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Summary

X-ray telescopes are essential to the future of x-ray astronomy. This paper describes a comprehensive program to
advance the technology for x-ray telescopes well beyond the state of the art represented by the three currently
operating missions: Chandra, XMM-Newton, and Suzaku. This program will address the three key issues in making
an x-ray telescope: (1) angular resolution, (2) effective area per unit mass, and (3) cost per unit effective area. The
objectives of this technology program are (1) in the near term, to enable Explorer-class x-ray missions and an IXO-
type mission, and (2) in the long term, to enable a flagship x-ray mission with sub-arcsecond angular resolution and
multi-square-meter effective area, at an affordable cost. We pursue two approaches concurrently, emphasizing the
first approach in the near term (2-5 years) and the second in the long term (4-10 years).

The first approach is precision slumping of borosilicate glass sheets. By design and choice at the outset, this
technique makes lightweight and low-cost mirrors. The development program will continue to improve angular
resolution, to enable the production of 5-arcsecond x-ray telescopes, to support Explorer-class missions and one or
more missions to supersede the original IXO mission.

The second approach is precision polishing and light-weighting of single-crystal silicon mirrors. This approach
benefits from two recent commercial developments: (1) the inexpensive and abundant availability of large blocks of
monocrystalline silicon, and (2) revolutionary advances in deterministic, precision polishing of mirrors. By design
and choice at the outset, this technique is capable of producing lightweight mirrors with sub-arcsecond angular
resolution. The development program will increase the efficiency and reduce the cost of the polishing and the light-
weighting processes, to enable the production of lightweight sub-arcsecond x-ray telescopes.

Concurrent with the fabrication of lightweight mirror segments is the continued development and perfection of
alignment and integration techniques, for incorporating individual mirror segments into a precision mirror assembly.
Recently, we have been developing a technique called edge-bonding, which has achieved an accuracy to enable 10-
arcsecond x-ray telescopes. Currently, we are investigating and improving the long-term alignment stability of so-
bonded mirrors. Next, we shall refine this process to enable 5-arsecond x-ray telescopes. This technology
development program includes all elements to demonstrate progress toward TRL-6: metrology; x-ray performance
tests; coupled structural, thermal, and optical performance analysis, and environmental testing.
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1. Introduction

The importance of x-ray optics was duly recognized as soon as celestial x-ray sources were discovered (Giacconi &
Rossi 1960). In a sense, the past 50 years of x-ray astronomy represent a continual push of the envelope of optics
manufacturing technology to satisfy the observational priority at any given time. The three currently operating
missions,—Chandra, XMM-Newton, and Suzaku—are culminations of those efforts.

Each of those x-ray telescope systems is a scientifically useful compromise amongst three parameters: angular
resolution, effective area per unit mass, and cost. Chandra (Gordon & Catching 1994) achieves an exquisite
angular resolution (0.5-arcsecond half-power diameter, HPD), but a relatively small effective area (800 cm’at 1
keV, for 1,500 kg mass), at a very high cost ($600M in 1995). Suzaku (Serlemitsos et al. 2007) achieved a large
effective area (400 cm”at 1 keV, per telescope), for very little mass (16 kg per telescope), at a very low cost ($1M
per telescope), but with poor angular resolution (120-arcsecond HPD). XMM-Newton (Gondoin et al. 1994), with
moderate angular resolution (15-arcsecond HPD) and large effective area (1,500 cm?” at 1 keV, for 420 kg mass),
falls between Chandra and Suzaku in this parameter space.

Three parameters characterize an x-ray optics technology: (1) angular resolution, (2) effective area per unit mass,
and (3) cost per unit effective area. In terms of the first two parameters, Figure 1 shows that the three current
missions form a boundary separating the past and future of x-ray telescopes. The upper left embodies the past:
Telescopes are relatively easy to build but less powerful. The lower right embodies the future: Telescopes are more
powerful but challenging to build; thus they require significant technology development.
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Figure 1.—Angular resolution and effective area per unit mass of the three currently operating x-ray telescopes. This
technology program starts with Suzaku’s effective area per unit mass and strives to improve its angular resolution. The
short-term goal is to achieve 5-arcsecond HPD (half-power diameter) required by the IXO mission concept; the long-
term goal is to meet the requirements of the Generation-X advanced concept (Zhang et al. 2001; Windhorst et al. 2006).

IXO’s science goals and mission implementation were well received by the Astro-2010 Decadal Survey. However,
IXO’s ranking as fourth priority makes it infeasible to begin development before 2020, owing mainly to its
perceived technical risk and high cost. The perceived risk results primarily from the absence of a demonstrated
technology for cost-effective manufacturing the x-ray telescope. The IXO telescope would have had an outer
diameter of 3 meters, an effective area of 3 m? at 1 keV, and an angular resolution of 5 arcseconds. As our
community regroups to prepare for one or more missions that can accomplish IXO’s major science goals at a much
lower (<<$5B) cost, we recognize that any replacement mission will need x-ray optics that provide similar or better
angular resolution (5 arcseconds), at a credibly and significantly lower cost. Table 1 lists several mission concepts
that could accomplish some or all the scientific objectives of IXO.



Table 1.—Each of these example mission concepts could realize some of IXO’s science goals at a much lower cost. A common
feature of these concepts is the need for an x-ray telescope with good angular resolution and large effective area at a relatively
low cost: These are exactly the goals of this technology-development program.

Mission Concepts

Major Science Goals

X-ray Telescope Requirements

De-scoped IXO with both
gratings and calorimeters
(AXSIO, Bookbinder et al.
2011)

Matter under extreme conditions;
Neutron star equation of state; Black
hole evolution; Large scale structure;
Galaxy clusters; etc.

A mirror assembly similar to IXO’s
with a smaller diameter, but with ~10
arcsecond angular resolution

Soft X-ray spectroscopy
with  gratings (AEGIS,
Bautz et al. 2011)

Inter-galactic and inter-stellar media;
Astrophysical ~ plasmas; Star-burst
galaxies, Galaxy clusters; SNRs, etc.

A mirror assembly with an angular
resolution of 10 arcseconds or better,
but with several thousand cm’ of
effective area at 1 keV

Soft X-ray spectroscopy
with calorimeters (SaHara,
Mushotzky et al. 2011)

Clusters of galaxies; Star-burst galaxies;
SNR; etc.

A mirror assembly with an angular
resolution of 5 arcseconds or better, but
with several thousand cm? of effective
area at 1 keV

Hard X-ray telescopes
(BEST, Krawczynski et al.
2011; HEP, Harrison et al.
2011)

Black hole spin; Cosmic hard x-ray
background; AGNs, etc.

Multiple mirror assemblies, each of
which is comparable to a NuSTAR
mirror assembly but with ~10 arcsecond
angular resolution

We adopt a two-pronged approach to develop the necessary technologies for making future x-ray telescopes. As the
first prong, in order to fulfill the mandate of the Decadal Survey, we continue the development of slumped-glass
technology to ready it for a mission that is substantially similar to, but less expensive than, the original IXO. As of
October 2011, this technology meets angular-resolution, mass, and cost and schedule requirements of building a 10-
arcsecond telescope, such as AXSIO (Bookbinder et al. 2011). At issue is that the technology has not been
rigorously engineered with the building and testing of prototypes to retire cost and schedule risks associated with
implementing a new technology on a relatively large system scale. The thrust of this program is to refine and perfect
the many techniques that have been developed in the last several years, build and test prototypes to demonstrate
TRL-5 in the near term to enable a new mission—such as one of those identified in Table 1— to enter Phase A.

As the second prong, we recognize the obvious desire of astrophysicists for a telescope with an angular resolution
comparable to or better than Chandra’s but with at least one-order-of-magnitude increase in effective area.
Given anticipated budgetary constraints, this telescope has to be manufactured at a cost comparable to that of
Chandra’s telescope ($600M in 1995), or less. Since completion of the Chandra optics, two significant, relevant
developments have occurred. In the semiconductor industry, large blocks of single-crystal silicon have become
abundantly available at low prices. In the optics fabrication industry, several polishing techniques have been
developed and commercialized to make deterministic, precision polishing routine. We shall adapt these two
developments to the process of making lightweight x-ray mirrors, using a two-step process. First a thick silicon
mirror is made by polishing to achieve the best angular resolution possible, ~0.1 arcseconds. In contrast with
ordinary glass or glassy ceramics, monocrystalline silicon has no internal stress. Thus, the light-weighting process
will not change the figure of the monocrystalline-silicon mirror. By design and implementation, this approach can
potentially make lightweight mirrors with exquisite angular resolutions (~0.1 arcseconds). The thrust of our
technology development program in this area is to increase the efficiency and reduce the cost of this process, such
that it is affordable for a flagship x-ray mission in the 2020’s.



2. Technology Development Paradigm and Strategy

In the past, both full-shell designs and segmented designs have been used in building x-ray telescopes. It is generally
accepted that all future large x-ray telescopes will use the segmented design, which is modular and scalable to very
large collecting areas. Larger areas in general require larger diameters and thinner mirrors. These two factors—
large diameter and thin mirrors—render large full-cylinder mirrors impractical to build and measure. In contrast, the
scalability of segmented optics allows the construction of arbitrarily large x-ray telescopes by fabricating and
integrating a large number of small modules, each of which is of a manageable size and relatively stiff.

Figure 2 illustrates the paradigm of the segmented design. The flight mirror assembly is segmented in both radial
and azimuthal directions, into a number of wedge-like modules. All modules are substantially similar in dimensions
and in the number of mirror segments they contain. The entire process of constructing the mirror assembly
comprises three steps: (1) Fabricate the mirror segments necessary to populate the modules; (2) align and attach the
mirror segments into modules; and (3) align and attach the modules into the telescope mirror assembly.

Mirror Segment Mirror Module Telescope

Figure 2.—Hierarchical structure of a segmented design: mirror segment, mirror module, and telescope mirror
assembly. Nominally, a mirror segment is 200 mm x 200 mm; a mirror module contains =100 co-aligned mirror pairs
(primary and secondary); and a telescope mirror assembly comprises of order 100 aligned and integrated modules.

This segmented approach has several practical and important features. The small size of the mirror segments,
typically measuring 200 mm by 200 mm (Biskach et al. 2011), allows them to be measured and manufactured using
existing equipment and facilities. Thus, there is no need to spend an extraordinary amount of money to build unique
facilities. This small size also allows the manufacture and testing of these mirror segments to be contracted to many
vendors, stimulating competition and thereby lowering cost. Another important feature is that many modules are
identical; thus mass production can significantly lower the cost and shorten the schedule of mission implementation.

We adopt a time-tested rigorous approach to the development process, which includes an allocation of the imaging
error budget (Table 2) to the major steps in constructing the x-ray telescope (Figure 2). This strategy requires that
each major step and sub-step meet strict quantitative criteria, without assuming that an un-budgeted error in a
particular step can be corrected in a later step. This minimizes unintended consequences at the systems level. For
example, we don’t attempt to correct an un-budgeted error in the mirror segment, during integration of the mirror
into the module. The rationale is that any correction of mirror figure during assembly will necessarily impart a force
or moment into the module housing, which might distort the housing and ultimately the other mirror segments in the
module. Instead our approach is that each mirror segment exerts no more load to the module housing than its own
weight, which is known and whose effect is accurately predictable.



Table 2.—Imaging error allocation to, and high-level description of, the three major steps in constructing a
segmented x-ray telescope. The four example angular-resolution requirements may entail very different methods for
making mirror segments, as well as for aligning, testing, and qualifying mirror modules.

Near Term Objectives Long Term Objectives
Major Description (2 to 4 years) (4-10 years)
Step 10-arcsec 5-arcsec 1-arcsec 0.1-arcsec
Obs. Obs. Obs. Obs.
Each mirror segment must be good enough in every
aspect: focal length, figure, and micro-roughness.
Mirror Each mirror segment must be individually and
completely and independently measured and <7 <3.5 <0.7 <0.07
segments | \.ified to meet all requirements, in particular the
image performance requirement in the next four
columns
Each mirror module is tested and verified to meet
both performance and environmental requirements;
. With the segmented design, these modules are
Mirror rel'atl.vely small in size anq can be tested w1th. - <5 <25 <05 <0.05
Modules existing equipment or easily constructed facilities;
the module construction process should not
contribute more to the imaging error than the
numbers in the next four columns
Each module must be accurately aligned and located
. to a superstructure. Mechanical, thermal, and other
Flight factors that can potentially degrade image quality
Mirror must be quantified, including launch shifts, gravity <5 <25 <0.5 <0.05
Assembly release, detector pixel size; All these factors should
not contribute more imaging error than the numbers
in the next four columns
(1) Mirror segments are fabricated | (1) Mirror segments must be made
by slumping ordinary glass sheets; | of single crystal silicon for its
(2) Construction and testing of superior thermal and mechanical
modules can be done in an properties;
. ordinary laboratory environment; | (2) Module construction must be
Technology and Implementation Note (3) X-ray performance tests can be | done in a highly regulated and
done with a horizontal x-ray beam | controlled thermal environment;
line that currently exists in many | (3) X-ray performance test must be
places, although preferably in a done with a vertical x-ray beam-
vertical beam-line. line.

3. Technology Development Process

With the strategy outlined above, this technology development program focuses on perfecting several important
techniques, with proper attention to systems-level issues where warranted. This approach will fully develop the
requisite technology and qualify it to TRL-5: “4 medium fidelity system/component brassboard is built and operated
to demonstrate overall performance in a simulated operational environment with realistic support elements that
demonstrates overall performance in critical areas. Performance predictions are made for subsequent development
phases.” (NASA NPR 7120.8 — Appendix J) A higher TRL will be achieved by demonstrating higher-fidelity
mirror modules for specific telescope designs associated with a well-defined mission concept. It is usually fully
achieved by the end of Phase-A or Phase-B.

3.1 Mirror Segment Fabrication

A mirror segment is a figured substrate coated with a reflectance-enhancing metallic film. The coating is typically
an iridium layer (possibly with an overcoating) for a soft x-ray telescope, or multi-layers inter-leaving heavy and
light elements for a hard x-ray telescope. The substrate must meet a number of requirements, including mass per unit
surface area, dimensional accuracy for the installation into a module housing, precise geometric figure for minimal
image blur, and low surface micro-roughness to eliminate unacceptable scattering of x rays.



3.1.1 Mirror Substrate Fabrication

We are developing two totally different methods of substrate fabrication: (1) precision glass slumping and (2)
figuring and polishing and light-weighting of mono-crystalline silicon. The two methods differ in their approaches
and in fundamental considerations.

3.1.1.1 Precision Slumping of Glass

The precision slumping of glass, as illustrated in Figure 3 is a replication technique. It results in lightweight and
inexpensive mirrors starting with thin (0.4 mm or thinner) commercially available glass sheets. From the outset, it
already meets two (light weight and low cost) of the three requirements. Consequently, the objective of the glass-
slumping development is to improve the angular resolution.
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Figure 3.—Left and middle: In the glass slumping process, a thin float-glass sheet slumps under its own weight as the
temperature ramps gradually to ~ 600°C, replicating the mandrel’s precise figure. Right: Histogram of the figure quality
of 32 pairs of consecutively produced mirrors gives a mean imaging quality is 6.5-arcsecond HPD (two reflections),
satisfying the allocation for making a 10-arcsecond telescope.

As of October 2011, we have demonstrated fabrication of forming mandrels (Blake et al. 2011) and reliable
slumping of substrates that meet the requirements of a 10-arcsecond telescope system (Zhang et al. 2011, Chan et al.
2011). Currently produced mirrors consistently exhibit an HPD (two-reflection) close to the 7-arcsecond allocation
(Figure 3, right). In 2012 and 2013 we shall continue to improve the precision of the glass-slumping process toward
reducing the substrate figure error by a factor of two, in order to meet the mirror allocation for a 5-arcsecond
telescope system. Achieving this improvement requires several steps. The first is to reduce mid-frequency ripples
caused by the roughness of the boron-nitride release layer. We have continually reduced this error by inventing new
methods for coating and buffing the release layer. We expect that, with proper funding, we can reduce the roughness
by another factor of two. The second step is to improve the cleanliness of the oven environment in which the
slumping occurs: Dust particles sandwiched between the glass sheet and mandrel cause ripples that degrade the
imaging performance. The third step is to improve the temperature uniformity within the oven: A necessary
conditions for making good substrates is to keep the entire glass sheet in thermal equilibrium, as any temperature
gradient across the glass sheet can cause permanent figure distortion during slumping and cooling.

3.1.1.2 Precision Polishing and Light-weighting of Monocrystalline Silicon

The second method of making mirror substrates, which has been devised and begun to be investigated only recently,
benefits from two technological developments over the past two decades: (1) commercial availability of inexpensive
large blocks of monocrystalline silicon, and (2) commercial availability precision optical polishing machines. The
salient feature of monocrystalline silicon is that it is free of infernal stress because each atom is in its proper
position. In contrast, glass or other materials from which optics are usually made have large internal stresses. An
important consequence of this difference in internal stress is that a thick silicon mirror can be light-weighted without
losing its figure, provided that surface damage caused by the light-weighting process is properly removed, whereas a
glass (or glass ceramic) mirror cannot. Figure 4 illustrates the process of making a lightweight silicon mirror. It
starts with a block of monocrystalline silicon out of which a segmented parabolic or hyperbolic mirror is ground and
polished with commercially available polishing machines (e.g., QED Technologies’ Magneto-Rheological Finishing
machines, or ZEEKO’s specially designed and standardized polishing machines). Once this mirror is finished and
qualified in every aspect, it is light-weighted by a slicing process that removes a thin face-sheet of the mirror. The
slicing operation necessarily causes surface damage that will distort the now-thin mirror. However, subsequent



annealing and chemical etching removes the surface and subsurface damage, thus restoring the original figure of the
mirror.

This method of making mirrors already meets two (angular resolution and light weight) of the three requirements.
The objective of our technology development is to reduce cost to a level affordable for a spaceflight mission. In
2012 we plan to demonstrate the principle outlined above by making thin (0.4-mm) flat silicon mirrors. Once
successful we shall make a few parabolic and hyperbolic mirrors to demonstrate that the principle also applies to
making curved mirrors. In subsequent years, we shall seek to systematize a polishing and light-weighting process to
minimize the cost of making a mirror segment. Preliminary estimates indicate that it is plausible for this process to
make mirror substrates at a low enough cost to enable a mission like IXO, which would require 15,000 mirror
substrates, each about 200 mm by 200 mm. Allowing $150M for making mirror substrates, we need to reduce the
cost to less than $10,000 per mirror segment. According to industry experts, this is easily achievable with adequate
investment in facilitization.

Figure 4.—Illustration of the three steps for making a high-resolution Wolter-I mirror substrate: (1) A block of
monocrystalline silicon, properly cut and etched to remove all subsurface damage caused by the cutting; (2) a conical
shape is directly cut (using a wire-EDM process or a diamond-studded wire-saw) and precision figured and polished
after removing subsurface damage with a chemical etch; and (3) the mirror is sliced off the silicon block and the back
(convex) surface is etched to remove subsurface damage. The resulting mirror substrate is expected to have the same
figure as before slicing because the mirror substrate is still a single crystal free of any stress.

Mirror figure quality improvement and cost reduction go hand-in-hand. We shall start by making 2-arcsecond mirror
substrates that can be easily achieved, both in terms of metrology accuracy and material removal accuracy. There are
two significant advantages that segmented x-ray optics afford the fabrication process: near cylindrical geometry,
and total access due to the fact that each mirror is almost flat. One important point is that silicon is probably the best
understood material because of the semiconductor industry. Very efficient polishing and super-polishing processes
have been developed and perfected. The easy and inexpensive availability of super-polished silicon wafers is a
testament to this fact. Making mirror substrates this way allows us to tap into an extensive knowledge base that has
been accumulated over the past 50 years.

3.1.2 Coating

Substrates need to be coated with a thin metallic film to optimize x-ray reflectance and thus the effective area of an
x-ray telescope. Depending upon the x-ray energy band of interest, one uses either a single layer of iridium coating
(potentially with an overcoat) for soft x-rays (0.1-10 keV) or a stack of multi-layers of interleaved high-Z and low-Z
materials for hard x rays (6—100 keV). In either case, thin films can create significant stress, degrading the optical
figure of a thin substrate. We are actively investigating two coating methods to mitigate coating stress: magnetron
sputter and atomic layer deposition (ALD).

3.1.2.1 Magnetron Sputter

Magnetron sputter has been used many times to coat x-ray mirrors. Its advantages include achieving close to bulk
density, very low micro-roughness, and high rates of deposition. Its main disadvantage is that the film stress can be
high, resulting in severely distorted mirror segments. We are investigating two methods for reducing this distortion.
In the first method, we take advantage of the fact that sputtered iridium film tends to have compressive stress
whereas sputtered chromium film, tensile stress. A bi-layer coating of first a chromium film and then an iridium
film, with proper thicknesses, can result in near-zero net stress on the mirror substrate. Using small coupons, Dr.
David Windt of Reflective X-ray Optics LLC has demonstrated the stresses of the two films can indeed cancel each
other. We are working with Dr. Windt to apply this recipe to coating full-size mirror substrates. The second method
we are investigating is to coat simultaneously both the concave and convex sides with an equal thickness of iridium,
such that the stresses on the opposite surfaces balance.



3.1.2.2 Atomic Layer Deposition

Atomic Layer Deposition (ALD) has become increasingly a practical means of coating optics. Its advantage is
manifold. First, it is totally conformal, coating every surface exactly the same way with exactly the same thickness.
Second, its heating of the substrate under coating is more uniform and benign, in contrast to the ballistic heating
caused by sputter. Third, it is believed not to degrade the micro-roughness of the substrate as more atomic layers are
coated. Fourth, it can be an efficient and fast process. Each atomic layer can be deposited in a matter of seconds,
determined by how fast residual gas can be pumped from the chamber. The most important feature that serves our
current purpose is its conformal feature. Even if ALD can cause local stress, the fact the front and back of the mirror
substrate are coated simultaneously and with the same thickness would ensure that the final mirror segment is
distortion-free. We are conducting experimentation with small coupons to investigate the feasibility and parameters
of coating iridium on Schott D263 glass in collaboration with a group at University of Maryland-College Park. If
successful, we will proceed to coat full-size Wolter-I glass mirror substrates for x-ray reflectivity and scattering
tests.

3.2 Installation of Mirror Segments into Module Housing

Once mirror segments are fabricated and properly inspected and measured so that they are qualified both optically
and mechanically, a large number of them, ~100, need to be aligned and bonded into a housing to form a module.

3.2.1 Alignment

The alignment process locates and orients a mirror segment into its design position and orientation so that it works
together with other mirror segments (Evans et al. 2011). Since the mirror segment is thin and extremely flexible, it is
first placed onto a stiff holder that supports the mirror at three locations and with its optical axis close to the vertical
direction to minimize gravity distortion. This holder effectively converts the flexible mirror segment into a rigid
body. Thereafter, the mirror segment is moved and aligned with the holder.

The precise location and orientation of the mirror segment is achieved by a computer-controlled hexapod under the
guidance of a Hartmann sensor that interrogates the mirror segment meridian and meridian to determine its overall
location and orientation (Saha et al. 2011). This location and orientation information is fed into, and processed by,
the same computer that controls the hexapod, achieving closed-loop operations. As of October 2011, the alignment
of a mirror segment can be achieved in less than an hour, making it possible to finish the alignment and bond a
mirror segment in less than 4 hours, meeting the requirement of an IXO production schedule.

3.2.2 Permanent Attachment

Once the mirror segment has been manipulated into the correct location and orientation, it is permanently attached to
the module housing. The permanent attachment process is illustrated in Figure 5. It begins at the end of the
fabrication process when six clips are adhesive-bonded to each mirror segment’s two edges, shown as gray half-
moons. These clips, serving as bonding pads and having been shown to not cause any unexpected figure distortion,
will help distribute stress to ensure that the maximum local stress is well below the ultimate strength of the glass.
These clips are part of the mirror segment delivered to the alignment and integration process. The first step of the
bonding process is to attach, with an adhesive, a pin to the clip. The pin is inserted through, and guided by, a
bushing that is part of the module housing. As the adhesive cures, the pin may be moved by the shrinkage that is
usually part of the adhesive cure process. After the adhesive fully cures, the pin is locked into the bushing with
another adhesive that wicks easily into the clearance between the bushing and the pin.

We have successfully bonded mirror segments this way multiple times and consistently achieved x-ray images better
than 10 arcseconds HPD at 4.5 keV, proving viability of this approach. We are in the process of optimizing the
many parameters of this approach, including the following:

1. The size of the clip to strike a balance between the desire to adequately redistribute stress and the desire to
minimize effective area loss due to these clips;

2. The adhesive bonding the clips to the mirror edges;

3. The diameter of the pin with respect to the size of the bushing to strike a balance between the minimization
of friction and the minimization free play to achieve highest bonding accuracy;

4. Adhesive that locks the pin to the bushing: cure time, final strength, and outgas properties.



We expect to finish the optimization process some time in 2012 and proceed to co-align and bond multiple pairs of
mirrors into a single module housing.

Mirror Segment

Glass or Ti Pin

Loctite or something
that wicks in to bond

poxy
Permanent Bond

Module Housing

Bushing
Clip to
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Figure 5.—Diagram illustrating the way a mirror segment is permanently bonded to the module housing. See Section
3.2.2 for details.

3.2.3 Module Construction and Systems Engineering

After the mirror segments are fully qualified and the procedures of aligning and bonding mirror segments developed
and tested, the next step is to construct a mirror module to demonstrate that all these components and procedures
work together with intended results (McClelland et al. 2011). Figure 6 shows the natural progression of our
development effort, from a mirror housing simulator to a mini-module and then to a high-fidelity module that will
fully validate this technology at TRL-6. During this progression all requirements on a module are progressively
imposed and met.

The first requirement is performance: the finished module must meet angular resolution and effective area
requirements defined in Table 2. In order to test a module with its optical axis in the horizontal direction, the mirror
segments must be bonded in a geometry engendering the minimal distortion. Detailed finite element analysis has
shown that mirrors bonded the way as described in Section 3.2.1 does meet this distortion requirement for a 5
arcsecond telescope system when the housing is sufficiently stiff.

The second requirement is that the module must be able to withstand launch loads. While accurate dynamic analysis
can only be obtained when the spacecraft design is known, we have assumed a close to worst case scenario to ensure
that the way we construct the modules are valid for virtually every conceivable spacecraft design. Detailed finite
element analysis under the worst case scenario has shown that the mirrors attached at the six locations indeed can
withstand loads imparted by an Atlas-V vehicle. This conclusion will be tested multiple times in coming years as we
construct modules of progressively higher fidelity.

The third requirement is that the module must be able to achieve specified imaging quality in a realistic orbital
thermal environment. There are two aspects to this requirement: One is bulk temperature, the other thermal
gradients. We have determined that the module housing and the mirror segments will have similar coefficients of
thermal expansion (CTE) to minimize any effect that can be caused by any bulk temperature change from ground to
orbit. Extensive thermal analysis has shown that, given the D263 glass’s relatively large CTE and low thermal
conductivity, maintaining a thermal environment to guarantee l-arcsecond imaging performance may be very
challenging. With silicon being the mirror material, however, the situation can be orders of magnitude better. This is
because silicon’s CTE is about half that of D263 glass and its thermal conductivity is two orders of magnitude
larger. Everything else being equal, it is much easier to maintain thermal equilibrium for a telescope made of silicon
mirrors than glass mirrors.



Figure 6.—Three types of modules depicting the progression of our technology development. Left: a mirror housing
simulator to which single pairs of mirrors are aligned and bonded; Middle: an expanded view of a mini-module that
contains three co-aligned and bonded mirror pairs; Right: a high-fidelity module that has tens of to hundreds of mirror
segments aligned and bonded.

The fourth major requirement is that we must understand quantitatively how gravity release will affect the imaging
quality on orbit. We will understand this by developing finite element models that can adequately predict imaging
performance at various gravity configurations. All these predictions will be quantitatively verified and the model
fine-tuned such that the model’s prediction of the on-orbit imaging performance is reliable.

4. Resources

The mirror technology development program outlined heretofore takes persistent effort of a dedicated team and
consistent funding over many years to bring to fruition. In the past several years, this program has been supported by
initially the Constellation-X and then IXO project office, GSFC IRAD, and APRA grants. While the moral support
has always been very strong and consistent, the funding support has fluctuated wildly from year to year, causing
disruption in maintaining a cohesive team and continuity and thereby slowing down progress. We hope that in
coming years the funding situation will be more stable, facilitating better planning and faster progress. Every dollar
invested in this program now will be paid back manifold during the project implementation phase.

We estimate that we would need approximately $3M a year between now and 2019 to achieve TRL-5 for building
sub-arcsecond x-ray telescopes, enabling a sub-arcsecond flagship mission in the 2020’s. This level of funding will
sustain a level of effort consisting approximately 10 people with a skill mix of scientists, engineers, and technicians
while allowing small procurement contracts to work with industry to develop partners who could eventually
implement these technologies to build the telescopes. We envision the following milestones:

1. TRL-5 for building 10-arcsecond telescopes by 2012,
2. TRL-5 for building 5-arcsecond telescopes by 2014, and
3. TRL-5 for building 1-arcsecond telescopes by 2018.

In addition, this effort requires approximately $3.5M one time funding in the early years to construct a vertical UV
(wavelength~130A) beam with appropriately multi-layered normal incidence optics and a vacuum system. This
beam facility will be essential in testing mirror modules for performance, both angular resolution and effective area,
as well as for diagnosing problems to facilitate the development of better x-ray optics.

10



5. References

Bautz, M., “AEGIS: An astrophysics experiment for grating and imaging spectroscopy,” submission in response to
NASA Request for Information NNH11ZDAO18L (2011)

Bookbinder, J. et al., “The advanced x-ray spectroscopic imaging observatory,” submission in response to NASA
Request for Information NNH11ZDAOI8L (2011)

Biskach, M. et al., “Size optimization for mirror segments for X-ray optics,” SPIE Proc. Vol. 8147 (2011)
Blake, P.N. et al., “Forming mandrels for x-ray mirror substrates,” SPIE Proc. Vol. 8147 (2011)

Chan, K.W., et al., “Metrology of IXO mirror segments,” SPIE Proc. Vol. 8147 (2011)

Evans, T.C. et al., “Alignment and integration of lightweight mirror segments,” SPIE Proc. Vol. 8147 (2011)
Giacconi, R. & Rossi, B., “A "Telescope' for Soft X-Ray Astronomy,” J. Geophys. Res., Vol. 65, p.773 (1960)
Gondoin, P. et al., “X-ray multi-mirror (XMM) telescope,” SPIE, Vol. 2279, pp. 86-100 (1994)

Gordon, T. E. & Catching, B. F.,“Status of the Advanced X-Ray Astrophysics Facility (AXAF) optics production
program,” SPIE, Vol. 2263, pp. 233-242 (1994)

Harrison, F. et al., “HEP: the high-energy probe,” submission in response to NASA Request for Information
NNH11ZDAO18L (2011)

Krawczynski, H. et al., “The black hole evolution and space time (BEST),” submission in response to NASA
Request for Information NNH11ZDAOI8L (2011)

McClelland, R.S. et al., “Design and analysis of mirror modules for IXO and beyond,” SPIE Proc. Vol. 8147 (2011)

Mushotzky, R. et al., “SAHARA: Spectral analysis with high angular resolution astronomy,” submission in response
to NASA Request for Information NNH11ZDAO18L (2011)

Saha, T.T. et al., “Grazing incidence wavefront sensing and verification of x-ray optics performance,” SPIE Proc.
Vol. 8147 (2011)

Serlemitsos, P.J. et al., “The X-Ray Telescope onboard Suzaku,” PASJ, Vol. 59, pp. 9-21 (2007)

Windhorst, R. A. et al., “Generation-X: An X-ray observatory designed to observe first light objects,” NewAR, Vol.
50, pp. 121-126 (2006)

Zhang, W. et al., “Generation-X: a large aperture, high angular resolution x-ray observatory for the 2010's,” ASPC,
Vol. 234, pp. 657-662(2001)

Zhang, W.W. et al., “Lightweight and high angular resolution x-ray optics for astronomical missions,” SPIE Proc.
Vol. 8147 (2011)

11




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


