an
Archimedes’ spiral. Reprinted from [22].

the energy passband of individual crystals, one uses mosaic
crystals or curved crystals (see Section 3). The mosaicity
of mosaic crystals (see Section 3.1) and the total bending
angle of curved crystals (see Section 3.2) govern the flux
throughput, the angular resolution, and the energy passband
of the Laue lenses. The diffracted flux from a continuum
source increases with increasing the mosaicity of mosaic
crystals or the total bending angle of curved crystals. For
a crystal lens telescope, crystals with mosaicities or total
bending angles ranging from a few tens of arcseconds to a
few arcminutes are of interest.

The bandwidth of a lens for an on-axis source is
determined by the mosaicity or total bending angle of the
individual crystals and by the accuracy of the alignment of
the single crystals. By forming the derivative of the Bragg
relation in the small angle approximation (2dx0p = nhc/E),
we get
ABp  AE
0~ E (5)

If Afg is the mosaicity of the mosaic crystal or the total
bending angle of the curved crystal, the corresponding
energy passband AE of the crystal becomes

_ 2dui - E* - AOp

AE
nhc

(6)
It is worth pointing out that, whereas the energy passband of
a crystal lens grows with the square of energy, the Doppler
broadening of the astrophysical lines (e.g., in SN ejecta)
increases linearly with energy for a given expansion velocity.

3. Crystal Reflectivity

Both mosaic crystals and curved crystals are suitable to be
used for a Laue lens. We discuss the properties of both of
them and their reflectivity.

3.1. Mosaic Crystals. Mosaic crystals are made of many
microscopic perfect crystals (crystallites) with their lattice
planes slightly misaligned with each other around a mean
direction, corresponding to the mean lattice planes (hkl)
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chosen for diffraction. In the lens configuration assumed, the
mean lattice plane is normal to the surface of the crystals.
The distribution function of the crystallite misalignments
from the mean direction can be approximated by a Gaussian

function
1 A?
W(A) = \/2777.”7 CXP<_27]2> > (7)

where A is the magnitude of the angular deviation from the
mean, while 8,, = 2.35y is the fwhm of the mosaic spread
(called mosaicity).

For the Laue geometry and diffracting planes perpendic-
ular to the cross section of the crystal tile (see, e.g., Figure 2),
the crystal reflectivity R(A, E) is given by [21]

R(AE) = L(?O’E)

= sinh(cT) exp[—(‘u-i-yoa);} (8)
0

_ %(1 _ e*ZO'T>e*‘uT/)/0’

where I is the intensity of the incident beam, y is the
absorption coefficient corresponding to that energy, yy is the
cosine of the angle between the direction of the photons and
the normal to the crystal surface, T is the thickness of the
mosaic crystal, and o is

o0 =0(E,A) = W(A)Q(E)f(A), )
where

Fiuut ‘2/\3 1 + cos?(20z)
\% 2sin20g

Q(E) =1, (10)
in which r, is the classical electron radius, Fyy; is the structure
factor, inclusive of the temperature effect (Debye-Waller’s
factor), V is the volume of the crystal unit cell, A is the
radiation wavelength, and 6g is the Bragg angle for that
particular energy, while f(A) in (9) is well approximated by

Bo(2A) + |cos20g| By(2A]|cos20g]|)

fa)= 2A(1 + cos26p)

(11)

Here, By is the Bessel function of zero order integrated
between 0 and 2A, with A defined as follows:

ity

~ Ao cosfz’ (12)

in which ¢, is the crystallite thickness, and Ay (extinction
length) is defined for the symmetrical Laue case (see e.g.,
[23]) as

_ 'V cosOp
 red | Fpal (1 + |cos 26g])

Ao (13)
In general, f(A) < 1 and converges to 1 if {;, < Ay. In this
case, we get the highest reflectivity.

The quantity yoo is known as secondary extinction coef-
ficient and T/y, is the distance travelled by the direct beam
inside the crystal.

3.2. Curved Crystals. Similarly to mosaic crystals, curved
crystals have an angular dispersion of the lattice planes and
thus a much larger energy passband (see (6)) than perfect
crystals. The properties of these crystals and the methods to
get them are discussed in [24]. Here, we summarize their
reflection properties.

The most recent theory of the radiation diffraction in
transmission geometry for such crystals, in the case of a large
and homogeneous curvature, is now well fixed and has been
compared with the experimental results (see [25, 26]). In this
theory, the distortion of diffracting planes is described by the
strain gradient f3, that, in the case of a uniform curvature, is
given by

Q

b= T2 (14)

where Q is the total bending angle and corresponds to the
mosaicity of the mosaic crystals, Ty is the thickness of the
crystal and ¢ is the Darwin width.

When the strain gradient |S;| becomes larger than a
critical value . = 7/(2A), it has been shown that, for a
uniform curvature of planes, the peak reflectivity R™ of a
curved crystal is given by

Feak (Cp) E)
To (15)

- (1 _ e—(nZth)/(c,,Aé)) ¢~ 1)/ (e costy)

Rpeak (CP’ E) _

where IF**" is the reflected peak intensity, ¢, = /T is the
curvature of the lattice planes assumed to be uniform across
the crystal thickness, and the extinction length Ay = Ay(E) is
given by (13). The reflected intensity profile I,(cp, E) is that
of a perfect crystal with the Darwin width replaced with Q.
This profile is shown in Figure 5.

From the last equation, it can be shown that the highest
peak reflectivity is obtained for a curvature of the lattice
planes given by

M
opt _
% = (1 + M/N)’ (16)
where M = n?dji/A§ and N = uQ/ cos 0g.

3.3. Mosaic Crystals versus Curved Crystals. Both mosaic
crystals and curved crystals can be used for a Laue lens, if they
can be produced with the needed angular spread. However,
in principle, curved crystals can reach a higher efficiency
than mosaic crystals. Indeed, while the diffraction efficiency
of mosaic crystals is limited to 50%, that of curved crystals
can reach 100%. Another advantage of curved crystals is that
the diffraction profile of a curved crystal is rectangular with
width related to Q, while that of mosaic crystals is Gaussian
with fwhm equal to the mosaicity f3,,. Given the absence of
Gaussian tails, curved crystals concentrate the flux better (see
Section 4). This better performance of the curved crystals
with respect to the mosaic crystals for Laue lenses is discussed
in depth in [27].
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FIGURE 5: Reflectivity profile of a curved crystal as a function of
the rocking angle Af. This angle gives the difference between the
incidence angle of the monochromatic photon beam and the Bragg
angle. I, represents the incident intensity, I;,(Af) the transmitted
intensity, and I,(A0) the reflected intensity. Reprinted from [25].

Curved crystals can be obtained in various ways [24].
The most feasible techniques to be used for Laue lenses
include the elastic bending of a perfect crystal (the technique
commonly adopted in synchrotron radiation facilities), the
deposition of a coating on a wafer, the growing of a two-
component crystal whose composition varies along the
crystal growth axis (see, e.g., [25]), or the indentation of one
face of a wafer. The last technique is being developed at the
University of Ferrara (V. Guidi, private communication) with
very satisfactory results (see Figure 6). Also the deposition of
a coating on a wafer is being tested at the same university.

4. Optimization of a Laue Lens

The free parameters of a Laue lens are the crystal properties
(materials, lattice planes for diffraction, microcrystal size and
mosaicity in the case of mosaic crystals, total bending angle
in the case of curved crystals, and crystal thickness), the lens
geometry (ring-like or Archimedes’ spiral), its focal length
and its nominal energy passband. Many optimization studies
of these parameters have been performed and tested [24, 29—
31].

4.1. Crystal Material. Independently of the crystal structure
(mosaic or curved), in order to optimize the crystal reflectiv-
ity it is important to maximize Q(E) as defined in (10). This
is the integrated crystal reflectivity per unit volume, whose
normalization is the ratio |Fju/V|? between the structure
factor of the chosen lattice planes Fyx and the volume V' of
the unit cell. The inverse of V is the atomic density N. Thus,
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FIGURE 6: Measured rocking curve, in transmission geometry at
150keV, of a Si(111) crystal curved at the University of Ferrara
(see text). Af gives the difference between the incidence angle
of the monochromatic photon beam and the Bragg angle. Open
circles: ratio between measured intensity of the diffracted beam
and measured intensity of the transmitted beam (also called
diffraction efficiency). Filled circles: difference between transmitted
and diffracted intensities. Note that the angle A8, through the Bragg
law, is related to the reflected photon energy. Thus, the figure also
shows the energy bandwidth of the curved crystal. Reprinted from
[28], who tested the crystal sample.
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FIGURE 7: Density of a crystal unit cell versus element atomic
number. Reprinted from [24].

a small V (or a high N) is important for maximizing Q(E).
The value of N as a function of the element atomic number
Z is shown in Figure 7.

As can be seen, for single-element materials, broad
density peaks are apparent in correspondence of the atomic
numbers 5, 13, 28, 45, and 78. Common materials like Al
(Z =13),S1 (Z = 14),Ni (Z = 28),Cu (Z = 29), Zn
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FIGURE 8: Peak reflectivity of 5 candidate crystal materials. The
Miller indices used give the highest reflectivity. A mosaicity of
40 arcsec is assumed. The thickness has been optimized. The
production technology of mosaic crystals with the required spread
is already mature for Ge and Cu.

(Z = 30), Ge (Z = 32), Mo (Z = 42), Rh (Z = 45),
Ag (Z = 47), Ta(Z=73), W (Z = 74), and Au (Z =
42) are good candidates to be used for Laue lenses and
should be preferred to other elements if they are available as
crystals with the requested properties. The peak reflectivity
versus energy of few single-element mosaic crystal materials
is shown in Figure 8.

Also double-element crystal materials can be used for
Laue lenses. Several of them, developed for other applica-
tions, are already available, like GaAs, InAs, CdTe, and CaF,.
With some improvements, these crystal materials can be used
for Laue lenses (see discussion in [24]).

Clearly the best lattice planes are those that optimize
the structure factor |Fjil, under the condition that the
corresponding dpi; is consistent with lens constraints, such
as energy passband, lens size, and focal length (see below).

4.2. Crystallite Size and Angular Distribution in Mosaic
Crystals. From the reflectivity (8), the crystallite thickness #o
plays an important role in the reflectivity optimization. For
fixed values of the mosaicity and crystal thickness, the highest
reflectivity is obtained for a crystallite thickness that satisfies
the condition f) < Ay. In general, this implies a thickness of
the order of 1 um.

Unfortunately, this condition is still not always satisfied.
From extended tests performed on Cu(111) supplied by ILL
[32], it was found that the condition above is satisfied in
single points [22], but not when the entire crystal cross
section is irradiated (values even higher than 100 ym have
been found [24]). In addition, in [24], it is found that £, is
energy dependent, which is a surprising result that requires
an interpretation (see discussion therein).

The crystal mosaicity is another crucial parameter for the
optimization of the lens performance. It can be seen [11, 29—
31] that, even if a higher mosaicity gives a larger lens effective
area (see Figure9), a higher spread also produces a larger
defocusing of the reflected photons in the focal plane and
thus a lower lens sensitivity.

This can be seen by introducing the focusing factor G(E)
of a Laue lens

Aeff(E)

G(E) = fpth) (17)

in which A.4(E) is the effective area of the lens and A, is the
area of the focal spot which contains a fraction f;, of photons
reflected by the lens.

Assuming that the detector noise is Poissonian, it can
be easily shown that G(E) is inversely proportional to the
minimum detectable continuum intensity of a lens

L )
Imin(E) = 7 /AdATAE, (18)

where Iy, is given in units of photons cm~2s~! keV ™! in the
interval AE around E, n, is the significance level of the signal
(typically n, =3-5), B is the focal plane detector background
intensity (counts cm™2s™'keV '), AT is exposure time to a
celestial source, and #4 is the focal plane detector efficiency
at energy E. For a lens made of mosaic crystals of Cu(111),
Figure 10 shows the dependence of G on focal length in two
different energy bands, for different values of the mosaicity.

As can be seen, in spite of the fact that a higher spread
gives a higher effective area, a lower spread gives a higher
G and thus a higher lens sensitivity. This effect is small at
short focal lengths (10-20 m), but it becomes very significant
at long focal lengths (>30m), especially at high energies
(~500keV).

4.3. Crystal Thickness. The crystal thickness is another cru-
cial parameter for the reflectivity optimization of a mosaic
crystal. The best crystal thickness is given by

Toes = lln<l n Z"VO) (19)
20 U

in the case of a mosaic crystal, and it is given by

QlIn(1 + M/N)

T 20)

Thest =

in the case of a curved crystal, where the involved quantities
are defined in the sections above. In the case of a mosaic
crystal, the optimum crystal thickness for various materials
is shown in Figure 11.

As can be seen, the best crystal thickness depends on
the absorption coefficient y. A high-absorption coefficient
implies a low crystal thickness for the reflectivity optimiza-
tion.
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Reprinted from [31].
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FiGure 10: Dependence of the focusing factor G of a lens made of
mosaic crystals of Cu(111) on the focal length f for three different
values of the mosaicity in two different energy bands: 90-110 keV
(LE) and 450-550 keV (HE). Reprinted from [11].

4.4. Focal Length. The focal length has a key importance in
the case of Laue lenses, more than its importance in the
case of traditional focusing telescopes. Indeed, given that the
energy passband of a single crystal is quite narrow (see e.g.,
Figure 4), from the expression of nominal energy passband
(Emin, Emax) of a lens (see (4)), it results that, for first-order
diffraction, the lens radii (7min> "max), Needed to get a given
passband, depend linearly on f
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FiGUure 11: The best crystal thickness that maximizes the crys-
tal reflectivity, for various materials. The mosaicity assumed is
larcmin, the crystallite thickness is 1 ym, and the crystal plane
chosen for all of them is (111).

he f

Tmin = 7
mn dhklEmax’

he f

Tmax & ————.
" Ay Emin

(21)

Given that high energy photons are focused by the innermost
part of the lens, to get a given lens inner area, the focal length
must be increased (the lens area approximately increases with
).

A gamma-ray lens with a broad continuum coverage
from 300keV to 1.5MeV was proposed in the 90s by Lund
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FIGure 12: (a) Distribution of various flat mosaic crystals and chosen lattice planes in an example of a lens and focal length, as studied by
Barriére et al. [28]. (b) Effective area of the studied lens. Colors show the contribution of each material.
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On-axis response function (PSF) of lenses made of flat mosaic crystals. (a) Lens with 40 m focal length for an on-axis source in

the 150-600 keV energy band. (b) Lens with 6 m focal length for an on-axis source in the 70-300 keV energy band. See text. Reprinted from

[33, 34].

[35]. He assumed mosaic crystals of Copper and Gold. In
order to achieve a significant effective area at high energies
(350 cm? at 300 keV and 25 cm? at 1.3 MeV), the focal length
proposed was 60 m.

4.5. Broad versus Narrow Passband Laue Lenses. For the lens
optimization, the selection criteria of the crystal material and

lattice planes can change depending on the requested lens
passband. Two classes of Laue lenses can be identified, broad
passband and narrow passband. The former covers a broad
energy band (e.g., 100-600 keV) for the study of continuum
source spectra, while the latter achieves an optimal sensitivity
in a relatively narrow energy band (e.g., 800-900keV) for
gamma-ray line spectroscopy. These two classes of lenses
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FiGure 14: Off-axis expected response function (PSF) of a Laue
lens made of flat mosaic crystals with 40 m focal length in the 150—
600 keV energy band. Three-point sources are simulated, at 0, 2 and
4 arcmin off-axis. See text. Reprinted from [34].

require different criteria in the crystal choice and disposition
in the lens for its optimization.

4.5.1. Narrow Passband Laue Lenses. Assuming a ring-like
geometry, these lenses use a different crystalline plane (hkI)
for every ring in order to diffract photons in only one energy
band centered on the energy Ey. If, for a given focal length,
the ring at distance r( from the lens axis concentrates photons
centered at energy E, using crystals with crystalline plane
spacing dp, a ring with a radius r; > ry, according to the Bragg
law, will concentrate the same photon energies only if the
crystalline plane spacing d; is smaller than do or if a higher
order is used. From (3), for materials with a cubic structure
for which dp is inversely proportional to vh? + k? + [2, the
ring radii are proportional to this quantity.

As the diffraction efficiency decreases with increasing
diffraction order n, a crystal in an exterior ring will add
less efficient area to the lens than a crystal on an inner
ring. However, since the number of crystals increases with
the ring-radius, all rings will usually contribute about the
same amount of efficient area to the lens. Using larger and
larger Bragg angles with increasing ring radius allows the
instrument to be relatively compact, featuring a shorter focal
length than required if the above criterion was not adopted.
An example of a narrow passband Laue lens, the balloon
telescope CLAIRE, will be discussed below.

4.5.2. Broad Passband Laue Lenses. These lenses use the
best combination of crystalline planes to cover in the most
efficent way the lens passband. Lowest order planes, for
example, (111), are preferred because we can exploit, in
addition to their optimum diffraction efficiency, also the
higher order diffraction of the same planes. The principle
used for covering a broad energy band is the following. In
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the simple assumption that a single crystal material and
crystal plane (hkl) are used, assuming a ring-like geometry
of the lens, different concentric rings focus slightly different
energies because of the varying Bragg angle, and thus with
several rings a broad energy band can be covered with
the first-order diffraction (lens nominal energy passband).
But, in addition to the first-order diffraction, higher order
diffraction can be exploited that increases the effective area
at higher energies, while also extending the passband. An
example of the distribution of the various crystals and lattice
planes in different rings for a broad passband lens (100—
600 keV) made of mosaic crystals with 20 m focal length, is
studied in [28] and it is shown in Figure 12.

Diffraction lenses with broad energy passbands were also
developed and tested for low-energy X-rays since the sixties
(e.g., Lindquist and Webber [36]). Today, photons up to
80keV can be efficiently focused thanks to the development
of grazing incidence based on multilayer mirrors (see other
papers in this issue). Above this upper threshold, the
development of Laue lens telescopes becomes crucial for
photon focusing.

5. Optical Properties of a Lens

The optical properties of a lens, for both on-axis and off-axis
incident photons, have been investigated by means of Monte
Carlo (MC) simulations [11, 31]. For flat crystal tiles, the
Point Spread Function (PSF) depends on the crystal size, on
their mosaicity and on the accuracy of their positioning in
the lens.

In Figure 13, we show the calculated on-axis Point Spread
Functions for two cases: a ring-shaped lens of 40 m focal
length and a spiral-shaped lens of 6 m focal length. In the
first case, the lens has a 150—-600 keV energy passband and a
crystal tile cross section of 10 X 10 mm?, while in the second
case it has a 70-300keV passband and a crystal tile cross
section of 15 X 15mm?. In both cases it is supposed that
the crystals made of Cu(111), have a mosaic structure with
1 arcmin spread and they are perfectly oriented in the lens.
The 6 m focal length lens has been proposed for a balloon
experiment [33].

In the case of curved crystals, whose development is
giving very satisfactory results (see Section 3.3), the expected
PSF becomes very sharp, with a great advantage in terms
of angular resolution and sensitivity. Assuming a lens of
15m focal length made of crystals with a mosaic spread
of 30 arcsec, the PSF obtained in the case of 15 X 15 mm?
flat mosaic crystals and that obtained in the case of curved
crystals with a curvature radius of 30 m (2 times the focal
length) are shown in Figure 15. The difference between the
two PSFs is outstanding. In the case of curved crystals we
expect an angular resolution of 20 arcsec and a sensitivity
higher than the corresponding lens with flat crystals by a
factor of about 10.

In Figure 14, for flat crystal tiles of 15 X 15mm?, we
show the expected PSF of the 40 m focal length lens when
three sources are in the Field of View (FOV), with one
of the sources on-axis and the other two off-axis. As can
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FIGURE 15: On-axis response function (PSF) of a lens of 15 m focal length made of mosaic crystals with 30 arcsec spread, for an on-axis
source. (a) Flat crystals with cross section of 15 x 15 mm?. (b) Curved crystals with a curvature radius of 30 m.
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Figure 16: Cumulative distribution of photons with the distance
from the lens focus, for different values of the mosaic spread, 40 m
focal length lens, at about 100 keV.

be seen, in the case of off-axis sources the image has a
ring shape centered in the on-axis source image, with inner
radius that increases with the offset angle, and a nonuniform
distribution of the reflected photons with azimuth. It is
found that the integrated number of photons focused by the
lens does not significantly vary from an on-axis source to
an off-axis source, but they are spread over an increasing
area. As a consequence, in principle the FOV of the lens is
determined by the detector radius, but, taking into account
that the focused photons from sources at increasing offset
spread over an increasing area, the lens sensitivity decreases

Figure 17: The CLAIRE telescope at the Gap-Tallard balloon base
during the 2001 balloon campaign. On the first platform, the
gamma-ray lens in its two-axes gimbal.

with the source offset. The azimuthal nonuniformity of the
PSF for off-axis sources can be usefully exploited, because
it gives information on the azimuthal source direction.
The angular resolution, in addition to the size of the flat
crystal tiles, depends on the mosaic spread and on the
misalignments of the lens crystal tiles. For the lens image
shown in Figure 14, the angular resolution is of the order of,
or even better than, 1 arcmin.

Figure 16 shows the cumulative distribution of the on-
axis photons with the distance from the lens focus, for
different values of the mosaic spread, in the case of a 40 m
focal length lens made of mosaic crystals of Cu(111) with 15
x 15mm? flat crystal tile cross section. As can be seen, for
a low mosaic spread, the distribution is driven by the crystal
size, while for large spreads, it is mainly driven by this spread.
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as a function of diffracted energy. The vertical lines show the
theoretical corresponding energies. 14.162m corresponds to the
tuning distance (Ey, = 122.29keV). The measurement at 22.52 m
(Ew = 136.5 keV) was performed on the optical bench at CESR with
a partially tuned lens. 205 m is the distance of the generator on the
long distance test range (Ey, = 165.5keV). The peak for an infinite
distance is taken from the stratospheric flight of June 2001.

6. The Development of Laue Lenses

Two key issues have to be faced in order build a Laue lens:

(i) Development of technologies for the mass pro-
duction of suitable crystals (mosaic and/or curved
crystals) in a reasonable time, consistent with that of
preparation of a space mission.

(ii) Development of a technology for assembling, in an
equally reasonable time, thousands of crystal tiles in a
lens with the proper orientation accuracy, that largely
depends on the focal length.

Laue lens developments are being carried out in different
institutions. We summarize here the major results obtained
in our institutes.

6.1. CLAIRE—a Narrow Passband Laue Lens Experiment.
The objective of the R & D (Research and Development)
project CLAIRE (French word that means “clear”) [37]
was to demonstrate that a prototype Laue lens can work
under space conditions, measuring its performance by
observing an astrophysical target. The CLAIRE telescope
was flown twice (2000, 2001) on a stratospheric balloon by
the French Space Agency CNES. CLAIRE’s Laue lens was
further tested on a 205 m long optical bench in 2003 [38].
The project involved research groups from CESR (Centre
d’Etude Spatiale des Rayonnements) Toulouse, University of
Birmingham, Institute Laue-Langevin (ILL) Grenoble, IEEC
(Institut d’Estudis Espacials de Catalunya) Barcelona, and
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FIGURE 19: A view of the current configuration of the apparatus for
the lens assembling. The apparatus is located in the LARIX lab of
the University of Ferrara.

Argonne National Laboratory Chicago. CLAIRE’s narrow
passband lens consisted of 556 crystals (see Table 1) mounted
on eight rings of a 45 cm diameter Titanium frame. In each
ring i, the combination of the crystal plane spacing d; and
the Bragg angle Op; results in the concentration of 170 keV
photons onto a common focal spot of 1.5cm diameter at
279 cm behind the lens.

CLAIRE’s crystals were produced by N. Abrosimov
at the Institut fir Kristallziichtung (IKZ) in Berlin. The
Germanium-rich Ge;_, Siy crystals (x ~ 0.02) were grown
by a modified Czochralski technique using Silicon feeding
rods to replenish the loss of Si in the melt during the growth.
The mosaicities of the Ge;_, Siy crystals range between
roughly 30 arcsec and 2 arcmin, leading to a field of view
of about 1.5arcmin and a diffracted energy bandwidth of
about 3keV at 170keV. A correlative study between crystal
structure, mosaicity and diffraction efficiency of the CLAIRE
crystals is presented in Abrosimov et al. [39]. After cutting
the crystal ingots at IKZ Berlin, most of the crystal tiles were
characterized (mosaicity) at the Hard X-Ray Diffractometer
of ILL Grenoble.

At CESR Toulouse, the individual crystal tiles were
mounted on flexible aluminium supports, which in turn are
mounted on the lens frame. The reinforced 45 cm diameter
titanium frame that holds up to 576 crystals on 8 rings
was designed and manufactured at the Argonne National
Laboratory, Argonne, USA. The tuning of the lens consisted
of tilting each crystal tile to the appropriate Bragg angle
so that the diffracting energy was 170keV for a source at
infinity. Instead of directly calibrating the lens for a parallel
beam of 170 keV photons, crystal tuning on the 20 m optical
bench at CESR used a 150kV X-ray generator situated
on the lens optical axis at a distance of 14.16 m. At this
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crystal tiles in the lens. (b) Cumulative distribution of the focused photons as a function of radial distance from the focal point. Black line:
expected distribution in the case of a perfect positioning of the crystal tiles in the lens. Red line: measured distribution. Reprinted from [34].
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FIGURE 21: (a) Photon spectrum of the region (see left panel of Figure 20) in which all the reflected photons are expected to be found in the
case of a perfect mounting of the crystal tiles in the lens. (b) Spectrum of all reflected photons. Reprinted from [34].

distance, a crystal was correctly tuned (170 keV at infinity)
if it diffracted 122.28 keV photons. A coaligned mask (brass-
lead sandwich) of the size of the entire lens, placed on the
optical axis just in front of the lens, was used to select an
individual crystal for tuning, while shielding already tuned
crystals.

The resulting geometric area of the CLAIRE lens was
511 cm?, the FOV and the passband were 90" and ~3keV,
respectively. The photons were focused onto a small 3 X
3 array of high-purity Germanium detectors, housed in a
single cylindrical aluminum cryostat. Each of the single Ge
bars was an n-type coaxial detector with dimensions of
1.5cm X 1.5cm X 4 cm. Focusing onto such a small detector
volume already results in very low background noise. The
CLAIRE stabilization and pointing system was developed by
the balloon division of the French space agency CNES.

CLAIRE’s First Light. On June 14 2001, CLAIRE was
launched by the balloon division of French Space Agency
CNES from its base at Gap-Tallard in the French Alps (see
Figure 17). The astrophysical target was the Crab Nebula.
(While nuclear lines are the perfect astrophysical targets for
narrow passband Laue lenses, the balloon test flight ironically
required the observation of a continuum spectrum.) With a
mere 72 minutes of the flight having satisfactory pointing,
CLAIRE nevertheless collected 33 photons from the Crab
Nebula. This 3¢ detection has been validated by ground tests
conducted at distances of 14.16 m, 22.52 m (CESR optical
bench), and 205 m (long distance test, Ordis, Catalunia).
Figure 18 shows the recorded spectra for these experiments.
The energies of the centroids are in very good agreement with
theory, slight departures from theoretical values (less than
0.5keV) being the consequence of the incident spectrum
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TaBLE 1: The crystalline plane, the crystal size, the number of crystals per ring as well as the ring radius, and the Bragg angle at 170 keV are

listed for each ring of the prototype crystal lens.

. Reflection [1kl] d [hKI) [A] Size [mm] N‘C‘rr;:’;s"f Radius [cm] Braf;‘goal?f\lf at
0 111 3.27 10 X 10 28 6.17 0.64
1 220 2.00 10 x 10 52 10.08 1.04
2 311 1.71 10 X 10 56 11.82 1.22
3 400 1.41 10 X 10 72 14.26 1.48
4 331 1.30 10 x 7 80 15.62 1.61
5 422 1.15 10 x 10 96 17.47 1.81
6 333 1.09 10x7 96 18.82 1.92
7 440 1 10 X 10 104 20.17 2.09
1072

’
L

/
L

—
9
(=2}

_
9
4

’
’
A

30 continum sensitivity (ph/cm?/s/keV)

are rescaled for a polychromatic source at infinity, a peak
efficiency of 9 + 1% is obtained. At first glance, this figure
may seem rather modest; however, when considering the
constraints on a compact balloon instrument, the result is
actually very positive. The short focal length leads to a lens
with the outermost rings occupied by crystals with high
reflection orders n (see (1)); the outermost rings ( (333)
and (440) crystals) are roughly 4 times less efficient than
the innermost rings ( (111) and (220) crystals). Note that
the largest numbers of crystals are situated in the outer
rings where efficiencies are unfortunately lowest. A future

\‘\\ ) Ly, space instrument will allow longer focal lengths and hence

T \‘f?fob 1 only low-order crystalline planes with the highest efficiencies

1078 = ; S — would be used. Also, the quality of the CLAIRE crystals was
100 200 300 400 500 600700 1000

Energy (keV)

FIGURE 23: 30 continuum sensitivity (AE = E/2) of the lens
discussed in Section 4.5.2 for 100 ks observation time. Reprinted
from [28].

shape, and/or the detector calibration drifts. The measured
peak efficiencies of the ground experiments are in fairly good
agreement with the Crab observation; when their efficiencies

quite heterogeneous the efficiency of the individual crystals
within a ring varied by factors of 2 to 10, depending on
the ring! However, the CLAIRE lens contained crystals as
efficient as the Darwin model predicts: the best crystals of
the lens showed peak efficiencies well above 20%.

CLAIRE’s balloon flight provided the first observation
of an astrophysical source with a gamma-ray lens. In
combination with the long-distance test on the ground, these
results validate the theoretical models and demonstrate the
principle of Laue lens. Moreover, CLAIRE’s stratospheric
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FIGURE 24: Sensitivity estimation of DUALs Laue Lens Telescope
(LLT, blue curve), enabling study of SNe Ia out to 50-80 Mpc, for
dozens of potential targets each year. Also shown is the estimated
survey sensitivity (two years) of the Wide Field Compton Telescope
(WCT, red curve) which serves as a focal plane detector of the LLT.

flight represents a first demonstration of the Laue lens
technology in a space environment.

6.2. Current Crystal Development. The crystal development
status is discussed in detail in [24, 40]. Mosaic crystals of
Copper are developed and produced at ILL [32]; gradient
composition crystals of Sij_,Ge, alloy with x increasing
along the crystal growth axis (curved crystal) are produced
at IKZ [39]. Crystal developments for Laue lenses are being
undertaken in Italy: mosaic crystals at the CNR-IMEM
Institute and curved crystals at the Physics Department,
University of Ferrara (see Figure 6).

6.3. Current Lens Assembly Technology Development. Cur-
rently new lens assembly technologies are being developed
at the University of Ferrara, for building broad passband
(70/100-600 keV) Laue lenses, and at CESR for building
high-energy narrow passband (800-900 keV) Laue lenses.

The crystal tile positioning accuracy in the lens is the
most critical issue. It depends on the mosaic spread and the
focal length. Longer focal lengths require better positioning
accuracies, thus the development is more challenging for
lenses working at the highest energies.

6.3.1. Assembly Technology Status for Broad Passband Laue
Lenses. A technology for assembling crystal tiles for a mod-
erately short (<10-15m) focal length lens is at an advanced
stage of development at the University of Ferrara [34, 41, 42].
It does not require any mechanism for a fine adjustment of
the crystal orientation once the crystal is positioned in the
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lens frame. Using this technology, a first lens prototype with
6m focal length has already been developed and tested. It
makes use of mosaic crystals of Cu(111).

The technique adopted is described in detail in [34, 41].
It makes use of a countermask provided with holes, two for
each crystal tile. Each tile is positioned on the countermask
by means of two cylindrical pins, rigidly glued to the crystal
tile, that are inserted in the countermask holes. The pin
direction and the axis of the average lattice plane of each
crystal tile have to be exactly orthogonal. The hole axis
direction constrains the energy of the photons diffracted by
the tile, while the relative position of the two holes in the
countermask establishes the azimuthal orientation of the axis
of the crystal lattice plane. This axis has to cross the lens
axis.

Depending on the direction of the hole axes in the
countermask, the desired geometry of lens can be obtained.
In the case of a lens for space astronomy, the hole axes have
to be directed toward the center of curvature of the lens. In
the case of the developed prototype, the hole axes were set
parallel to the lens axis for the quick test of the lens with an
X-ray tube, that provides a divergent X-ray beam.

Once all the crystal tiles are placed on the counter-mask,
a frame is glued to the entire set of the crystals. Then the
lens frame, along with the crystals, is separated from the
counter-mask and from the pins. In the case of the first
prototype, instead of using a chemical attack in order to
separate the countermask from the lens as foreseen in the
project, a mechanical separation was attempted.

The first developed prototype is made of a 36cm
diameter ring of 20 mosaic crystal tiles. The mosaic spread
of the used crystals ranges from ~2.5 to ~3.5arcmin. The
tile cross-section is 15 X 15 mm? while its thickness is 2 mm.
The lens frame is made of carbon fiber composite with a total
thickness of 1 mm.

The X-ray beam used, first to assemble the crystals
and then to test the complete lens, is that available in the
LARIX (LArge Italian hard X-ray) facility of the University
of Ferrara. For an LARIX description see [43]. A view of
the experimental apparatus in the current configuration is
shown in Figure 19.

The prototype was thoroughly tested using the poly-
chromatic X-ray beam described above, as reported in [34].
Figure 20 shows the difference between the measured PSF
and that obtained from a simulation, in which a perfect
positioning of the crystals in the lens was assumed. As can
be seen, only the center part of the measured image (i.e.,
the black region) is subtracted by the simulated image. The
corona still visible in the difference image is the result of
the cumulative error (mainly that due to the mechanical
separation of the lens from the countermask) during the lens
assembly process.

The disagreement between the measured and the
expected PSF is also apparent by comparing the cumulative
distribution of the photons with the distance from the lens
focus (see Figure 20(b)). As can be seen, the PSF radius at
which the expected fraction of focused photons reach the
saturation (16 mm) corresponds to ~60% of the measured
fraction.
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The spectrum of the photons focused by the developed
prototype is shown in Figure 21, where we compare the
measured spectrum of the central region (i.e., photons in the
black region of the left panel of Figure 20) with the spectrum
of all reflected photons. As can also be seen from this figure,
the centroid of the spectrum of the central region achieves
an intensity level 0.8 times that of the peak spectrum of all
reflected photons.

A new prototype is being developed that takes into
account the experience gained constructing the first one [42].

6.4. R & D for a Tunable Narrow Passband Lens. Observing
in only one narrow energy band might be considered too
much of a handicap for a space instrument. In the framework
of an R & D project for the French Space Agency CNES, a
tunable y-ray lens prototype (Figure 22(a)) was developed
and demonstrated [44]. The capability to observe more than
one astrophysical line with a narrow passband Laue lens
requires the tuning of two parameters: the Bragg angle g
and the focal length f. While the length f will have to
be controlled to within ~1cm, the precision of the crystal
inclination has to be better than the mosaic structure of the
crystals. In the setup of [44], each crystal was tuned by using
piezo-driven actuators to change the crystal inclination, and
an eddy-current sensor to determine the current position
(Figure 22(a)). The resolution of the control-loop permitted
an angular resolution of 0.1—-0.4 arcsec. The stability was
found to be better than 0.8 arcsec per day and the repro-
ducibility of a particular tuning better than 5 arcsec over a
10-day period (Figure 22(b)).

7. Prospects and Conclusions

A big effort has already been invested in the develop-
ment of focusing Laue lenses for gamma-ray astronomy
(>70/100keV). Thanks to the most recent developments,
Laue lenses with short focal length (10-15m) are already
feasible. The major task now in progress is the development
of the crystals needed to optimize the lens effective area. A
project “LAUE,” supported by the Italian Space Agency, has
just started in Italy (main contractor DTM, Modena) for
the development of both suitable Laue lens crystals and an
advanced assembly technology for long focal length lenses
(up to 100 m).

Thus far, the major limit to the launch of a Laue
lens gamma-ray telescope has been the need of long focal
lengths (20-100 m), that implies the use of two satellites
in formation flying, one for the lens and the other for the
focal plane detector. The development of extendable booms
up to 20 m, the optimization of the lens effective area and
the limitation of the lens passband to lower energies, all
make realistic the prospect of broad band satellite missions
that could join together multilayer mirrors and Laue lenses
to extend the focusing band up to several hundreds of
keV.

As an example, the 10°s continuum sensitivity of a
Laue lens made of mosaic crystals, that was investigated in
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[28] and mentioned above (see Section 4.5.2), is shown in
Figure 23. The use of curved crystals can further increase the
lens sensitivity.

In the framework of formation flying missions, the
mission concept DUAL [45] is currently under study by a
consortium of institutes from Europe, Japan and the USA.
The DUAL mission is composed of a Wide-field Compton
telescope (WCT) which carries out all-sky surveys, and a
narrow band (800-900 keV) Laue-Lens Telescope (LLT) that
simultaneously performs very deep observations of selected
narrow-field targets. Combining a small Compton telescope
with a Laue lens will permit the resolution of the apparently
contradictory needs for a future gamma-ray mission: to map
out large-scale distributions, monitor extreme accelerators,
and measure the polarization of gamma-ray bursts with a
small medium-sensitivity Compton Camera and simultane-
ously accomplish the stringent performance requirements
for the specific science goal of SN1a thanks to the Laue Lens.
A compact, wide field (2-3 7 steradian) Compton telescope
with a modest geometric area (400-1600 cm?) resulting in
a effective area of 40~160 cm? can fulfill the needs for the
“all-sky science” and simultaneously serve as a focal plane
detector for the LLT. A Laue lens that, in 10°s, can achieve
sensitivities of 107¢ photons cm~2s~! for a 3% broadened
line at 847 keV can be made from Au, Ag, and Cu crystals,
similar to those presently available. The model lens used for
the sensitivity shown in Figure 24 would have a focal length
of the order of 68 m, a radius of 40-58 cm, and a total mass
of 40 kg.

We expect that future broad band X-/gamma-ray mis-
sions for the deep study of nonthermal astrophysical pro-
cesses above 100 keV, antimatter annihilation signatures, and
nuclear lines from SN explosions will include Laue lenses.
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The multilayer Laue lens (MLL) is a novel diffractive optic for hard X-ray nanofocusing, which is fabricated by thin film deposition
techniques and takes advantage of the dynamical diffraction effect to achieve a high numerical aperture and efficiency. It overcomes
two difficulties encountered in diffractive optics fabrication for focusing hard X-rays: (1) small outmost zone width and (2) high
aspect ratio. Here, we will give a review on types, modeling approaches, properties, fabrication, and characterization methods
of MLL optics. We show that a full-wave dynamical diffraction theory has been developed to describe the dynamical diffraction
property of the MLL and has been employed to design the optimal shapes for nanofocusing. We also show a 16 nm line focus
obtained by a partial MLL and several characterization methods. Experimental results show a good agreement with the theoretical
calculations. With the continuing development of MLL optics, we believe that an MLL-based hard x-ray microscope with true

nanometer resolution is on the horizon.

1. Introduction

X-ray techniques have found numerous applications in
life science, materials science, chemistry, medicine, and
environmental science utilizing the unique properties of
X-rays, such as penetration capability and sensitivity to
structural and chemical information. The rapid growth of
nanoscience in the last decade gives rise to a strong demand
for X-ray microscopy tools capable of providing information
at the nanoscale. Many of the grand challenges we are facing
today may be tackled only when such tools become available.
For example, chemical imaging of spatial heterogeneities at
nanoscale in real catalysts is essential to understand the dif-
fusion of reactants and reaction products within the porous
catalyst crystals or grains of submicrometer dimensions
[1]. However, because of the weak refractive interaction of
materials for X-rays (the difference of the refractive index

from unity is typically 107°-107° for hard X-rays), it is
very difficult to fabricate X-ray nanofocusing optics. This
difficulty is the major obstacle preventing current X-ray
microscopy from achieving nanometer resolution.

There have been significant efforts devoted to the
development of X-ray focusing optics utilizing the refrac-
tion, reflection and diffraction properties of X-rays. Recent
progress in mirrors [2], zone plates (ZPs) [3], and refractive
lenses [4] has pushed the frontiers of X-ray nanofocusing
well below 50 nm. However, many of these optics may be
close to their practical limits for focusing. The fabrication
of zone plates is limited by lithographic methods; it is
hard to fabricate zone plate with below 15nm outmost
zone width, a requirement for a small focus, and with an
adequately high aspect ratio required for high efficiency at
hard X-ray energies. Refractive lens have achieved ~50 nm
(2] in two dimension (2D) [4], but a further reduction
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FiGure 1: Types of multilayer Laue lens arrangements: flat, tilted,
wedged, and curved. Reprinted from [18]. Copyright 2007, with
permission from the American Physical Society.

of the focal size is very challenging, again because of the
fabrication difficulty. Kirkpatrick-Baez (K-B) mirrors have
made tremendous progress. Very recently, a line focus of
7 nm in one dimension (1D) has been achieved by multilayer
K-B mirrors [5].

The multilayer Laue lens (MLL) [6, 7], a novel diffractive
optic, has been shown in theory to be able to focus X-
rays to well below 1nm with very high efficiency. MLL is
a special type of linear ZP which consists of thousands of
alternating layers grown by the magnetron sputter deposition
technique [8]. The thin film deposition method allows the
growth of very thin zones with an almost limitless aspect
ratio, overcoming the two difficulties encountered in the
fabrication of lithographically produced ZP. MLL is a 1D
focusing optic. To date a line focus of 16 nm with a focusing
efficiency over 30% has been achieved by a partial MLL
structure at an energy of 19.5keV [9]. However, for real
applications, two MLLs focusing in orthogonal directions
have to be assembled to produce a 2D focus[10], similar to
K-B mirrors. Because an MLL is operated in transmission
geometry and the size of the lens is on the order of tens

of microns, assembling two MLLs to produce a 2D focus is
feasible.

2. Types of MLLs

MLLs can be treated as special 1D zone plates with structures
optimized for dynamical diffraction. They may be divided
into four different types: the flat, tilted, wedged, and curved
MLLs as shown in Figure 1. The MLL possessing flat zones
is no different from a 1D ZP. It consists of thousands of
alternating layers (zones) with alternating optical constants.
The position of the jth zone follows the zone plate law

292
. J*A
x]2- = jAf + 0 (1)
where A is the wavelength of the incident X-ray and f is
the focal length. According to the Rayleigh criterion, the

diffraction-limited focus of a 1D lens is determined by
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Here, s is the focus size and NA is the numerical aperture
of the lens, approximately equal to xmay/f. If one utilizes
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the full-width-at-half-maximum as the focus size, a smaller
factor 0.44 in (2) should be used. By combining (1) with (2),

one obtains
1 2
ALy e (3)
2Xmax f

where Axpi, 1s the outmost zone width of the lens. Thus, one
has to fabricate a thinner outmost zone in order to achieve a
smaller focus.

Conventionally, the focusing performance of a ZP is
calculated by the geometric-optical theory, which neglects
the X-ray diffraction effect inside the optic. The focusing
efficiency for the hth focusing order is given by [11]

S = Axmina Axmin =

2 —2kwi
W[C%h(kwmﬂ — cos(kwAd)],

[
0

where k = 21/A, A6 = 84 — 68, Ay = na — np and
7 = (a + ng)/2. Here, ny = 1 — 84 + ina and np =
1 — 8 + inp are the refractive indexes of the lens materials
A and B and w is the section depth of the lens along its
optical axis. For high efficiency, the phase change, kwAS,
associated with the optical path difference in zones made of
materials A and B has to be close to (or equal to if there
is no absorption) 7 for maximum efficiency. However, this
simple calculation is valid only when the lens is “optically
thin”; that is, the section depth w is less than (2AXmin)*/A. At
the optimum section depth, this condition is usually satisfied
for zones with widths no smaller than 10 nm. For thinner
zones, the dynamical diffraction effect becomes dominant
and the zones diffract X-rays more like crystals. Studies on a
thick-sectioned multilayer have shown clearly the dynamical
diffraction effect [12]. Therefore, an MLL that can focus
X-rays to below 10nm and with reasonable efficiency is
operating in the dynamical diffraction regime, akin to Laue
diffraction in the transmission geometry. This property is
very different from a conventional ZP. In such cases, the MLL
performance is dependent on the titling angle because of the
diffraction effect; an improvement is expected when the MLL
is tilted by a small angle to satisfy the Bragg condition at one
particular region within the MLL stack. This consideration
leads to the tilted MLL.

For a tilted MLL, the Bragg condition is only fulfilled at
a specific location of the lens because the zone width varies
gradually from the center to the outmost region of the lens,
limiting the maximum improvement that can be obtained
by tilting alone. A further improvement can be achieved by
a wedged MLL, in which zones are tilted progressively to
the incident radiation. The approximate Bragg condition is
satisfied everywhere if the numerical aperture (NA) of the
lens is moderate. To achieve a focus size close to the wave
length, a parabolic (plane wave illumination) or elliptical
(spherical wave illumination) zone profile is required to
exactly fulfill the Bragg condition. We will have a detailed
discussion on the properties of different types of MLLs in the
following sections.
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3. Simulation Methods

As has been discussed in the preceding section, the geomet-
rical theory becomes invalid for an MLL with a high NA.
For this type of volume diffractive optic, the transmission
function at the exit surface of the lens cannot be obtained
by a simple ray tracing calculation of the flight path of the
incident X-rays. One has to employ a full-wave diffraction
theory to study the propagation and diffraction of X-ray
waves inside the lens. This was initially done by Maser
and Schmahl [13], who applied locally a 1D approach of
the coupled-wave theory (CWT) to study the variation of
the local diffraction with respect to the thickness and slant
of the zones. With the assumption that the MLL can be
locally decomposed into periodic gratings, their approach
is limited to cases of w < f with a relatively small NA
corresponding to a resolution of 2 nm. Later on and using
similar assumptions, Levashov and Vinogradov studied the
variation of the total diffraction efficiency with thickness
[14]. A numerical approach based on a parabolic wave
equation with the paraxial approximation was developed by
Kurokhtin and Popov [15]. More recent methods of solving
the parabolic wave equation using eigenfunctions have been
reported [16, 17]. The validity of these approaches is limited
to a relatively small NA due to the paraxial approximation.
To overcome the limitation of these approaches and to
provide a model that is valid to a spatial resolution on the
order of the wavelength of radiation used, we developed
a modeling method that is analogous to Takagi-Taupin
equations in crystallography by realizing the similarities of
X-ray diffraction between an MLL and a single crystal [18].

The scalar wave equation describing the electric field
variation of a monochromatic X-ray wave in a medium with
susceptibility function x(r) is given by

V2E(r) + k[ 1+ x(r) |E(r) = 0. (5)

We begin by considering an MLL with flat zones whose
positions satisfy (1). After a variable transform,

X =2+ f2-f, (6)

the structure of the MLL becomes periodic in terms of x’
so that the susceptibility function can be expanded into a
puesdo-Fourier series in terms of x

x(x) = > xwexplign(®)],  xo= w
h=—oo

wivo =B L], g = k(e 2 f).

2ihm
(7)

For an incident wave, E(()“) (r) exp(iko - r), we assume that
a trial solution to the wave equation can be written as

E(r) = > Eu(r)expli(ko-r+¢p)]. (8)

he—oo

Substituting (7) and (8) into (5) and equating terms with the
same order h yield an infinite set of differential equations.

We further simplify the system by neglecting second-order
derivatives on Ej(r) and limiting the number of excited
orders. The validity of these approximations is discussed in
[18]. Eventually, we arrive at a set of differential equations

%VE}, . (So + VT(,bh> +ﬂh(r)Eh + ZXh*lEl cos I = 0,
i
) 9)
2 _
Bi ~ %, hl=0,+1,%2,.,

with the boundary conditions

Eo (r)|entrance = E(()a) (I’)

entrance’ Eh¢0 (l') | entrance 0. (10)
Here, s is a unit vector along the incident direction and 9y
is the angle between the polarization direction of the hth
and /th diffraction orders. The quantity, fj,, represents the
deviation from the Bragg condition for the hth diffraction
order. For other types of MLLs, (9) still holds but ¢, will
possess a different functional form.

4. Properties of MLL

We have mentioned in the preceding section that the
geometric theory is no longer valid for thick MLLs. In the
following, we will employ the theoretical model in Section 3
to study the wave propagation and diffraction inside a thick
MLL.

We start by considering a MLL with flat zones and a
radius, Xmax, of 30 ym. At 19.5keV (= 0.634AA), it has a focal
length f of 4.72 mm and an outmost zone width of 5 nm. The
lens is made of WSi, and Si. An incident plane wave with
o polarization impinges on the MLL with an angle 6 to its
surface normal, as shown in Figure 2. A 0 angle of zero degree
corresponds to the normal incidence. Because xyax is much
smaller than f, one can neglect the second term on the right
hand side of (1) and arrive at

2
on ~ %xz, Bu =~ —2h7xsin6 - (?) . (11)

Substituting this into (9) and limiting the calculation to
only consider a finite number of diffraction orders, we can
numerically solve the exit wave front for different diffraction
orders. In our definition, a diffraction order with a negative
sign corresponds to a converging wave, so that the negative
first order is the primary focusing order and is of most
interest.

To begin, we will study the dependence of the local
diffraction intensity at the exit surface of the lens, |E_;(x,
w)|?, on the section depth, w, under the condition of normal
incidence (6 = 0). Two values, w = 1.5 and w = 10um,
are considered. These two cases correspond to a thin and
thick lens, respectively. In the latter case, the phase change
in two adjacent zones is 7. The geometrical theory is invalid
for a thick lens, and the dynamical diffraction model has to
be employed. In the top panel of Figure 3(a), we plot the
variation of the local diffraction intensity of the negative
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FIGURE 2: Schematic representation of a plane wave diffracted with
a tilted MLL containing flat zones, in which many diffraction orders
are excited. Reprinted from [18]. Copyright 2007, with permission
from the American Physical Society.

first order calculated by the dynamical diffraction model (9)
and the geometric model (4). One can clearly see that for
the thin lens, both models yield almost identical results, but
for the thick lens, they differ significantly in most regions
except in the vicinity of the center where the thin lens
approximation is still valid. For the thin lens, although the
local diffraction intensity is low, it is nearly a constant across
the lens. Therefore, all parts of the lens contribute equally to
focusing and are effective. As a result, the thin lens’ effective
NA is equal to its physical NA, xmax/f, as predicted by the
geometric theory. In contrast, the local diffraction intensity
of a thick lens drops down quickly to almost zero in the outer
region. Lens positions beyond x = 15um do not contribute
to focusing as strongly as the inner parts. As a result, the
effective NA of a thick MLL with flat zones is limited by
the dynamical diffraction effect. A further increase in the
physical NA of such a thick lens will not lead to a smaller
focus in contrast to what happens for a thin lens.

Next, we will study the dependence of the lens’ per-
formance on the tilting angle. In the bottom panel of
Figure 3(a), we plot the variation of the local diffraction
intensity at a tilting angle 0 of 1.6 milliradian. For the thick
lens, a diffraction peak is observed around the position x =
15 ym, where the Bragg condition is satisfied. The diffraction
intensity drops down to zero around x = 25pm, much
larger than that under the condition of normal incidence.
Due to this tilting, one can see that not only is the efficiency
enhanced, but also the effective NA is increased. For the
thin lens, tilting has very little effect on its performance,
as expected. We also plot the focusing efficiency of the
negative first order (the normalized integrated diffraction
intensity) as a function of both the depth and the tilting angle
(Figure 3(b)). It can be seen that at a section depth of 13.5 ym
and tilting angle of 2.1 milliradian a maximum focusing
efficiency of 33% is reached. This efficiency is much higher
than that in the conventional geometry (normal incidence,
0 = 0), which is about 9.2%. In addition, the focus size
is reduced by tilting because the effective NA is increased.
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Figure 4 depicts the focus profiles at four different tilting
angles at the same section depth of 13.5 ym. This plot clearly
shows the effect of tilting. At the angle of 2.1 milliradian, one
achieves the smallest focus with the highest efficiency.

We have shown that for an MLL with flat zones, the
effective NA may be limited, depending on whether the
dynamical diffraction effect becomes dominant. For an MLL
with a very small outmost zone width, one can always achieve
a diffraction-limited focus size if the section depth of the
lens is small enough so that the thin lens approximation is
valid. However, the efficiency has to be sacrificed. There is a
tradeoff between the effective NA and the efficiency for this
type of MLL. For instance, for an MLL with 1 nm outmost
zone width, the achievable focus size and the efficiency vary
with the depth w (Figure 5). In order to achieve a diffraction-
limited focus size of 1 nm, the lens has to be thinner than
0.5 ym but its efficiency will decrease below 0.1%. Because of
the extremely low efficiency, such a lens may not be useful in
practice.

The conflict between the effective NA and the efficiency
can be overcome by optimizing the MLL structure for
dynamical diffraction; that is, each zone is progressively tilted
to satisfy the Bragg condition. This consideration results in
a wedged zone structure as shown in Figure 1. The Bragg
condition is approximately fulfilled everywhere in a wedged
MLL satisfying the modified zone plate law

Xl = (j)tf+ jif)d(Z)z, a(z) =1 - % (12)

Accordingly, the phase function, ¢y, is changed to

o0 = k| osa2? + 12 - £ (13)

For a wedged MLL with 1 nm outmost zone width and with a
focal length of 2.6 mm, we plot the local diffraction intensity
of the zeroth, negative first, negative second, and negative
third orders in Figure 6(a). The section depth is 16 ym, equal
to the Pendellosung thickness for the maximum diffraction
in the Laue geometry, w = A/2./[y—ix1]. Within a close
vicinity of the center, a low diffraction intensity of about 0.13
is observed and is in good agreement with the geometric
calculation. This is because the lens in this region can still
be considered thin. Around the position with a zone width
of 20nm (x = 4um), the diffraction intensity jumps to
about 0.7 and remains nearly a constant across the lens. The
enhancement of the diffraction is due to the fulfillment of
the Bragg condition so that strong dynamical diffraction is
excited. Except in the region near the center, all other orders
including the zeroth order (directly transmitted wave) are
significantly suppressed. This is one of the great advantages
of the wedged MLL because an order sorting aperture that
blocks high orders may not be necessary. We obtain a
diffraction-limited focus size (full-width-at-half-maximum)
of 0.86 nm (Figure 6(b)), and a very high efficiency of 63%
for the negative first order, which is much higher than the
maximum efficiency achievable even by a conventional phase
ZP.
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FIGURE 3: (a) The local diffraction intensity of the negative first order at the exit surface of the MLL with a section depth of 1.5 and 10 ym in
the normal incidence and tilted geometries. The dashed lines are calculated by the geometrical theory (4) in the cases of thick section (black)
and thin section (red), assuming a normal incidence. (b) Efficiency of the negative first order as a function of the tilting angle and the section
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FIGURE 4: Focus profiles at four different tilting angles. Reprinted
from [18]. Copyright 2007, with permission from the American
Physical Society.

The wedged structure is still an approximation to the
ideal MLL. In order to achieve a focus close to the wave
length, elliptical (spherical wave illumination) or parabolic
(plane wave illumination) zone profiles are needed. In such
an MLL, the Bragg condition is satisfied exactly everywhere
and the diffracted waves from each zone are in phase at
the focus. Although the parabolic and elliptical profiles
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FiGgure 5: The efficiency and the focus size of an MLL with 1 nm
outmost zone width at different section depths.

for multilayer focusing optics are well known and can be
obtained from holography [19], the rigorous dynamical
diffraction simulation shows that they are ideal as well for
volume diffractive optics [18].

Real MLLs always possess imperfections. For example, a
small growth error can result in a systematic deviation of the
zone position from the zone plate law. This kind of error
can be described by a zone plate equation with additional
error terms [20] and can be incorporated into the simulation
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FIGURE 6: (a) The local diffraction intensity of the zeroth, negative first, second, and third orders of a wedged MLL with 1 nm outmost zone
width. The dashed line is calculated by (4) and is for the negative first order. (b) The focus profile shows a diffraction-limited size of 0.86 nm.
The inset on top is the isophote pattern near the focus (in logarithmic scale).

model by changing the phase function, ¢y, accordingly.
With this type of imperfection, the focusing efficiency is
usually nearly unchanged, but the focus is greatly distorted.
Another type of imperfection is due to interfacial roughness,
which is inevitable with layer thicknesses approaching atomic
dimensions. If the roughness is uncorrelated, its effect is
accounted for by a roughness factor similar to “Debye-
Waller factor”, exp(—=Mp) = (exp(ip, - u)), where p, =
V¢ is the hth local reciprocal-lattice vector, u is the
random displacement vector of the interface, and the angle
bracket denotes the statistical average [21]. The pseudo-
Fourier coefficient of the susceptibility function, y;, has to
be multiplied by this factor. Uncorrelated roughness usually
results in a decrease of the focusing efficiency but has
little effect on the focus profile, unless the RMS roughness
becomes comparable with the zone width.

5. Fabrication Methods

The MLL growth was performed using DC magnetron
sputtering systems located in the deposition laboratories
of both the Advanced Photon Source (APS) [22] and the
National Synchrotron Light Source-II (NSLS-II). To ensure
the accuracy of the layer position, the thinnest layer is
deposited first, which lessens the impact of any buildup in the
thickness error during the growth. The multilayer structures
were deposited on both diced Si (100) semiconductor-
grade substrates and superpolished Si (100) substrates. The
selection of substrate doping concentration was not closely
controlled beyond a preference for low resistivity in order to
assist with electron dissipation during postsectioning SEM
analysis.

MLL deposition employed standard 3 inch MAK and
Onyx-3 cathodes at the APS, and modified Polaris [23] 3
inch direct-gas injection cathodes at the NSLS-II. We chose
the Si/WSi, materials system for several reasons. We have
found that there is a compensation of compressive stresses
in Si layers by tensile stresses in WSi, layers, with very
little net accumulation [24]. The low buildup stress avoids
the occurrence of delamination. In-situ X-ray reflectivity
study also revealed that the noticeably rough Si layer can
be sharpened by the WSi, layer [25], leading to interfaces
with very small roughness. The speed of sputtering is another
concern. The Si film growth rate is 10A to 13 A-sec™!,
and the WSi, film growth rate is 30 A to 40 A-sec™!, which
are reasonably fast. Other than this system, other systems
are being explored actively elsewhere for the MLL growth
(26, 27].

For our MLL deposition, the WSi, targets used are
99.5% pure powder-hot-pressed with a nominal bulk density
of 8.10g-cm ™2, and the Si targets used are 99.999% pure
and Boron-doped to allow for DC sputtering. No electrical
bias or active temperature control is presently applied to
the substrates; however, the substrate temperature does rise
somewhat above ambient due to the presence of the plasma
and energetic ion bombardment. The target to sample
distance used varied from 70 mm to 110 mm. A base pressure
of 1078 Torr is reached before the commencement of pump
throttling and Ar process gas injection. Ar gas pressure is
held at a constant 2.3 milliTorr (with later growths using 4
milliTorr) by upstream MFC feedback control. Deposition
was carried out using a constant cathode power of 215 watts
for both guns, and each gun is turned on for 7 seconds before
the start of each layer growth to stabilize. Uniform deposition
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thickness is affected by raster-scanning the substrate over
figured apertures by varying both the number of passes over
this aperture and the translational velocity. Custom software
controls design each pass over the sputtering gun to deposit
as close as possible to 5 A of film growth, or 10 A per loop.
The individual layer thickness requirement is then divided by
the calculated number of loops, and the translational velocity
is adjusted as needed. As the required thickness changes,
additional passes over the appropriate sputtering gun and
translational velocity adjustments are handled automatically.

Wedged MLL growth uses the same deposition process as
described above but with sharply tapered masks to produce
steep laterally graded layers [28]. Due to the inherent nature
of magnetron deposition growth rate to decay over time, a
compensation factor is included during the growth which
adjusts the velocity appropriately. An initial MLL growth is
characterized by extracting an inverse d-spacing line profile
from SEM images [29] which is then used as feedback for
a revised compensation factor for a second, accurate MLL
growth.

Subsequent to growth, the multilayer must be sectioned
and thinned to the requisite optical depth to form the
halves of the MLL. A series of steps akin to that for making
cross-section transmission electron microscopy samples has
been found to be successful in making sections of sufficient
perfection [30].

The physical aperture of the MLL is determined by the
total deposition thickness. Currently, it is in the range of
10-40 ym and is mainly limited by two factors: (1) the
accumulated interfacial stress as the deposition thickness
increases and (2) the maximum deposition allowed by the
consumable sputtering target. The former can be controlled
by properly setting the growth parameters so that the stresses
generated in two adjacent layers have opposite sign and
cancel each other. The latter can be addressed by adding more
sputtering targets. A new sputtering deposition machine with
eight guns has been built at NSLS-II to grow MLLs with sizes
over 100 ym [31], which will be comparable to the diameter
of the high-resolution ZP that is currently available. This size
is also in the same order of the coherence length of the third-
generation synchrotron source so that the lens will be able to
fully utilize the coherent flux delivered to it.

6. Characterization Methods

A typical setup of the line focus measurement for MLLs
is shown in Figure 7. A beam-defining aperture is used to
reduce the size of the incident plane wave to match the size
of the lens. A fluorescence detector is used to record the
excited fluorescence signal from the scanning object, and
a scintillation detector with narrow slits in front is placed
at a downstream position to record the transmission and
diffraction signals. The lens tested has a focal length of
2.6mm at 19.5keV, an outmost zone width of 5nm and
a deposited thickness of 13.5um, corresponding to about
40% of the full structure. Figure 8 is a scanning electron
microscopy image of the lens, showing 1588 zones with zone
widths varying from 25 to 5nm. Because the line focus is
formed at the real optical axis through the center of the lens
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F1GURE 7: The experimental setup for the line focus measurement.
The nanolayer has to be aligned parallel to the line focus in x and z
directions.
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FIGURE 8: A scanning electron microscopy image of the MLL under
test. The color is for aid to view and has no physical meanings.
The white boxes on the bottom show the zoom-in images of
the multilayer at three different locations. Reprinted from [9].
Copyright 2008, with permission from the American Institute of
Physics.

and is several microns away from the directly transmitted
wave, a beam-stop and an order sorting aperture are not
required if the scanning object is smaller than this separation
distance.

We first need to tilt the lens to the right angle for an
optimum performance. This can be done by monitoring
the variation of the transmission intensity as a function
of the tilting angle. The top panel of Figure9 depicts
the transmission rocking curve, which has two symmetric
attenuation dips around +0.1°. These two dips are ascribed
to both the photoelectric absorption and the diffraction
extinction effect. A theoretical simulation is also presented.
One needs to make sure that the lens is tilted to the right
direction so that the diffraction order for focusing, not
for diverging, is enhanced. When the tilting angle becomes
too large, significantly dissimilar from the Bragg condition
for any d-spacing of the lens, the diffraction extinction
becomes negligible. The difference of the attenuation at
and off the Bragg condition is approximately equal to the
focusing efficiency of the negative first order, since most of
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FiGure 10: The measured line focus profile compared to the
theoretical calculation. The inset shows the simulated isophote
pattern near the focus. Reprinted from [9]. Copyright 2008, with
permission from the American Institute of Physics.

the diffracted photons are focused to this order. From the
measurement, an efficiency of 37% is observed.

We then move the scintillation detector along the x-axis
to a position a few millimeters away from the optical axis to
measure the variation of the diffraction intensity at a specific
20 angle as the lens is rocked. The bottom panel of Figure 9
shows one of these diffraction rocking curves, together with
the theoretical simulation. At a fixed 26 angle, rocking
the lens results in a change of the scattering vector, AQ,
perpendicular to the reciprocal lattice vector. Because the
lens diffracts X-rays in the transmission geometry (Laue
case), its reciprocal lattice vector is perpendicular to its depth
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direction (z-axis). As a result, the scanned Q direction (AQ)
is along the z-axis and the period of the intensity oscillation
is determined by the section depth. Such a phenomenon is
known as thickness fringes in crystal diffraction [32]. From
this curve, we obtain a section depth of 13.4 ym.

A Platinum nanolayer with 5nm thickness and 5ym
depth along the optical axis is used as the scanning object
to measure the line focus profile. This depth is chosen to
maximize the fluorescence signal; however, it also has to
be smaller than the depth of focus, which is 9.4 ym in this
case. The nanolayer needs to be well aligned with respect to
the line focus so as to obtain the correct focus profile. In
addition to the requirement of having a spatial placement
exactly at the focal plane, the nanolayer also has to be aligned
parallel to the line focus in both x and z directions (see
Figure 7). The experimental result is shown in Figure 10,
and is compared to the theoretical calculation. Although the
diffraction-limited focus size is 12.5 nm for this lens, a 15 nm
focus is expected from the simulation due to the dynamical
diffraction effect at this section depth, which limits the
effective NA. The measured focus is 16 nm, very close to the
theoretical prediction.

7. Conclusion

Hard X-ray imaging with nanometer resolution has been
identified as one of the key objectives for making full
use of the continuing investment in major synchrotron
facilities [33]. The key to realizing this challenging goal is the
successful development of nanofocusing optics for hard X-
rays. We provide a review on types, modeling approaches,
properties, and fabrication and characterization methods of
MLL optics and show that MLLs are well suited for hard X-
ray nanofocusing with high efficiency. Sputtering deposition
has demonstrated the capability of growing multilayers
with layer thicknesses below 1 nm and with small interface
roughness, making the fabrication of 1nm MLL optics
possible [22].

To date, a line focus of 16 nm with very high focusing
efficiency has been obtained by MLL optics. For most real
applications, however, a 2D focus is required. This can
be achieved by placing two MLLs orthogonally [10], but
the performance of the crossed pair is sensitive to many
misalignments [34]. There has been great progress in the
effort of 2D focusing by two crossed MLLs as well. An
apparatus with eight degrees of freedom required for a full
alignment of two MLLs has been designed and constructed
[35, 36]. A 2D imaging resolution of sub-30 nm has been
demonstrated using the MLL microscope [37]. With the
continued development of MLL optics, we believe that hard
X-ray microscopy with true nanometer resolution is on the
horizon.
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Diffractive X-ray telescopes using zone plates, phase Fresnel lenses, or related optical elements have the potential to provide
astronomers with true imaging capability with resolution several orders of magnitude better than available in any other waveband.
Lenses that would be relatively easy to fabricate could have an angular resolution of the order of microarcseconds or even better,
that would allow, for example, imaging of the distorted spacetime in the immediate vicinity of the supermassive black holes in the
center of active galaxies What then is precluding their immediate adoption? Extremely long focal lengths, very limited bandwidth,
and difficulty stabilizing the image are the main problems. The history and status of the development of such lenses is reviewed
here and the prospects for managing the challenges that they present are discussed.

1. Introduction

Diffractive optics, in the form of zone plates and various
forms of Fresnel lenses and kineforms, already play a
major role in the manipulation of X-ray beams at syn-
chrotron facilities and in X-ray microscopy. Diffractive X-
ray telescopes, in contrast, exist almost entirely as concepts
on paper and as proposals and suggestions, though as
will be seen demonstrations of scaled systems have been
made. Because of atmospheric absorption, their potential
application is almost certainly limited to astronomy (and
specifically to astronomy from space), perhaps including
solar and planetary studies. However, for certain objectives
within that field they present the prospect of enormous
advances over current instrumentation, which relies largely
on grazing incidence reflective optics (reviewed elsewhere in
this series [1-3]). The most notable prospect that diffractive
telescopes offer is that of superb angular resolution, with
improvements of perhaps six orders of magnitude on the
current state of the art. But even neglecting benefits from the
imaging properties, their capability of concentrating the flux
received over a large effective area onto a small, and hence
low background, detector may also offer unique advantages
in some circumstances.

This paper will consider the various concepts that have
been proposed and discuss the current state of development

of the technologies necessary to turn the ideas into a real
system. For simplicity the term X-rays will often be used to
apply to both X-rays and gamma rays, there being no clear
distinction or borderline between the two. The paper will
be limited to techniques exploiting the wave nature of X-
ray (and gamma ray) radiation, so excluding, for example,
the use of screens with zone-plate-like patterns singly as
coded masks [4] or in pairs to produce Moiré fringes [5, 6].
Within wave optics, systems based on multilayer optics or on
crystal diffraction are not addressed (the latter are reviewed
elsewhere in this series [7]).

2. History

The basic diffractive optics imaging element can be con-
sidered to be the zone plate (ZP) in which an aperture is
divided into transparent and opaque regions according to
whether radiation passing through them would arrive at
some selected focal point with a phase such as to interfere
constructively or destructively. The resulting pattern is
shown in Figure 1(a). The first zone plate was made by Lord
Rayleigh in 1871 though this work was never published (see
[8, 9]) and it was Soret [10] who first described them in
print in 1875. Already in 1888 Rayleigh [11] realized that
problems of high background due to undiffracted light and
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FIGURE 1: Three basic forms of diffractive optics for X-ray
telescopes. (a) A zone plate (ZP), with opaque and transparent
regions, (b) A phase zone plate (PZP), in which the shaded zones
transmit radiation with a phase shift of 7, (¢) A phase Fresnel lens
(PFL), in which the thickness is everywhere such that the phase
is shifted by the optimum angle. The profile in (c) is drawn for a
converging lens assuming the refractive index is less than unity.

low efficiency could be overcome by using phase-reversal
zone plates (PZPs) in which the opaque regions are replaced
by ones whose thickness is chosen to introduce a phase shift
of m (Figure 1(b)). Wood demonstrated the operation of
PZPs ten years later [12]. Miyamoto [13] further extended
the concept, introducing the term phase Fresnel lens (PFL
below) for an optic in which the phase shift is at each radius
the same as that for an ideal conventional lens (Figure 1(c)).

The possibility of using ZPs for X-ray imaging seems
first to have been seriously considered in the 1950s by Myers
[14] and by Baez [15], who were concerned with X-ray
microscopy. In 1974 Kirz [9] pointed out that the relative
transparency of materials in the X-ray band and the fact that
X-ray refractive indices differ slightly from unity would allow
PZPs to be constructed even for high energy photons, so
obtaining much higher efficiency.

Remarkably, as early as the 1960s simple zone plates
were used for solar (soft) X-ray astronomy. Elwert [16]
obtained the agreement of Friedmann to replace the pinholes
in two of the pinhole cameras on a 1966 NRL solar-viewing
sounding rocket flight with small zone plates designed to
operate in lines at 51 A (0.246 keV) and 34 A (0.367 keV).
Although the attitude control malfunctioned, blurred images
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were obtained. Over the next few years the technique was
used, in particular by the Tibingen and Utrecht groups,
for solar imagery from sounding rockets at energies up to
0.8keV (e.g., [17, 18]). One of the disadvantages of zone
plates proved to be the halo due to zero-order diffraction
surrounding the focal point of a simple zone plate. Ways were
found of alleviating this problem by using only the zones
within an annular region [19, 20].

At much the same time Wolter I grazing incidence
telescopes were becoming available for soft X-ray solar
imaging—the first was flown on a sounding rocket in 1965
[21] and two were used on the Apollo Telescope mount
on Skylab [22]. With the size of instrumentation that was
feasible at that epoch, the grazing incidence technology
proved superior. For cosmic observations as well as solar, it
has become the imaging technique of choice except where the
need for very wide fields of view or operation at high energies
precludes its use, in which case nonfocussing devices such as
coded mask or Compton telescopes are used.

As a result of the success of grazing angle reflective
optics, diffractive X-ray optics for astronomical applications
tended to be forgotten. In a 1974 PhD thesis Niemann [23]
did discuss the possible use of diffractive optics for extra-
solar astronomy and in 1996 Dewey et al. [24] proposed a
mission concept in which patched blazed diffraction gratings
based on the technology developed for the AXAF mission
(now Chandra) would approximate a PZP. But it is only
comparatively recently that there has been a revival of interest
in the possibility of using diffractive optics for X-ray and
gamma-ray astronomy in particular circumstances where
it may offer unique advantages. Several authors (e.g., [25-
30]) have pointed out that the angular resolution potentially
available with diffractive X-ray telescopes exceeds by many
orders of magnitude the practical limits of reflective optics.

Meanwhile there have been major advances in diffractive
X-ray optics for nonastronomical applications, driven in
particular by the availability of synchrotron sources and
interest in X-ray microscopy with the best possible spatial
resolution. For reasons discussed below, most of the effort
has been towards lenses with structures on an extremely
small scale, even if the diameter is also small. For astro-
nomical telescopes on the other hand fineness of structure
would be of secondary importance, but large apertures are
essential.

3. Theory

3.1. Basic Parameters. A zone plate such as illustrated
in Figure 1(a) can be conveniently characterized by the
outside diameter, d, and the pitch, pmin of one cycle of
the opaque/transparent pattern at the periphery where it is
smallest (the number of cycles is assumed to be large so that
alocal characteristic period can be defined). The focal length
for radiation of wavelength A is then given by

_ pmind
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arelationship that applies equally to PZPs and PFLs. In terms
of photon energy E and physical units this becomes

poass( e ) (60 () m @

making clear that focal lengths of systems of interest for X-
ray astronomy are likely to be long.

Diffractive X-ray optics has so far been employed almost
exclusively for microscopy and for other applications for
which spatial resolution is all important, but for telescopes,
it is the angular resolution that counts. For ideal PFLs one
can use the usual rule that the diffraction-limited angular
resolution expressed as half-power diameter (HPD) is

A
AB; = 1.03 7
. . (3)
SNICE R —
=263 TkeV Im micro-arcseconds (¢'")
pmin)
=0.501( ==+ |, (4)
< f

(using the Rayleigh criterin, the numerical factor 1.03 would
be the familiar 1.22). The same expression can in practice
be used for ZPs and PZPs with a large number of cycles
(Stigliani et al. [31] present an exact solution). Assuming a
simple single lens system, the corresponding dimension in
the image plane is then

Ax = fAB; = 0.501 prmip. (5)

This is also approximately the spatial resolution of a
microscope with a diffractive lens, explaining why the main
drive in X-ray diffractive optics technology has so far been
towards reducing pmin. ZPs with zones of less than 15nm,
corresponding to pmin < 30 nm, have been reported [32]. If
the angular resolution of a telescope is to be limited only by
diffraction, then it is important that the distance Ax be larger
than the spatial resolution of the detector. Equation (5) then
implies that pnin should not be too small. Current state of
the art detectors have pixel sizes from 5-10 ym (CCDs at X-
ray energies) to a fraction of a millimeter (pixelized CZT or
Ge detectors for hard X-rays and gamma-rays). Although the
centroid of the released charge can in some circumstances be
localized to better than one pixel, the range of the electron
which receives energy from the incoming photon sets a limit
on the spatial resolution that can be obtained. So pmi, for
diffraction-limited X-ray telescopes is likely to be at least of
the order of tens to hundreds of microns.

3.2. Lens Profile. A simple zone plate is inefficient because it
is only 50% transmitting and because much of the radiation
is not diffracted into the primary focus (order n = 1) but is
undiffracted (n = 0) or diffracted into secondary focii (n < 0,
n > 1). Table 1 shows that even if it is perfect the efficiency of
a ZP is only ~10%.

For a ZP the depth of the profile is simply dictated by
the requirement that the material be adequately opaque; the
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F1GURE 2: The thickness, t,,, necessary to shift the phase of X-rays
by 27 for some example materials. From top to bottom Li (1, red)
Li, Polycarbonate (2, orange), Be (3, green), B4C (4, light blue), Si
(5, cyan), LiF (6, light blue), Al (7, dark blue), Cu (8, violet), and
Au (9, grey).

only upper limit is that imposed by manufacturing consid-
erations. High density, high atomic number, materials are
generally to be preferred. Taking Tungsten as an example and
assuming 45% open area to provide for support structures,
90% opacity implies 130 gm~2 at 10 keV or 2.9 kgm~? at
100 keV.

For PZPs and PFLs on the other hand, the thickness of the
profile and the transparency of the material are critical. The
nominal thickness of a PZP is that which produces a phase
shift of . The complex refractive index of the material may
be written

r

oA
Com(fivif) =1-8-ip, (6)

p=1-

where r, is the classical electron radius, ng is the number
of atoms per unit volume, and f = f; +if; is the atomic
scattering factor. The required thickness is then (1/2)t,
where f,, is A/8. Well above the energy of any absorption
edges f; approaches the atomic number, so § is proportional
to A2 and t,, to A1, or to E.

The practicability of X-ray PZPs relies on the fact that
although the wavelengths A are extremely short, § is also
very small. Consequently t,, is in a range, from microns
to millimeters, where fabrication is practicable and where
the absorption losses in traversing the required thickness of
material are not too serious. Figure 2 shows some values of
tz as a function of photon energy for some materials of
interest.

In the case of PFLs, the surface of each ring is ideally part
of a paraboloid. This is evident if the lens is regarded as a
thick refractive lens with the thickness reduced by multiples
of 5. Usually the maximum height is t,, though ts,te; - - -
lenses can be made, with a correspondingly reduced number
of rings. At large radii the small sections of paraboloids are
almost straight and the cross-section is close to a triangular
sawtooth. With some fabrication techniques it is convenient
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TaBLE 1: Comparison of the efficiency of ideal zone plates (ZPs), phase zone plates (PZPs), and phase Fresnel lenses (PFLs).
Efficiency (primary focus) n = 1 Lost to absorption Undiffracted n = 0 Secondary focin = —1,+3,+5 - - -
7P /7% = 10.1% 50% 25% 14.9%
pzp 4/m* = 40.5% 0 0 59.5%
PFL 100% 0 0 0

TasLE 2: The primary focus efficiency, in the absence of absorption,
of a stepped approximation to a PFL (see [34]).

2(PZP) 3 4 8 16 n
Efficiency 40.5% 68.4% 81.1% 95.0% 98.7% sincz(n/n)

Levels

to use a stepped approximation to the ideal profile (e.g.,
[33]). High efficiency can be obtained with a relatively
small number of levels (Table 2). Fabrication “errors” in the
form of rounding of corners will actually tend to improve
efficiency.

In contrast to ZPs, because of their lower absorption
(see Section 3.5) low atomic numbers materials will generally
be preferred for the fabrication of PZPs and PFLs. The low
density that tends to be associated with low atomic number
can however be something of a disadvantage as it implies
larger t,, and so higher aspect ratio for the profile. In fact for
a given photon energy the areal density of the active part of
such devices is relatively independent of the material chosen.
Typical values are only 30 gm~2 at 10 keV or 300 gm~2 at
100 keV. The additional mass of a substrate and/or support
structure must be taken into account, but diffractive X-ray
optics are intrinsically very light weight.

3.3. Field of View. Young [35] has discussed the off-axis
aberrations of ZPs and the same conclusions can be applied
to PZPs and in practice to PFLs. The expressions that he
derives imply that in circumstances of interest for astronomy
the most important Seidel aberration is coma, which only
becomes important at off-axis angles greater than 4 f2/d°.
In other terms, this implies that the number of diffraction-
limited resolution elements across the coma-free field of view
is ~ 8(f/d)*. With the very large focal ratios that seem to
be inevitable for diffractive X-ray telescopes, aberrations are
entirely negligible over a field of view far larger than any
practicable detector.

3.4. Chromatic Aberration and Other Limits to Angular
Resolution. As well as the limit imposed by diffraction,
given in (4), two other considerations are important for
the angular resolution. The most important is the limit
imposed by chromatic aberration. It is apparent from (2) that
the focal length of a diffractive lens varies in proportional
to the photon energy. At an energy E’ away from the
nominal energy E, radiation will converge in a cone towards
a displaced focus (Figure 4). In the absence of diffraction,
purely geometric considerations imply that this would lead

to a focal spot corresponding to an angular size

=EI(5)

Unless the spectrum of the radiation being imaged is
a very narrow line with negligible continuum emission,
blurring due to photons with energy other than the nominal
energy has to be taken into account. Fortunately modern
X-ray detectors of interest for the low flux levels that
are encountered in astronomy are photon counting and
energy resolving. Thus photons of energy outside a defined
bandwidth can be disregarded when analyzing the data.
Consequently in the most common case of a broad line
and/or continuum spectrum it is the energy resolution of the
detector that has to be used for AE in (7) and that dictates
the degree of chromatic aberration.

At X-ray energies the most widely used imaging detectors
are CCDs, that typically have an energy resolution of
~150eV at 6keV, corresponding to AE/E = 2.5%, or
active pixel sensors with similar capability [36]. In the 100—
1000 keV region Germanium detectors can achieve AE/E ~
0.25%—1%, though the (fractional) resolution is not as good
at lower energies. Position-sensitive Germanium detectors
are now becoming available (see e.g., [37], where the
possibility of their use in a “Compton” configuration to
reduce background by selecting only those events that are
consistent with photons that may have passed through a lens
is also discussed). Pixelated CZT arrays are approaching the
performance of Germanium detectors and do not need cool-
ing (Lietal. [38] report 0.61%—1.64% at 662 keV for a variety
of single pixel detectors and small arrays). Microcalorimeter
detectors are reaching energy resolutions of 2.5-5eV at
6keV [39, 40], corresponding to AE/E ~ 0.05%, but this
performance is currently only achieved in single detector
elements or small arrays. Braig and Predehl [30] have even
suggested that a Bragg crystal monochromator might be used
in the focal plane of a diffractive telescope and that AE/E ~
0.01% might be achieved in this way.

As discussed in Section 3.1, the spatial resolution of the
detector can be important as well. The net resolution is thus
in general a combination of three components

(7)

Diffraction. Rewriting the expression in (4) in terms of
energy for consistency

AO; =

1.03 hc
=== 8
7 E (8)
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Chromatic Aberration. Equation (7) allows the maximum
extent of the spread due to chromatic aberration, and in the
absence of effects due to diffraction, to be written

~ 1dAE

Detector Resolution. Characterizing this by a pixel size, one
has
Ax
AO, = —. (10)
P
Diffraction limited performance will only be obtainable if
the second and third components are negligible compared
to the first. The energy bandwidth could be estimated by

comparing Af; and AB,, but as these are different measures
of the widths of very different PSF profiles a better approach
is to consider the range of energies for which the wavefront
error at the edge of the lens remains below some value.
It is usual to place the comparatively strict limit of 1/4
corresponding to a Strehl ratio (the ratio between the peak
brightness and that for an ideal, diffraction-limited system)
of 8/m? ~ 80%. Yang [41] use a limit twice as large and other
criteria lead to even wider bandwidths. For /4 it is found
[35] that

AE  fhe 1

E YEE Ny (1)
where Nf is the number of Fresnel zone in the PFL (twice the
number of periods for a f,, lens).

3.5. Absorption. The efficiencies discussed so far ignore
absorption. In evaluating such effects a key parameter is the
critical Fresnel number defined by Yang [41]

) 2

N =3, = )
0 27Tﬁ Lntabs

(12)

where paps = 4mfB/A is the linear absorption coefficient.
Ny measures the relative importance of refraction and
absorption. It can be thought of as the number of Fresnel
zones in a refractive lens whose maximum thickness is equal
to the absorption length. Example values are shown in
Figure 3.

Kirz [9] has shown how in the presence of significant
absorption the optimum thickness of a PZP is somewhat
lower than t,,/2. For /6 = 1 the (primary focus) efficiency
is maximized if the thickness is reduced to 0.73 of this value.
Similarly it can be shown that the efficiency of a PFL made
from a material in which the absorption is important is
maximized if the profile is modified as shown in Figure 5.
Nohammer et al. [42] discuss this issue in more detail.
Efficiencies with and without this adjustment are shown
as a function of Ny in Figure 6. The improvement is not
large, but the modified profile is actually likely to be lighter
and easier to fabricate. Note that the optimum form would
be different if the objective were to minimize either the
undiffracted (zero-order) flux or that in higher orders, rather
than maximize the flux diffracted into the prime focus.
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FiGure 3: The critical Fresnel number, Ny, for some example
materials. Numbers, colors, and materials as in Figure 2.

FiGURE 4: The effect of chromatic aberration. As the focal length
of a diffractive lens is proportional to photon energy, ignoring
diffraction, at energies differing by 6E from the nominal energy E
radiation converges in a cone and intercepts the detector plane in a
disc of size given by (7).

Profile height (units of t,,;)
<)
w
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Ficure 5: If significant absorption is taken into account the
efficiency of a PFL can be improved by modifying the profile
because improved throughput can be obtained at the expense of
some phase error. The shape of the profile of a PFL that gives
maximum efficiency for diffraction into the primary focus is shown
by the dashed line.
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FiGgure 6: The efficiency of a PFL with significant absorption as a
function of the critical fresnel number, N, of the material from
which it is made. Also shown are the fractional amount, dh,,, by
which the nominal profile height of #,, should be reduced as in
Figure 5 to optimize the performance and the resulting efficiency.

4. The Advantages and Potential

4.1. Fabrication and Tolerances. Compared with grazing
incidence optics of a comparable aperture, diffractive optics
for X-ray astronomy are expected to be relatively simple to
fabricate. As noted in Section 3, diffraction limited diffractive
telescopes are likely to have profiles with a minimum
period of microns to mm—well within the capabilities of
current micro-electro-mechanical systems (MEMS) or single
point diamond turning (SPDT) technologies. Because the
refractive index of the lens is so close to unity, the tolerances
on the profile are comparatively relaxed. Even for the sub-nm
wavelengths involved, lens figuring to A/10 optical precision
requires only t,,/10 tolerances, where t,, is ~10-1000 ym
(Figure 2). Radial tolerances for the same precision are no
tighter than pmin/10 and will usually be of a similar order of
magnitude to the vertical tolerance.

Figure 3 shows that at energies greater than a few keV
it is possible to select materials with N, greater than a few,
meaning that not only is absorption of X-rays in the material
forming the active part of a PZP or PFL small, but the profile
can be etched or machined into a somewhat thicker substrate
(or deposited onto one) without serious absorption losses.

Thus the profile can be close to ideal and losses can be
small so, at least at their design energy, diffractive X-ray
telescope lenses can have an effective area that is very close
to their geometric area, which may easily be several square
meters.

A great advantage of optical elements used in transmis-
sion rather than reflection is their relative insusceptibility to
tilt errors and out-of-plane distortions. Multiple reflection
mirror systems in which the radiation undergoes an even
number of reflections, such as Wolter grazing incidence
optics, are better in this respect than single reflection systems
(provided the relative alignment of the mirrors does not
change). However they still act as “thick” lenses and if the
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optic (or a part of it) is tilted by angle dy the resulting
transverse displacement of rays passing through it leads to an
aberration in the image on angular scale ~ (¢/f)dvy, where ¢
is the distance between the principal planes, a measure of the
thickness of the “lens”. For Wolter optics ¢ is the axial distance
between the centers of the two mirrors. For the Chandra
optics (¢/f) = 0.08. Diffractive telescope lenses are very close
to ideal “thin” lenses, having (#/f) ratios of 107°~107° or
even smaller.

4.2. Applications of High Angular Resolution Diffractive
Telescopes. The most obvious attraction of diffractive optics
for X-ray telescopes for astronomy is the potential they
offer for superb angular resolution. From (3) it is apparent
that angular resolution better than a milli-arcsecond should
be readily obtainable in the X-ray band. With optics a
few meters in size working with hard X-rays, sub-micro-
arcsecond resolution should be possible.

One of the original incentives for the recent reconsid-
eration of diffractive optics for high energy astronomy was
indeed the possibility that it offers of sub-micro-arcsecond
resolution. As has been discussed in proposals to use X-ray
interferometry for astronomy [43, 44], this is the angular
resolution that would be needed to image space-time around
the supermassive black holes believed to exist at the centers
of many galaxies. Even our own Galaxy, the Milky Way,
apparently harbors a black hole, Sgr A*, with a mass of
4.3 X 10° M, (where My, is the mass of the sun) [45].

The Schwarzschild radius of a black hole of mass M is

R = szM = 2.9Mﬁokm, (13)
where G is the gravitational constant and ¢ the vacuum
velocity of light. The radius of the “event horizon” is R; in
the case of a nonrotating black hole or somewhat larger for
one with angular momentum. For Sgr A*R; corresponds to
an angular scale of 10 y4". The black holes at the centers of
“active” galaxies (Seyfert galaxies, Quasars and giant radio
sources) can be much more massive—for example that in
M87 may be as much as 2000 times the mass of Sgr A* [46].
Their Schwarzschild radii will be correspondingly bigger, so
despite their much greater distances (also by a factor of 2000
in the case of M87), Rs in many cases still corresponds to
angular scales of 0.1-10 u"".

Of course one does not expect to detect radiation from
the black hole itself, but the gravitational energy released
by matter as it approaches the event horizon is the origin
of the extremely high luminosity of some of these objects.
Simulations have been made showing how such radiation
originating near to the event horizon, even from behind
the black hole itself, should appear after being bent by
the gravitational field (Figure 7). The distribution expected
depends not only on the mass of the black hole but on its
angular momentum and inclination angle.

Figure 8 indicates the angular resolution available to
astronomers with the current state of the art. At present
the best angular resolution is obtained at mm wavelength
by VLBI (very long baseline interferometry, see [47] for
a recent review). Current technologies, with transatlantic
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F1GuRrk 7: Simulation of X-ray radiation from the region surround-
ing a black hole. A Schwarzschild black hole is assumed to be seen
at an inclination angle of 80°. For other details see Armitage and
Reynolds [51].

baselines and wavelengths as short as 1 mm lead to angular
resolutions down to 30—40 p’’, though so far only with a
limited number of stations [48, 49], so a characteristic size
is measured rather than forming an image. The Russian
RadioAstron space VLBI mission, following in the footsteps
of HALCA/VSOP, is due to be launched in 2011 and will
extend baselines to 350,000 km, but the shortest wavelength
is 13.5 mm. Although this should allow an angular resolution
of 8 i, the actual resolution will be limited by interstellar
scattering except at high galactic latitude. Consequently Sgr
A* cannot be observed with the highest resolution. The
Japanese-led Astro-G/VSOP-2 mission will go down to 7 mm
in wavelength [50] and so be less affected by interstellar
scattering (which is proportional to A, as indicated by the
dashed line in Figure 8), but with the maximum baseline
limited by an apogee of only 25,000 km the best resolution
will be 38 y"’. Astro-G launch has been delayed until at least
2013 due to technical problems with the deployable dish.

A useful basis of comparison across wavebands is the
maximum baseline (or, for filled aperture instruments, the
aperture diameter) in units of wavelength. Optical and
infrared interferometers are pushing to higher and higher
angular resolution, though as for VLBI, a limited number
baselines provide sparse u—v plane coverage and allow
model fitting, but only an approximation to true imaging.
The 640 m and 330 m baselines of the SUSI and CHARA
optical interferometers correspond to about 1.5GA and
0.7 GA, respectively, while with radio VLBI fringes have been
obtained with baseline as long as 6 GA [52]. A modest 1 m
diameter lens working with 6 keV X-rays would have a size of
50 GA, and larger lenses and those working at higher energies
have corresponding greater values. In addition such lenses
would provide full u—v plane coverage up to this scale.

It is ironical that in the X-ray and gamma-ray bands,
where the wavelengths are shortest and diffraction least lim-
iting, the angular resolution at present obtainable is actually
inferior to that possible at longer wavelengths. No currently
planned X-ray mission will improve on, or even equal, the
0.5" resolution of the Chandra grazing incidence mirror.
While being subject to some constraints and limitations,
discussed below, in appropriate circumstances diffractive
optics offer the opportunity of improvements by up to 6
order of magnitude. X-ray imaging may then move from
the present arc-second domain to the milli-arcsecond one,
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FiGure 8: The angular resolution obtainable with different tech-
niques and across the electromagnetic spectrum. The approximate
domain in which diffractive X-ray optics are potentially of interest
is indicated by an ellipse. Shown for comparison are (i) the
Rayleigh limit for diffraction limited optics of 1m and 50m
diameter (black lines), (ii) the angular resolution of current X-ray
instruments (blues lines) and of the Hubble and James Webb Space
Telescopes (green lines), (iii) the best resolution of some example
optical interferometer systems (green triangles) and of some typical
radio VLBI measurements (red circles), (iv) the diffraction-limited
angular resolution possible with space VLBI (actual and near future;
red squares), and (v) dashed lines (cyan) roughly indicating the
region in which interstellar scattering becomes dominant at high
galactic latitudes (left) and towards the galactic center (right).
Note that while continuous lines refer to imaging instruments, the
various symbols indicate the finest fringe spacing of interferometers
which are not truly imaging.

where stellar surfaces can be imaged and the formation
of astrophysical jets examined in detail, and to micro-arc-
seconds, the resolution needed for black hole imaging.

4.3. Applications of Diffractive Optics for Light Buckets. Even
if one does not take advantage of the imaging capabilities
of diffractive X-ray optics, they may prove useful as flux
concentrators. X-ray and gamma-ray astronomy is limited
both by the small number of photons often detected and
by background in the detector, mostly due to particles. The
background is typically proportional to the detector area
from which events are accepted. Catching photons requires
large collecting area, whereas reducing background implies
that the detector should be as small as possible. Applications
of X-ray “light buckets” optimized for these purposes
include high-resolution spectroscopy and fast timing mea-
surements with moderate energy resolution such as studies of
quasi-periodic oscillations, allowing the observation of cer-
tain general relativity effects such as frame dragging in
compact black hole binaries.

At the energies where they can be used, grazing incidence
reflective optics offer a solution to the problem of how to
concentrate the flux from a large collecting area onto a small
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FiGure 9: A PFL will work with relatively high efficiency over a
broad band of energies provided that the detector plane is moved
to the appropriate distance. The blue curve corresponds to the lens
operating in the nominal mode. For the green and red curves the
detector is assumed to be placed at the distances for the focii of the
lens treated as a t4, and fs; one. Higher-order responses are not
shown. Absorption effects are not taken into account in the plots
based on [30].

detector area. Diffractive optics provide an alternative to
grazing incidence mirrors—one that can be used even for
high energies, and indeed whose performance is in many
respects best at high energies.

For a concentrator one can drop the requirement of being
able to resolve with the detector a spot size corresponding to
the diffraction-limited angular resolution of which the optic
might be capable. Smaller pni, may be used and so the focal
length reduced. From the same geometric considerations that
lead to (7), the bandwidth will be

E_ ddet)
7 —2( 7 ) (14)

whereas, assuming ideal efficiency for the optic and the
detector, the flux is concentrated by a factor

2 2
C:Aeffz< d ) z4(£) (15)
Adet ddet AE
Thus where narrow spectral lines, or groups of lines, from a

compact source are to be studied, significant advantages are
available.

5. Overcoming the Difficulties

5.1. Minimizing Chromatic Aberration. Minimizing the
effects of chromatic aberration is one of the biggest chal-
lenges to overcome in developing diffractive X-ray telescopes.
The various measures that can be taken are discussed below.
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Figure 10: It has long been known that chromatic aberration is
minimized by adopting a long focal length. Before the invention of
the achromatic lens Hevelius built telescopes with 60 and (shown
here) 140 foot focal lengths [53].

5.1.1. Refocusing. The first thing to note is that a diffractive
X-ray lenses can work well over a broad range of energies
provided the detector position is adjusted for each energy.
Figure 9 shows the effective area of a PFL as a function of
energy if the telescope is refocused by adjusting the detector
plane to the optimum position for each energy. Braig and
Predehl have pointed out [29] that, as indicated in the
figure, well below the energy, E, for which a PFL was
designed one can take advantage of the high efficiency near
Eo/2, Eo/3,... because the lens acts like a t4,, t5;... one in
the sense described in Section 3.2. As only one energy can be
observed at a time this is not a very practical way of making
broadband observations, but the approach could be useful in
studying, for example, lines whose energy may be red-shifted
to different extents in different sources. Note that at energies
where the efficiency is less than unity, the lost flux appears in
focii of other orders. The resulting halo to the PSF will have
low surface brightness compared with the peak, but if it is
troublesome it is possible to imagine blanking off the inner
part of the lens area [29].

5.1.2. Improving Chromatic Aberration with Long Focal
Lengths. From (7) it is clear that the effect of chromatic
aberration on angular resolution is reduced if the focal ratio
is large. For a given lens size, this means that the focal length
should be as long as is consistent with other constraints.
This is a long-known effect; before the invention of the
(visible-light) achromatic doublet, astronomical telescopes
were built with very long focal lengths in order to minimize
chromatic aberration. Figure 10 shows an extreme example.
Long focal lengths lead to a limited field of view (Section 5.4)
and tend to have severe implications for the logistics of
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maintaining the telescope in space (Section 5.2), but the
bandwidth increases in proportion to f.

5.1.3. Segmenting Lenses for Multienergy Operation. Given
that PFLs of large surface area are not too difficult to make
but wide bandwidth is hard to achieve, it has been pointed
out on a number of occasions (e.g., [26, 28, 29]) that the
surface of a diffractive lens can be divided into regions
tuned to different energies, thus providing information over
a wider bandpass. The division may be into a few zones
or into many, and an aperture may be divided radially or
azimuthally, or both. The “subtelescopes” so formed may be
either concentric, or parallel but offset.

An important consideration is the interference fringes
that are produced when radiation of the same energy arrives
in the same part of the detector after passing through the
different regions of the diffractive optic, including those
designed for quite different energies. In some of the work
of Braig and Predehl [30, 54, 55] this issue is avoided by
assuming, explicitly or implicitly, that the lens is made from
many small segments that are subject to random position
deviations such that their outputs add incoherently rather
than coherently. In this case the resolution is of course that
associated with the characteristic size of a segment (e.g., a
few centimeters) rather than the lens as a whole (e.g., a few
meters).

5.1.4. Diffractive-Diffractive Correction. In some circum-
stances the dispersion of a diffractive optical element can be
corrected using that of a second diffractive optical element.
However, as shown formally by Bennett [56] no optical
system consisting of only two diffractive lenses can form a
real image, free from longitudinal dispersion, from a real
object. Buralli and Rogers [57] generalized this result to
any number of diffractive elements. Michette et al. [58] has
described some schemes that get around this constraint, but
they do so only by allowing diffraction into multiple orders
with a consequent loss in efficiency and they only provide
correction at two disparate energies. Other optical systems
that do correct one dispersive element with another either
involve virtual images (or objects), or depend on reflective
(or refractive) relay optics. The space-based visible light
diffractive imager proposed by Koechlin et al. [59] is an
example of the use of reflective relay optics.

X-ray telescopes that depend on both diffractive and
reflective optics risk suffering the disadvantages of both, so
correction schemes that depend on reflective relay optics
do not seem very attractive. On the other hand, as will be
noted below (Section 5.2), there are perhaps other reasons
for considering incorporating a reflective component, so
perhaps a feasible diffractive-reflective-diffractive design may
eventually evolve.

5.1.5. Diffractive-Refractive Correction. Given the constraints
that apply to diffractive-diffractive correction for telescopes
forming real images, the possibility of correction using
refractive optics has been widely considered. The constraints

(a) (b)

FIGURE 11: (a) the use of a refractive X-ray lens to chromatically
correct a diffractive one. (b) A more practical configuration in
which the refractive component is stepped to reduce absorption.

that preclude achromatic correction of one diffractive ele-
ment with another arise because the dispersion of the two
elements would be the same. Correction of a diffractive
lens with a glass one is used in the visible part of the
spectrum where glasses have a dispersion that differs from
the E7! dependence of the power of diffractive elements
(e.g., [62]). The same principle can be applied to X-rays—
purely refractive lenses can be made [63] and are widely used
in X-ray microscopy and beam manipulation, often stacked
to provide adequate power. Figure 2 shows that for most
materials over most of the X-ray band t,, is proportional to
E, implying that the power of a refractive lens, which depends
on 8, is proportional to E~2.

Figure 11, shows how in principle first-order correction
of longitudinal chromatic aberration of a PFL (or ZP, PZP)
is possible with a diffractive/refractive X-ray doublet [26, 27,
60]. Because the lens remains a “thin” one, there is almost
no lateral color aberration. In the common situation where
tyz is proportional to E, the focal length of the refractive
component should be —2 f;, where f; is that of the diffractive
one, and the combined focal length is 2 f;. In this case the
number of Fresnel zones in the refractive component is half
the number in the PFL. In the absence of absorption the
bandpass is increased from AE/E = 1/Np (11) to AE/E =
1/4/NF (e.g., [64]) (here N is the number of Fresnel zones in
a single lens having the focal length of the combination).

It has already been noted (Section 3.5) that absorption
becomes important in a refractive lens if N, exceeds the
critical Fresnel number Ny for the material. As in practice
Ny is usually a few tens up to a few hundred (Figure 3),
this sets a limit on the size of diffractive lens that can be
corrected this way. Wang et al. [65] have suggested using
the rapid energy dependence of § just above absorption
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FiGure 12: Simulated response of a refractive/diffractive achromatic
doublet with different degrees of stepping of the refractive compo-
nent. N, corresponds to m in the text. The dotted lines indicate
the response if there were no absorption. As the step size is made
smaller, the density of coverage within the bandpass becomes worse
but the effects of absorption become less serious and the band
covered becomes wider, details in [60], from which this figure is
taken.

edges to reduce the thickness of the refractive component
needed. This approach only works at very specific energies,
but it could make possible achromatic diffractive-refractive
doublets several millimeters in diameter for microscopy and
microlithography.

A PFL can be considered as a refractive lens in which
the thickness is reduced Modulo(t,,). Thus it is natural to
consider reducing the absorption in a refractive correcting
lens by stepping it back, not Modulo(t,,) which simply
would make it another PFL, but Modulo(m t,,) for some
large integer m as in Figure 11. t,, varies with energy, so
the value at some particular energy, Ey, must be chosen.
Coherence is then maintained across the steps at this energy
and at any other for which m’'[t,,(E)] = m [t,z(Ey)] for
some other integer m’. This occurs at a comb of energies.
In the regime where t,, is proportional to E, they occur at
intervals such that AE/E ~ 1/m. Detailed analyses of the
response of PFLs with stepped achromatic correctors have
been published [55, 60]. Examples are shown in Figure 12.
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As the step size is made smaller and the number of zones
N7 within the refractive component increases, the density of
coverage within the bandpass decreases as N, ' and the band
covered becomes wider (improving approximately as N/%)
and the effects of absorption become less serious.

If one is willing to consider configurations involving the
alignment of not just two widely spaced components, but
three, then the configuration indicated in Figure 13 offers
an even wider bandpass (see [28] and references therein;
more details are provided in [60]). With the extra degree of
freedom introduced by the separation between the two lenses
it is possible to set to zero not just dz/dE (z being the axial
position of the image), but also d?z/dE?. The bandwidth is
increased as indicated in Table 3. The fact that the image is
somewhat magnified compared with a single lens system of
the same overall length could be advantageous. However as
the magnification is energy dependent, care must be taken
that lateral chromatic aberration does not limit the useful
field of view (this will not be a problem if the detector has
adequate energy resolution to allow post-facto scale-factor
correction).

5.1.6. Axicons, Axilenses, and Other Wideband Variants.
Variations of the ZP have been proposed in which the shape
of the PSF is modified to (slightly) improve the angular
resolution (e.g., [68]) or in the case of “photon sieves” to
improve the resolution available with a given minimum
feature size in the fabrication [69]. One such variant, the
“fractal photon sieve” has been shown to have an extended
spectral response [70], achieved because some of the power
from the prime focus is diverted into focii at other distances.
As will be seen below, this can be accomplished in other more
controlled and efficient ways.

A diffractive lens can be considered as a circular diffrac-
tion grating in which the pitch varies inversely with radius so
that radiation of a particular wavelength is always diffracted
towards the same focal point. Regarded in this way, a PFL is
a variable pitch phase grating, blazed in such a way that all
of the energy goes into the +1 order. Skinner [66, 71] has
discussed the application to X-ray telescopes of designs in
which the pitch varies radially according to laws other than
r~1. They can be considered as forms of radially segmented
lenses in which the pitch varies smoothly rather than in steps.

In an extreme case the pitch is constant and one
has the diffractive X-ray axicon. Interestingly, to a first
approximation the point source response function of an
axicon is independent of energy. According to the Rayleigh
criterion, the angular resolution is similar to that of a PFL
of the same diameter working at the lowest energy, but the
secondary diffraction rings are stronger so the HPD is larger.
Indeed over a wide range of radii the PSF shape is such that
the enclosed power simply increases, approximately linearly,
with radius. In some respects the system should be regarded
as an (achromatic) interferometer in which the information
is contained more in the fringes than in the central response.

Intermediate designs are possible in which the bandpass
is tailored to particular requirements based on the ideas of
Sochacki [72] and of Cao and Chi [73]. This leads to the
diffractive X-ray axilens discussed in [66]. The bandwidth
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FIGURE 13: A variation on the refractive/diffractive achromatic doublet shown in Figure 11 in which the components are separated, allowing
second-order correction of longitudinal color (Figure from [61]). A stepped version of the refractive component is shown.

TABLE 3: Achromatic correction of PFLs. Parameters are given for systems with the same overall length, f, at the nominal design energy,
Ey, and for the case when f,, is proportional to energy, E. In the table AE is specified relative to Ey, and d is the diameter of the refractive

component.

Simple PFL Doublet Separated pair
Diffractive focal length f f72 f/3
Separation — 0 f/9
Refractive focal length — -f -8/27f
Image plane distance f(1+AE) FA+AE2+--+) fQA+1.35AE+---)
Image scale f f %f(l —(I/2)AE+--+)
Diffraction-limited bandwidth (fractional) 4((f/d*)(he/E)) 4((f/d*)(he/E))"? ((16/3)(f/d?)(he/E))"”

(1 1 1 1 L 7
5 6 7 8

Energy (keV)

FIGURE 14: The on-axis response as a function of photon energy at a
fixed distance of 100 m for Axilenses with different parameters [66].

can be selected at will; Figure 14 shows the response of
some examples. For diffraction-limited operation, the area-
bandwidth product tends to be no greater than that of a
narrow band PFL. As the later has the advantage that the
detector noise within a narrow band is small, devices of
the axicon/axilens family are most likely to find application
where an extended bandpass is essential, for example in order
to include the whole of a broadened line or a group of lines.

5.1.7. Figures of Merit. Braig and Predehl [64] define an
“Achromatic Gain” parameter § to measure the advantage

that an achromatic system has over a simple lens. It is
essentially the ratio of the effective areas, integrated over the
energy range in the two cases.

The achromatic gain § may be generalized to quantify
the advantage compared to a simple PFL of other variants as
well as of achromatic combinations. As neither the resolution
nor the image scale are necessarily the same in all cases, it is
best to base the effective area on the flux within a diffraction-
limited focal spot rather than peak brightness. Such a figure
of merit was used in [71] where it was shown that axicons
and axilenses have a “g” close to unity—the extra bandwidth
is obtained at the expense of effective area. The same is
obviously true if a lens is segmented into areas devoted to
different energies. On the other hand increasing the focal
length is accompanied by an increase in bandwidth (11) and
of §.

Care must be used in interpreting this parameter. It
measures the (square of) the improvement in signal-to-
noise ratio on the assumption that the noise is dominated
by photon statistics from the source. If the observation is
dominated by detector background that is not source related,
such as that due to particles, then a dependence on the
square root of the bandwidth would be more appropriate.
This assumes that the passband of the optic is wider than the
energy resolution of the detector. In the detector background
limited case, the background will also depend on the detector
area over which the signal is spread, or on the area of
a spot size dictated by the detector resolution if that is
larger. Furthermore, by considering only the central spot, the
information carried by the flux in high amplitude sidelobes
such as occur in the PSF of axicons and axilenses, is ignored.
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FiGgure 15: The concept of a telescope in which the objective of
a telescope and the detector are not rigidly connected is not new.
Christian Huygens (1629-1687) used this 210 foot focal length
telescope [67]. Note that the design takes advantage of the relative
immunity of a thin lens to tilt errors.

5.2. Focal Length: Formation Flying. Equation (2) makes it
clear that the focal length, f, of any practical system is
likely to be long, particularly at high energies. In addition in
various respects discussed above, very large f will often give
the best performance.

First, in Section 3.1 it was seen that a minimum focal
length is required if spatial resolution of a detector at the
prime focus is not to be a limiting factor. For example, even if
the detector pixels are as small as 10 ym a resolution of 1 y”’
implies f > 2000 km. Gorenstein [74] has suggested that this
problem might be alleviated if a grazing incidence reflecting
telescope were used to reimage the prime focus, perhaps with
a magnification by a factor of 20. Radiation from a particular
sky pixel would in practice illuminate a very small part of
the telescope surface because the latter would be very close to
the focal plane. The reflecting surface would in effect remap
positions over its aperture to pixels in a detector plane.

A second reason that long f may give the best perfor-
mance is that as noted in Section 5.1 chromatic aberration is
minimized if f is long.

Finally, based on (2), unless f is large diffractive lenses
of a reasonable size will have a very small period pmin and
fabrication will be more difficult and perhaps less precise.

For focal lengths of up to ~100 m, it is perhaps possible
to consider telescopes with a boom connecting the lens and
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the detector assembly. Deployable booms of up to 60m
have been flown in space [75]; the record for the largest
rigid structure in space is now held by ISS at over 100 m.
On the other hand even for a focal length of 50 m, ESA
studies for the proposed XEUS grazing incidence mirror X-
ray mission concluded that a boom was unnecessary and that
formation flying of separate spacecraft carrying the optic and
the detector assemble offered a more viable solution [76].
It is interesting that a telescope without a rigid connection
between objective and detector is not a new concept—see
Figure 15.

Formation flying for a long focal length telescope mission
implies maintaining two spacecraft such that the line joining
them has a fixed direction in inertial space. Because of gravity
gradients within the solar system, as well as disturbances
such as those due to differences in solar radiation pressure,
a continuous thrust will be needed on at least one spacecraft.
Another consideration is that a major repointing of the
telescope will require maneuvering one of the spacecraft by
a distance ~ f.

Some of the issues associated with formation flying of
two spacecraft for a diffractive X-ray telescope mission have
been briefly discussed in the literature [25, 29]. Internal
studies at NASA-GSFC’s Integrated Mission Design Center
of possible missions based on this technique have considered
the issues more deeply. Krizmanic et al. [77] has reported
on one of these and updated some of the conclusions. The
missions studied were considered ambitious, but possible.
A single launcher would launch both lens and detector
spacecraft either to the vicinity of the L2 Lagrangian point
or into a “drift-away” orbit around the sun. Existing ion
thrusters can provide the necessary forces both to maintain
the pointing direction against gravity gradient forces and
disturbances and for reorienting the formation. The fuel and
power needed for the thrusters are acceptable. In short, no
“show stoppers” were identified.

5.3. Pointing Knowledge. Although precise control of the
distance between lens and detector is not needed, the
knowledge of the direction in celestial space of their vector
separation is crucial. As information about every photon
detected can be time tagged, control is needed “only” to the
extent necessary to ensure that the image of the region to be
studied falls on the detector area (Section 5.4). Knowledge of
the orientation is needed, however, to a level corresponding
to the angular resolution required. This amounts to a need to
establish the transverse position of the detector with respect
to a line passing from the source through the center of
the lens, and to do so with a precision that can be from a
millimeter down to a few microns.

The problem of precise attitude determination in celestial
coordinates is one common to all missions attempting to
work at the milli-/micro-arcsecond level. It has already
been considered in the context of the studies of MAXIM,
a proposed mission to address the problem of imaging
space-time around black holes using X-ray interferometry.
Gendreau et al. reviewed a number of approaches to the
problem [78]. If alaser beacon is placed on the lens spacecraft
and viewed against background stars, a “super-startracker”
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on the detector spacecraft can in principle provide the
necessary information. Obtaining measurements with the
necessary precision is not out of the question—astrometry
is already in an era where milli-arcsecond accuracy is the
norm and micro-arc-second the target. The problem is
obtaining that precision with faint stars on short enough
time scales. Fortunately various technologies discussed by
Gendreau et al. offer the prospect of gyroscopic systems
that would have sufficient precision to allow interpolation
between absolute fixes from the stellar observations. To
further alleviate the difficulties, Luquette and Sanner [79]
have discussed how knowledge of the dynamics dictating the
spacecraft displacements can help with determining short
term changes to the alignment.

5.4. Field of View. The fields of view of ultrahigh angular
resolution telescopes such as those possible using diffractive
optics are necessarily limited. With a single lens configura-
tion, or with a contact achromatic doublet, the field of view
will simply be the detector size divided by the focal length.
With long focal lengths, reasonable detector sizes imply small
fields of view. Although optical systems with separated lenses
(Section 5.1.5) or with relay mirrors (Section 5.2) can change
the image scale, this would probably be in the sense of
increasing it, so reducing the field of view.

There is, anyway, a basic limitation. If for example micro-
arc-second resolution was wanted over a 1” field of view, a
detector with >10!2 pixels would be needed. The present state
of the art for X-ray detectors in space is indicated by a few
examples. The EPIC camera on XMM-Newton has an array
of 7 CCDs with a total of 2.5 X 10 pixels. The imaging array
of the ACIS focal plane instrument on Chandra has 4 x 10°
pixels in 4 CCDs. Although the e-Rosita telescopes will have
a total area of CCDs about an order of magnitude greater
than present generation X-ray instruments, the pixel size will
be larger to match the telescopes and the number of pixels
will be only just over 10° [80]. Instruments planned for the
IXO X-ray observatory are also in the few megapixel range,
though a single monolithic device will cover 100 cm? [81].

Larger arrays of larger format CCDs are possible.
Although the requirements are a little different for visible
radiation, ESA’s Gaia astrometry mission will have an array
of 106 CCDs covering about half a square meter, with ~ 9 X
108 pixels [82]. The Gaia pixels are rectangular 20 x 30 pm.
Taking 20 ym as a typical dimension, a similar array would
provide a field of view 30 milli-arc-seconds across with 1 y”
pixels at a focal distance of just over 4000 km.

Of course, even where a 10'? pixel detector is available,
it would require an extremely strong source to produce
a significant signal in even a small fraction of the pixels.
Sources of interest for study at the resolution possible with
diffractive X-ray optics are necessarily rather compact.

6. Alternatives to Simple Lenses

Equation (3) implies that sub-micro-arcsecond angular
resolution should be possible with modest sized lenses
working at a few hundred keV. There is a special interest,
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though, in such measurements in the X-ray band. Not only
are the photons more numerous, but the emission spectra of
AGN typically show strong emission lines in the region of
6.7 keV associated with highly ionized Fe. These lines carry
important diagnostic information because they are shifted
in energy both by gravitational redshifts and by the Doppler
effect. Ultra-high angular resolution mapping at energies in
this band would be particularly valuable but would require
lenses 50 m or more in diameter.

Although membrane/unfoldable Fresnel lenses of 25—
100 m diameter for visible light have been proposed [83] and
even been demonstrated on the ground on scales of up to 5m
[84], X-ray lenses of this size would not be easy to engineer
and would actually have an effective area larger than needed
from the point of view of photon flux.

A PFL with a partially filled aperture can be envisioned.
It could comprise subsections of a PFL mounted on multiple
spacecraft distributed over a plane [66, 85]. The system
then becomes somewhat similar to that proposed within the
studies of the proposed MAXIM (Micro-Arcsecond-X-ray
IMager) mission in which mirror assemblies on spacecraft
distributed over a plane would divert radiation to form
fringes on a detector situated at a large distance [86]. In both
cases tight control of the distances of the spacecraft from the
center of the array would be needed (to a fraction of py;, for
the partially filled PFL; similar for a MAXIM formation of the
same size). The differences are (1) that the subsections of a
partially filled aperture PFL would concentrate flux, whereas
the plane mirrors proposed for MAXIM would not and (2)
mirror reflection is achromatic, whereas the PFL subsections
would divert radiation by a wavelength-dependent angle
and fringes would only be formed where the concentrated,
deflected, beams cross. The bandwidth over which fringes
appear can be improved by altering the radial dependence
of the pattern pitch in the PFL in ways analogous to X-ray
axicons and axilenses. In the constant pitch (axicon) case
one has a MAXIM-like interferometer in which the beam
diverters are blazed diffraction gratings, and the borderline
between imaging and interferometry becomes blurred.

7. Conclusions: Status and Prospects

As mentioned in the introduction, diffractive X-ray tele-
scopes presently exist almost entirely as concepts and pro-
posals on paper. Some work has been conducted on verifying
that no problems exist and on demonstrating feasibility using
scaled systems [87] fabricated by gray scale lithography [88].
By scaling down in radius (but not in thickness) the form
of a large PFL that might be used for astronomy, the focal
length is reduced. Lenses a few mm in diameter and with
a focal length of ~100m can act as models of ones, say, a
few meters in diameter for which f ~ 100km. With this
reduced focal length testing is possible using existing ground-
based facilities such as the 600 m long X-ray interferometry
testbed at NASA-GSFC [89, 90]. Ironically the smaller lenses
are more difficult to make than a flight lens would be, because
the period of the profile is correspondingly reduced.
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Tests and developments of small-scale PFLs, using
various fabrication techniques and including achromatic
combinations are continuing [91]. Progress to a micro-arc-
second mission would probably be through an intermediate
level “pathfinder mission” Braig and Predehl [55] have
suggested a concept in which a 3.5m lens is divided radially
into two regions operating, respectively, at 5 and 10 keV. Each
would be made from many small achromatic segments whose
outputs are assumed to add incoherently so the angular
resolution is ~1 milli-arcsecond. Note that the proposed
use of Lithium for the 5 keV component is unlikely to be
practicable due to fabrication difficulties and to oxidation.

A specific proposal for a pathfinder mission, MASSIM
[92], operating in the milli-arcsecond regime has been made
in the context of NASA’s “Advanced Mission Concept Stud-
ies”. With a focal length of 1000 km, MASSIM would provide
sub-milli-arc-second resolution with an effective area of
2000—4000 cm? over a pseudo-continuous 5-11keV band
using five 1 meter diameter achromatic lenses. MASSIM
would allow important scientific objectives to be achieved, in
particular allowing the imaging of the inner regions of jets
where the acceleration takes place, while at the same time
providing a stepping stone to an eventual micro-arc-second
mission. It requires two spacecraft, one station keeping with
respect to the other another to a fraction of a meter. A major
technology driver would be the determination of direction
of the actual line of sight with an accuracy corresponding to
the target resolution. The proposed pointing determination
method involves a state-of-the-art startracker on the detector
spacecraft viewing the sky and simultaneously a beacon on
the spacecraft carrying the lenses.

Another possible route forward is through solar imagery
where even small diffractive lenses, little larger than those
already demonstrated and having modest focal lengths
(<100 m), could provide images of Fe line emission ~6.7 keV
from active regions with an angular resolution many times
better than any yet achieved.

In conclusion, diffractive optics offer a new family of
possibilities for telescopes. Despite drawbacks in terms of
inconvenient focal lengths and limited field of view and
bandwidth, the potential that they have for flux concen-
tration even at high energies and, in particular, for superb
angular resolution suggests that in due course they will find
their place in the range of techniques available to X-ray and
gamma-ray astronomy.
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A Fresnel zone plate (FZP) with 35 nm outermost zone width has been fabricated and tested in the hard X-ray region. The FZP
was made by electron beam lithography and reactive ion etching technique. The performance test of the FZP was carried out
by measuring the focused beam profile for coherent hard X-ray beam at the beamline 20XU of SPring-8. The full width at half
maximum of the focused beam profile measured by knife-edge scan method is 34.9 + 2.7 nm, that agrees well with the theoretical
value of diffraction-limited resolution. Applications to scanning microscopy were also carried out.

1. Introduction

Many types of optical elements for X-ray microfocusing
and microimaging in the hard X-ray regions have been
developed. Fresnel zone plates [1], total reflection mir-
rors [2], multilayer mirrors [3], refractive lenses [4], and
multilayer Laue lenses [5] were fabricated and applied to
microfocusing of synchrotron radiation X-rays. At present,
the Fresnel zone plate (FZP) manufactured by electron beam
lithography is one of the best optical elements for X-ray
microscopy because of its high spatial resolution (better than
50 nm), negligibly small coma and small field distortion. The
chromatic aberrations of FZP are usually ignorable in the
hard X-ray region, because the crystal monochromators used
in the synchrotron radiation beamlines produce sufficient
monochromaticity for hard X-rays (A/AL ~ 10000). Thus,
the spatial resolution of FZP optics is simply determined by
the numerical aperture and by the accuracy of zone structure.

Spatial resolution of about 30nm is already achieved
with conventional FZPs. However, these results are carried
out using third-order diffraction of FZP with an outermost
zone width of 50 nm [1, 6]. Although a gold zone plate
with 24 nm outermost zone width is also fabricated and
tested in hard X-ray region [7], its spatial resolution has
not been reported. Some X-ray focusing optics of spatial
resolution better than 30nm is already reported [2, 5].

However, they are still one-dimensional focusing, and these
optical elements, the multilayer Laue lenses, or the aspherical
Kirkpatrick-Baez mirrors are not image-forming optics. The
Fresnel zone plate in the hard X-ray region is an almost ideal
image-forming optical devise up to a spatial resolution of
around 10nm [8, 9]. Therefore, the conventional FZP is
still indispensable for hard X-ray microscopy. In this report,
recent development of FZP with an outermost zone width
of 35 nm is presented, and characterization of the FZP in the
hard X-ray region is described.

2. Fresnel Zone Plate Fabrication

The FZP was fabricated at NTT-AT Nanofabrication by elec-
tron beam lithography and reactive ion etching technique.
The fabrication process of FZP is shown in Figure 1. The
substrate is composed of 2 ym silicon nitride (SiN) mem-
brane deposited on a Si wafer by low pressure chemical vapor
deposition (CVD) method. Tantalum film with a thickness of
0.175 ym was deposited by rf-sputtering method, and SiO,
film was deposited by electron cyclotron resonance (ECR)
plasma CVD method on the Ta layer as an etching mask of
Ta. The FZP patterns were written by point electron-beam
exposure method. The SiO; film was etched with resist mask
by the reactive ion etching, and the Ta film was dry-etched
with SiO, mask by an ECR ion-stream etching. Finally, the
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FIGURE 1: Processing step of Fresnel zone plate manufacturing.

Si wafer was back etched with KOH solution for windowing.
The details of fabrication method of tantalum zone plates at
the NTT-AT Nanofabrication are already reported elsewhere
(10, 11].

Schematic drawing of the FZP structure and its SEM
image is shown in Figure 2. The design width of outermost
zone that determines the diffraction-limited resolution is
35nm. The SEM image shows a cross section of outermost
zone structure that was prepared from the duplicated FZP.
Fine zone structures of 35nm width are precisely formed
as shown in the figure. The zone pattern is designed by the
simple formula of FZP as

rﬁ:n/lf, (1)

where n is integer of zone number, A is an X-ray wave
length, and f is focal length. We used a parameter set of A
= 0.155nm (hv = 8keV) and f = 40 mm. Comparing with
the spherical-aberration-corrected exact equation of zone
pattern for focusing a plane wave,

212
rﬁznkf—i—%, (2)

it is required that f is much greater than nA/4 for the ignor-
able spherical aberrations [12]. According to the Rayleigh’s
quarter wavelength rule [13], the spherical aberration can be
ignored, when the following condition is satisfied [8]:

2
N7 < § (3)
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Here, N is total number of zone. In order to satisfy the
Rayleigh’s 1/4 rule, we chose N = 1265, that is, ry = 88.56 ym
(diameter of 177.12 ym). Then, the outermost zone width
becomes 35.00 nm. The A/4 rule is satisfied in the wavelength
region shorter than 2.8 nm. Thus, the spherical aberration
can be ignored in the hard X-ray region.

The theoretical spatial resolution (Rayleigh resolution
limit) for the first-order diffraction of FZP is known to
be 1.22dy, where dy is the width of outermost zone [12].
Therefore, if the zone structure is ideal, spatial resolution of
the FZP could be 43 nm. It should be noted that the knife-
edge scan method, which is generally used for measuring the
focused beam shape, gives a line spread function of beam
profile. The line-spread-function, LSF(x), of a diffraction-
limited focal spot for circular aperture lens is given by one-
dimensional integral of point spread function as

- 7 L)

—o0 x2 +)/2

dy, (4)

where Ji(x) is a Bessel function of the first kind. The
Rayleigh’s criterion for spatial resolution is defined by the
first minimum of the Bessel function as Ji(x;) = 0,
and the solution of x; = 1.2207 is usually used as a
definition of diffraction-limited resolution [13], while the
full width at half maximum (FWHM) of point-spread-
function, {2J; (x)/x}z, is 1.02907. It is shown by the numer-
ical calculation of the above formula that the FWHM of
line-spread-function is given by x = 1.00167. Therefore,
the FWHM of line-spread-function is nearly equal to the
outermost zone width of ideal FZP, and the theoretical
FWHM of knife-edge scan profile for the diffraction-limited
micro focus beam is 1.0016dy.

The calculated diffraction efficiency for the 0.175um-
thick tantalum FZP is only 0.8% for 8keV X-rays. This
low efficiency may sometimes be a problem for nanobeam
applications or for imaging microscopy because of low signal
intensity. However, the low diffraction efficiency can be com-
pensated by high brilliance X-ray sources. Some scanning
microscopy experiments can be carried out with this zone
plate, and the application to the imaging microscopy would
also be capable at the expense of relatively long exposure time
and high radiation dose to specimen. This low diffraction
efficiency is not a problem for characterization of FZP.

The thickness of FZP (0.175 ym) is, however, not opti-
mized for 8 keV X-rays. The optimum thickness of Ta zone
plate for 8keV is 1.9 ym. Therefore, higher aspect ratio of
zone structure is required for improvement of diffraction
efficiency. The aspect ratio of tantalum one-to-one zone
structure is presently limited by technological reason, mainly
for reactive dry-etching process. The present limit of aspect
ratio is about 10. The aspect ratio doubling by stacking two
zone plates [7] would be a promising method for higher
diffraction efficiency. Zone material of high electron density
is adequate for X-ray zone plates, because the optimized
thickness is in proportion to the reciprocal of electron
density. Gold is generally chosen as the zone material for
its high density and fabrication technology, for example,
electroplating of gold. The density of tantalum is less than
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FIGURE 2: Schematic drawing and cross-sectional SEM image of Fresnel zone plate fabricated by electron beam lithography method. Width

of outermost zone is 35 nm.
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FiGUre 3: Experimental setup for X-ray nanofocusing at the beamline 20XU of SPring-8. FZP: Fresnel zone plate. OSA: order selecting
aperture, a pinhole with 20 ym-diameter made of 0.3 mm-thick platinum plate. Beam Stop: direct beam stop for dark-field edge-scan,

tantalum 3 mm-thick plate.

that of gold by about 14%. Therefore, the zone plate made
of Ta usually gives lower efficiency than that made of Au in
the case of same zone thickness. However, we consider that
the difference of diffraction efficiency is not significant, and
the tantalum is also one of the best materials for hard X-ray
zone plates. In some cases, for example, near the absorption
edge of gold, tantalum zone plate with the same thickness can
give slightly higher efficiency than gold zone plate.

3. Performance Test of FZP

Performance test of the FZP as a nanofocusing optics has
been carried out at the beamline 20XU [14] of SPring-
8. A schematic view of the experimental setup is shown
in Figure 3. An X-ray energy of 8keV was chosen in the
experiment. The energy resolution of monochromator is
about 1.1eV for 8keV X-rays. To avoid the chromatic
aberration of FZP optics, the relative spectral bandwidth of
incident X-ray beam, AA/A, must be less than or equal to the
inverse of total number of zone [12], as

A1

— < —. 5
Comparing with the zone number of the FZP, N = 1265, the
monochromaticity of AE/E ~ 1/7000 is sufficient for testing
the performance of FZP.

FWHM
= 34.4nm

Normalized intensity (a.u.)

[N IR
—100 —-50 0 50 100 150
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-150

FIGURE 4: Focused beam profile measured by dark-field edge scan.
Edge scan was carried out with 3.125nm step and 1 s integration
time per point. X-ray energy is 8 keV. An edge of tantalum thin film
(0.5 ym-thick) is used as a knife-edge. Solid circles are measured
data, and the red line represents theoretical profile for ideal circular
aperture lens. Signal current of ionization chamber is about 2 pA at
the peak.
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FIGUrEg 5: Modulation transfer function. Solid circles are MFT calculated from the measured beam profile shown in Figure 4. Red line is
theoretical MTF obtained by numerical calculation of line-spread function.
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FIGURE 6: Schematic view of scanning microscopy setup for bright and dark field method. A lead thin plate (0.5 mm) beam stop is mounted
on a rotating stage, and bright-field and dark-field imaging can be exchanged by rotating the beam stop.

The monochromatic beam is transported through the
200-m-long vacuum duct and is extracted in to the air at
an end experimental station located at approximately 245 m
from the light source. A precise cross slit located 49 m from
the source is used as a pseudopoint source for determining
the spatial coherence at the end station. The cross slit with
an opening of 50 ym X 50um was used in the present
experiment. Therefore, the geometrical spot size for an FZP
with a focal length of 40 mm becomes 10 nm that is much
less than the diffraction-limited resolution of the FZP. There
are no optical elements between the cross-slit virtual source
and the experimental station, except for a beamline X-ray
window made of 125 ym-thick polyimide.

The focus spot profile is evaluated by knife-edge scan
method. However, it is difficult to fabricate precise knife-
edge for characterization of nano-focusing beam, because of
high transmissivity of hard X-ray beam. So, the conventional
knife-edge test cannot be used for the present experiment.

We employed dark-field method for the knife-edge test [1].
A pattern edge of tantalum resolution test chart is used as a
knife-edge. The thickness of tantalum test pattern is 0.5 ym,
which corresponds to an optical path difference of about 1/8
at an X-ray wavelength of 0.155nm. The intensity of the
diffracted wave takes its maximum at an optical thickness of
A/2 for phase edge. Therefore, from point of view of signal
intensity, the optimum thickness of knife-edge for dark-field
method is 1/2. However, the thickness of /8 is still sufficient
for the beam profile measurement. The thicker knife-edge
may give higher dark-field signal, but the thickness must be
much less than the depth of focus that is 7.9 ym in the present
experimental condition. The test pattern edge was set parallel
to the optical axis in order to avoid broadening of edge-scan
profiles. The misalignment of substrate of test pattern was
within an angle of about 0.3 degree.

The knife-edge scanning was carried out using a conven-
tional mechanical stage driven by an open-loop-controlled
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FIGURE 7: Scanning microscopy images of line and space test patterns. X-ray energy is 8keV. (a) Bright field image, 50 nm pixel size and
0.2 s dwell time. (b) Dark field image, 12.5 nm pixel size and 0.2 s dwell time. (c) Schematic drawing of line and space patterns. Black area

corresponds to tantalum-deposited regions.

step motor. The accuracy of the translation stage is measured
to be better than 10nm [15]. The X-ray beam intensity
was measured with ionization chamber detectors with 14 cm
electrode length. One is an air-flowed ionization chamber
placed in front of the FZP, and the other is an argon-flowed
ionization chamber behind the knife-edge. A beam stop is
placed in front of the argon-flowed ionization chamber for
the purpose of dark-field edge scan.

A typical example of measured beam profiles is shown in
Figure 4. The FWHM of the focused beam profile shown in
Figure 4 is 34.4 nm. The accuracy of beam size measurement
was estimated from repeatability of measured beam size.
The average of thirteen measurements around the focus is
34,9 nm, and the error of beam size measurement is 2.7 nm
in standard deviation. Therefore, it is concluded that the
focused beam size is 34.9 nm + 2.7 nm in FWHM. As shown
in the figure, the measured beam profile agrees well with the
theoretical one. It is concluded that nanometer-resolution
imaging is capable in the hard X-ray region by using the
FZP as a beam-focusing device or as an objective lens for
imaging microscopy. The measured diffraction efficiency of
the FZP is 0.7% for 8keV X-rays. This value agrees well
with the theoretical efficiency (0.8%) of 0.175 ym-thick Ta
zone plate. Modulation transfer function (MTF) obtained
from the measured beam profile in Figure 4 is shown in
Figure 5. The Rayleigh’s resolution limit (1.22dy) for 35 nm
outermost zone width that corresponds to a spatial frequency
of 23.4um™! is indicated by an arrow in the figure. The
measured MTF at 23.4 cycle/um is about 10%.

4. Scanning Microscopy Experiments

Experimental setup for scanning microscopy experiment
is shown in Figure 6. Bright field imaging and dark-field
imaging [16] can be exchanged by rotating the beam stop in
front of the detector. The beam stop is made of a lead plate

with a thickness of 0.5 mm. Scanning microscopy images of a
test object are shown in Figures 7(a) and 7(b). The specimen
is resolution test patterns made of 0.5 ym-thick tantalum that
were also fabricated at NTT-AT Nanofabrication by the same
process as that of the FZP. The design feature of line and
space patterns is shown in Figure 7(c). The fine patterns up to
0.2 um were clearly seen in the measured images. The beam
flux at the sample position was about 4 x 10° photons/s,
and signal intensity in dark field mode was 2 x 10°
photons/s.

Although the design of test pattern has the 0.1 ym-
wide line and space patterns, the 0.1 ym wide patterns are
not observed in the measure images, and a weak line is
recognized at the right edge of pattern in the dark-field
image where the 0.1 ym-wide line should be seen. The right
edge of the 0.2 ym-line pattern is not observed in the dark-
field image. In addition, in the bright-field image, there is
a faint contrast pattern at the right side of the 0.2 ym-line
pattern. From these results, we consider that the 0.1 ym-
wide pattern is provably collapsed or slanted and contacts to
the neighboring 0.2 ym-wide line pattern. The 0.1 ym-wide
line and space patterns are unfortunately imperfect in the
measured portion of large test patterns.
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