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Single Crystal Silicon X-ray Mirrors for Astronomy

William W. Zhang
NASA Goddard Space Flight Center
Greenbelt, MD 20771 USA

Introduction

X-ray mirror assemblies are of paramount
importance for astronomy. They image as well as
concentrate the extremely faint X-ray fluxes that are
typical of astrophysical sources. In combination with
sensitive detectors, they have been advancing our
knowledge of the Universe from as near as the Solar
System to as far as the most distant galaxies. It is no
wonder that X-ray astronomers are in constant
pursuit of ever better X-ray optics. “Better” is
measured by three metrics: higher angular resolution,
lighter weight per unit photon-collecting area, and

lower production cost per unit photon-collecting area.

These three metrics define the usefulness of an X-ray
mirror technology. They result from the desire of
astronomers to have better point-spread-function
(PSF) and large photon-collecting area and the fact
that X-ray astronomical observation can only be
conducted above the atmosphere on satellites
orbiting the Earth. This desire is further
compounded by the nature of X-rays that only reflect
at grazing angles, requiring gigantic physical mirror

areas to achieve a modest photon-collecting area.

Over the past five decades, many groups all over the
world have advanced and developed many
successful ways of making X-ray mirror assemblies
for astronomy, culminating in the successful
implementation of four X-ray observatories in the

last two decades: Chandra, XMM-Newton, Suzaku,

and NuSTAR, three of which are still currently in

operation.

In this Newsletter; after a brief review of the state of
the art of X-ray mirror making, | will describe an X-ray
mirror technology that my group at NASA Goddard
Space Flight Center has been developing. It uses
knowledge and lessons learned from past mirror
technologies and has the potential of making
lightweight diffraction-limited X-ray mirrors at
affordable cost for future astronomical observatories,
both large and small, ranging from flagships such as
Lynx, to Probes such AXIS and TAP, as well as small
observatories such as FORCE and STAR-X.

State of the Art

Each successful X-ray mirror assembly is a
scientifically useful compromise among three
metrics of PSE photon-collecting area, and cost in its
specific context of technology, budget, and spaceflight
opportunity. Of the three in operation, Chandra’s
mirror assembly, implemented at a huge cost using
modern  grind-and-polish  technologies, was
optimized for PSF at the expense of photon-collecting
area. NuSTAR's mirror assembly, however,
implemented at an extremely low cost using a glass-
slumping technology, was optimized for photon-
collecting area at the expense of PSE Chandra’s
mirror assembly was extremely heavy, whereas
NuSTAR’s very lightt XMM-Newton’s mirror

assemblies, implemented at a moderate cost using



electroforming technology, had a moderate PSE a
moderate photon-collecting area, and a moderate

weight.

The holy grail of X-ray mirror development over the
last three decades has been to develop a process that
can make mirror assemblies that simultaneously
meet the three-fold requirement: PSF as good as, if
not better than, Chandra’s 0.5” HPD, photon-
collectingarea per unit mass as low as NuSTAR’s, and
production cost per unit photon-collecting area as
low as possible, comparable to those of NuSTAR’s

and Suzaku’s.

New Paradigm Based on Single Crystal Silicon
The experience of past 50 years of making X-ray
mirrors indicates that, at any given time, the
polishing process achieves the best PSE but its
mirrors are heavy and expensive. The prime
examples of the application of the polishing
technology are Einstein, ROSAT, and Chandra.
Replication processes, whether based on epoxy or
electroforming or glass slumping, on the other hand,
achieve only modest PSF at extremely light weight
and low cost. The prime examples of the application
of the replication process are EXOSAT, Suzaku, and
NuSTAR.

In 2011 I realized that combining single crystal
silicon (SCSi) and precision polishing technology will
enable the making of the best possible lightweight X-
ray mirrors. The polishing technology has been
advancing by leaps and bounds in the past several
decades, realizing ever more deterministic and
precise material removal without exerting undue
stress that typically can break thin substrates. The
SCSi material is free of internal stress and therefore
allows the material removal process to be the only

one changing the figure of the thin mirror segment as

opposed to a typical material where relief of internal
stress can change the figure unpredictably as a result

of material removal.

SCSi Mirrors

We have chosen SCSi for several reasons. First of all, a
single crystal represents the lowest energy state of a
collection of atoms. In other words, one cannot lower
the binding energy of the collection by rearranging
the configurations of the many atoms. As such, the
entire block of silicon is free of internal stress. This is
in direct contrast with the typical block of non-
crystalline material that contains grain boundaries
where energy is stored. Any change in the
configuration of these boundaries can result in
release of energy, causing change in the shape of the
block. Unfortunately, the change is not predictable.
Second, silicon has a low density. At 2.35 g/cm3,
silicon’s density is among the lowest of materials that
can be used for making optics. Third, silicon has a
very high thermal conductivity, about 100 times
higher than the typical glass such as Pyrex, or glass
ceramic such as Zerodur, making it much easier to
achieve thermal equilibrium in a typical spaceflight’s
hostile thermal environment. Fourth, silicon has a
relatively high elastic modulus, about twice the value
of a typical glass, making it much less susceptible to
figure distortion that can be caused by stray forces.
Last but not least, silicon is the foundational material
of the semiconductor industry. Many techniques and
equipment have been developed in the last five
decades to process it. In particular, as a result, very
large blocks of single crystals are available
abundantly and inexpensively, which is not the case
with any other material. All things considered, SCSi is
an ideal material for making lightweight X-ray

mirrors for spaceflight.



Figure 1 shows a typical SCSi mirror segment that
will be the most basic element for building a large X-
ray mirror for space flight It measures
approximately 100 mm in the optical axis direction,
100 mm in the azimuthal direction, and 0.5 mm in
thickness (or in the radial direction). Compared to
Chandra’s mirror shell thickness, this mirror
segment is about 32 to 50 times thinner, making it 35
to 55 times lighter after accounting the density

difference between silicon and Zerodur.

Figure 1. A typical SCSi mirror segment,
measuring approximately 100 mm by 100

mm by 0.5 mm.

The dimensions of the basic mirror element are
determined by a combination of several factors,
including dimensions of easily available and
affordable  single crystal silicon  blocks,
semiconductor industry processing equipment,
gravity distortion when the mirror segment is
kinematically supported at four optimal locations,
and the fact that shorter axial lengths lead to better
off-axis PSE

In the last few years, my group at NASA GSFC has
developed a process that can make mirror segments
to a quality of better than 0.5 arc-seconds HPD (two
reflection equivalent). These mirror segments are
comparable to, in some cases slightly better than, the
Chandra mirror elements. We expect to continue to
improve and perfect the process in coming years to
achieve better PSF and to reduce fabrication time and

cost.

Coating

A bare silicon surface has a relatively low reflectance
of X-rays. It must be coated with a thin film of iridium
or similar material to enhance its reflectance.
Unfortunately, even a thin, about 30 nm, film of
iridium can severely distort the figure of a 0.5mm
thick silicon mirror segment as shown in Figure 1. In
collaboration with colleagues at MIT, my group has
developed a process using silicon oxide to balance
the iridium stress. The basic idea of the process is

illustrated in Figure 2.

I
Si Oxide
Si Mirror
Si Oxide
Si Mirror

— Ir Coating

After

Oxide

Layer

Figure 2. An illustration of a process to balance
the coating stress caused by a film of iridium
on one side of the mirror segment by a film of

silicon oxide grown on the other side.

The stress-balancing process takes advantage of the
oxide growth process that has been developed and
perfected by the semiconductor industry, including

commercially available equipment.



As of mid-2018, we have been able to demonstrate
that the figure distortion as aresult of iridium coating
can be reduced to less than 0.3 arc-seconds HPD (two
reflection equivalent), making it possible to build a
sub-arc-second X-ray mirror assembly for missions
such as Lynx and AXIS, both of which are under study
by NASA as potential major missions in the 2020s
and 2030s.

Alignment

Once fabricated and coated, each mirror segment
needs to be aligned and integrated with other mirror
segments. The alignment of the mirror segment is
achieved by supporting it at four locations, using
gravity as the nesting force. The four locations are
optimized so as to minimize gravity distortion and
frozen-in distortion when the mirror segment is
bonded. Perhaps not entirely obvious, four posts, as
shown in Figure 3, are necessary and sufficient to
uniquely determine the location and orientation of
an X-ray mirror segment. A set of Hartmann
measurements, interrogating about a dozen axial
lines of each mirror segment, are used to determine
the orientation of the mirror segment. These
measurements are in turn used to determine the
height error of each of the fours posts. The iterative
process of measurement and correction of the posts’
heights have shown to converge quickly and lead to

desired alignment of the mirror segment.

As of the middle of 2018, we have been able to align
each mirror segment to its prescribed configuration
with an error on the order of about 1 arc-second HPD
(two reflection equivalent), which is currently
dominated by systematic effect associated with
diffraction of the laser beam. We expect to reduce
substantially this error by using an incoherent light

source with a shorter wavelength.

X — Gravity
Y — Circumferential
Z - Optical Axis

Figure 3. Ilustration of how a mirror segment
1s supported by four posts kinematically. The
distortion caused by gravity is easily and
accurately predicted by finite-element analysis.
Four posts are necessary and sufficient to
determine the configuration of the mirror

segment.

Bonding

Once the mirror segment is determined to have
achieved alignment on the four posts, it is removed
from the four posts. After a small amount of epoxy is
applied to each of the four posts, the mirror segment
is placed on the four posts again. After the epoxy

cures completely, the mirror is permanently bonded.

Modules

The four technical steps described so far ie, 1)
mirror fabrication, 2) coating, 3) alighment, and 4)
bonding, combine to make the mirror modules, as
shown in Figure 4. A mirror module typically
contains tens of mirror segments precisely aligned

and bonded, representing the first of three levels of



integration, the other two being the meta-shell and

the mirror assembly.

Figure 4. The mirror module consists of tens
of mirror segments, both primary and
secondary, precisely aligned and permanently
bonded together. The three sets of segments
are secondaries (top), primaries (middle), and
stray light baffles (bottom) which are not
polished.

Each mirror module is qualified by performance
testing and spaceflight environmental testing. The
performance testing includes the measurement of
its image quality and effective area at various X-ray
energies. The environmental testing may include
vibration, thermal vacuum, and acoustic to ensure
that not only the module maintains its structural
integrity but also its performance before, during,

and after being launched on a rocket.

Meta-shells

The next level of integration after the mirror module
is the meta-shell which consists of a number of
identical modules aligned and bonded to two silicon
rings, a forward ring and an aft ring, as shown in
Figure 5. When completed, each meta-shell
undergoes qualification testing to ensure its
structural integrity and to ensure that all modules
have been properly aligned and attached without

compromising imaging performance.

Figure 5. Many identical modules are aligned
and bonded together to form a meta-shell.

Mirror Assembly

Having been built and qualified, each meta-shell is
aligned and integrated on a spider web to form the
mirror assembly. While this alignment and
integration must be engineered and done with great
care and sophistication, it does not involve any new
technology because substantially similar work has

been done for many past spaceflight missions. Figure



6 shows an artist’s rendition of a very large X-ray

mirror assembly; consisting of 12 meta-shells.

Figure 6. An artist's rendition of an X-ray
mirror assembly based on our technology

described in this paper.

All things considered, a mirror assembly built using
the process described so far has the following
characteristics.

1. It has the potential of reaching better, possibly
much better; than the 0.5” HPD angular
resolution of Chandra.

2.  Itsmass perunit photon-collecting, aka effective,
area is 20 to 50 times lighter than Chandra. In
other words, for the same given mass, this
technology can build a mirror assembly that has
20 to 50 times more photon-collecting area.

3. For a number of reasons, most important of
which is the use of mass production technology

by the

semiconductor industry, this technology is

and equipment developed

capable of reducing the production cost of a

10

mirror assembly by at least a factor of ten on a
per unit photon-collecting area basis.
Similar comparisons can be made of this technology
with the technologies that were used to build XMM-
Newton, Suzaku, and NuSTAR mirror assemblies.

Prospects

The approach and technical elements described in
this been undergoing rapid
development at NASA Goddard Space Flight Center.

Newletter has

We expect to continue to develop and mature this
approach in the coming years to enable one or more
of the many missions that are currently under study;
including AXIS, Lynx, TAP, HEX-P, FORCE, and STAR-X.
Our development is to realize ever higher resolution
and at an ever-lower production cost while
maintaining the lightweight nature of this technology.
We hope to achieve sub-arc-second X-ray images in
2019 and reach 0.1” HPD by some time in the 2020s.
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