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Executive Summary

The International X-ray Observatory (IXO)
is a joint NASA-ESA-JAXA effort. X-ray observa-
tions will resolve pressing astrophysical questions
such as: What happens close to a black hole? How
do supermassive black holes grow? How does large
scale structure form? What is the connection between
these processes? To address these questions requires
dramatic increases in collection area (see figure)
combined with sensitive new instrumentation.

IXO’s spectroscopic, timing, and polarimet-
ric capabilities will probe close to the event hori-
zon of super-massive black holes (SMBH) where
strong gravity dominates. IXO will determine
the evolution and origin of SMBH by measuring
their spin to understand their merger history, sur-
veying them to find their luminosity distribution
out to high redshift (z-8), and spectroscopically
characterizing their outflows during peak activity.
IXO will revolutionize our understanding of gal-
axy clusters by mapping their bulk motions and
turbulence. IXO will observe the process of cos-
mic feedback where black holes inject energy on
galactic and intergalactic scales, and characterize
the missing baryons in the cosmic web. Mean-
while, surveys of distant clusters will constrain
cosmological models.

IXO will be available to all astronomers, tak-
ing X-ray astrophysics from an era where high-res-
olution spectra are a rarity to one with vast num-
bers of spectra from all types of sources. Powerful
spectral diagnostics and large collecting areas will
reveal unexpected discoveries, with IXO studying
new phenomena as they appear—a key feature of
great observatories (Sembach et al. 2009).

A single mirror assembly with a 3 m diameter
and a 20 m focal length provides IXO’s required
3m* collecting area, and a deployable optical
bench is employed to fit the optics and the sci-
ence instruments within the launcher shroud. To
reduce risk in achieving the required 5arcsec an-
gular resolution, two independent optics technol-
ogies are under development. In the US, segment-
ed glass technology has demonstrated ~15 arcsec
performance with a path to achieve 5arcsec and
TRL 6 by early 2012. In Europe, silicon pore op-
tics uses infrastructure from the microprocessor
industry and has achieved ~15arcsec with a path
to reach 5 arcsec and TRL 6 by early 2012. The
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The IXO effective area, which will be more than an
order of magnitude greater than current imaging
X-ray missions. Coupled with the large spectral re-
solving power, IXO will open a vast discovery space.

IXO optics technology selection will be made in
2012 based on performance, cost, and schedule
considerations.

The X-ray Microcalorimeter Spectrometer
(XMS) imager with AE = 2.5 ¢V provides unprec-
edented spectro-imaging capability. The Wide
Field Imager/Hard X-ray Imager (WFI/HXI)
provides deep imaging over an 18 arcmin field of
view in the 0.1-15 keV band with the WFI while
the HXI extends the imaging bandpass to 40 keV.
An X-ray Grating Spectrometer (XGS) provides
resolving power of 3000 below 1 keV. A High
Time Resolution Spectrometer (HTRS) provides
microsecond spectroscopic timing at high count
rates. An imaging X-ray polarimeter (XPOL) will
enable sensitive searches in this new parameter
space. These instruments are currently at TRL
3—6, with plans to achieve TRL 6 by 2013.

The IXO architecture provides well-defined
interfaces to simplify development and I&T, as
well as facilitating shared development between
international partners. A final division of respon-
sibilities will be made during Phase A when the
optics technology has been selected. Costs are
shown assuming NASA leads the mission and
provides the optics module. IXO will be placed
in L2 orbit using either a NASA EELV or an ESA
Ariane V. The five-year mission lifetime has con-
sumables for at least 10 years. The total Phase A-E
mission cost in FY09 dollars is $3.3B, with $1.8B
from NASA. This includes $419M for Phase E,
with $24M per year in grants to the US commu-
nity. If Phase A starts in 2011, the mission sched-
ule allows launch as soon as 2021.


http://www8.nationalacademies.org/astro2010/DetailFileDisplay.aspx?id=416

1. Science Overview

The driving science goals of IXO are to under-
stand evolution of black holes and the properties
of their extreme environments, measure the en-
ergetics and dynamics of hot gas in large cosmic
structures, and reveal the connections between
these phenomena. IXO will also constrain the
equation of state of neutron stars and track the dy-
namical and compositional evolution of interstel-
lar and intergalactic matter. IXO measurements
of virtually every class of astronomical object will
also return serendipitous discoveries, as with all
major advances in astronomical capabilities.

This section includes only selected science
that drives key requirements. A more complete
list of IXO science goals, including topics such as
measuring Galactic black hole spins and studying
the formation and distribution of the elements, is
available in RFI#1 and the IXO Decadal White
Papers (WP).

1.1 Science Objectives and Required
Measurements

Ql. Describe the measurements required
to fulfill the scientific objectives expected to be
achieved by your activity.

Q2. Describe the technical implementation
you have selected, and how it performs the
required measurements.

Q4. Present the performance requirements
(e.g., spatial and spectral resolution, sensitivity,
timing accuracy) and their relation to the
science measurements.

Q6. For each performance requirement,
present as quantitatively as possible the
sensitivity of your science goals to achieving the
requirement. For example, if you fail to meet
a key requirement, what will the impact be on
achievement of your science objectives?

The answers to RFI#2 Questions 1, 4, 6, and
the second part of 2 are broken out by science
topic. The first part of Question 2, including de-
scriptions of all instruments and their acronyms,
is addressed in Section 2.1 and Questions 3 and 5
are addressed at the end of this section.
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Figure 1-1. IXO will resolve “hot spots” in energy
and time as they orbit the SMBH. In the time-en-
ergy plane, the emission from these hot spots appears
as ‘arcs,” each corresponding to an orbit of a given

bright region.

A summary of the science objectives and the
flowdown to the mission requirements is given in
Table 1-1 at the end of this section.

1.1.1  Studies of Strong Gravity

(Key Requirement: Effective Area at 6 keV)

Observations of accretion flows around super-
massive black holes (SMBH) can probe General
Relativity’s (GR) spacetime metric due to the geo-
metric and dynamic simplicity of accretion disks.
Each parcel of gas has an orbit around the black
hole that closely approximates a circular test-par-
ticle orbit, with typical deviations less than 1% in
such thin accretion disks (Armitage & Reynolds
2003). IXO will add a new dimension—time—to
the study of iron lines, with “hot spots” of iron
Ko emission in the disk appearing as “arcs” in a
time-energy plane (See Fig 1-1). GR predicts the
form of these arcs, and the ensemble of arcs can be
fitted for the mass and spin of the black hole and
the inclination of the accretion disk.

Technical Implementation and Per-
formance Requirements for Measurement
(Q2,Q4): The centroid of narrow but varying
iron lines must be measured in at least 10 phase
bins throughout the orbit (order of hours) for a
range of SMBH masses. A mirror area of 0.65m?
at 6 keV will ensure at least 100 photons in the Fe
line per orbital bin, enough for an accurate energy
centroid, for about 10 SMBH rtargets. The XMS

is the preferred instrument as it allows accurate

Section 1 Science Overview
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centroiding of emission lines with ~100 photons
and can detect other narrow features.

Sensitivity of Science to Requirement (Q6):
These measurements are signal dominated, as the
sources are bright. The number of sources sufh-
ciently bright to resolve the emission-line arcs will
scale with a change A to the 6 keV effective area
roughly as A¥?.

1.1.2 Measuring Black Hole Spin

(Key Req: Effective Area and Resolution at
30 keV, Polarization Sensitivity)

Despite their immense potential for energy
generation and consequent impact on cosmic
evolution, black holes have only two measurable
parameters: mass and spin. The spin of a SMBH
depends upon its growth history: an accretion-
dominated history leads to high spin and a merg-
er-dominated one to low spin (Berti & Volonteri
2008). By determining the spins of a few hun-
dred SMBH, using multiple approaches, IXO
will determine how SMBH grow.

Technical Implementation and Per-
formance Requirements for Measurement
(Q2,Q4): The primary method is measurement
of broad orbitally-averaged iron lines, which un-
like the strong gravity study requires only moder-
ate energy resolution (150 eV) but broad energy
coverage to determine the continuum both below
and above the 6.4 keV iron line. The WFI/HXI
will enable measurements covering 0.1-40 keV
with adequate effective area and resolution at 30
keV from the HXI to measure the hard continu-
um.
Another method determines spin by measur-
ing the polarization properties of X-rays reflect-
ed from the disk, which depend upon the inner
disk radius, a spin-dependent property (Miniutti
& Fabian 2004; Dovciak, Karas & Matt 2004).
The expected polarization degree ranges from ~1-
30%. Measuring this effect for ~10 SMBH leads
to the requirement of 1% minimum detectable
polarization (MDP) for a 1 mCrab source in 100
ksec. The GEMS X-ray polarimetry SMEX would
require 2.5 Msec to reach the same MDP for each
source.

Sensitivity of Science to Requirement (Q6):
The 150 cm? mirror area at 30keV provides the
lever arm to determine the continuum. Areal
reductions will require longer measurements,
reducing the number of sources that can be sur-
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veyed. The expected SMBH polarization is a few
percent, above the 1% MDDP requirement. If this
requirement is not met, the observing time would
increase quadratically with the MDP to reach the
same sensitivity, since the observations will be
signal-dominated.

1.1.3 Neutron Star Equation of State

(Key Req: High Count Rate Timing and
Spectral Resolution)

Neutron stars have the highest known matter
densities in nature, utterly beyond the densities
produced in terrestrial laboratories. At these den-
sities, the uncertainties in the underlying physics
lead to widely differing equations of state, each of
which imply different neutron star radii as a func-
tion of mass. IXO will determine the equation of
state for neutron stars via their mass-radius rela-
tionship for approximately a dozen neutron stars
of various masses with several distinct methods
(Paerels et al. WP). The most robust method
will measure energy dependent pulsations pres-
ent during thermonuclear X-ray bursts from fast
spinning neutron stars in low mass X-ray binaries
(LMXB)(Strohmayer 2004). The same modeling
technique will allow mass—radius measurements
for several rotation-powered millisecond X-ray
pulsars (Bogdanov et al. 2008).

Technical Implementationand Performance
Requirements for Measurement (Q2,Q4): Mea-
suring the mass and radius of LMXB bursters re-
quires fast relative timing (10 ps), high through-
put (>10°cts/s), low dead-time and modest
spectral resolution (150eV). These capabilities
are provided by the combination of IXO’s large
collecting area and the HTRS detector. Modeling
of simulated pulse profiles indicates that an ~8%
measurement of mass and radius is statistically
achievable using bright bursts which have pulsa-
tions present during burst rise. Another method
uses the spectral resolution of the HTRS to de-
tect rotationally-broadened absorption lines from
these and other LMXB sources. This approach
will provide an independent measure of the mass
and radius, if the lines are sufficiently strong.

Sensitivity of Science to Requirement (Q0):
The statistical precision scales approximately as
the square root of the counts present in the pulse
profile. Combining pulsation data from several
bursts would improve the precision according to
the same relation. The burst oscillations have 200-

3
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600 Hz periods, requiring sub-ms relative timing.
Degradation in the HTRS resolving power R will
reduce sensitivity to the absorption lines by R"2.

1.1.4 Growth of Supermassive Black
Holes

(Key Req: Effective Area at 1.25 keV, FOV,
PSE, Astrometry)

SMBHs are a critical component in the for-
mation and evolution of galaxies, and IXO can
detect accretion power from embedded high-red-
shift SMBHs (10'-10°M,,), even when obscured
(Nandra et al. WP; see Fig 1-2). IXO will deter-
mine the luminosity function of SMBHs out to
z - 8, exploring the early growth phase of SMBH.

Technical Implementation and Per-
formance Requirements for Measurement
(Q2,Q4): This science can be achieved using a
combination of large mirror effective area (3 m*at
1.25keV), good angular resolution (5arcsec) and
large field of view (FOV; 18 arcmin diameter)
with moderate spectral resolution (AE - 150 eV
@ 6 keV). 'These capabilities are provided by the
WEFI/HXI and will allow IXO to carry out a multi-
tiered survey in a manageable amount of observ-
ing time (~10 Msec). IXO can efficiently survey
significant areas of the sky an order of magnitude
faster than Chandra and to a limiting depth that
surpasses the 2 Msec Chandra deep field. The ob-
servational approach is a survey of increasing solid
angle with decreasing exposure time (1000, 300,
100, 30, and 10 ksec, with solid angles increasing
from 0.3 to 3.5 sq. degrees). This survey will need

a

to be complemented by optical and IR surveys,
so the point spread function (PSF) must be small
enough that optical-IR counterparts can be iden-
tified. Combined with 5 arcsec resolution and a
50 photon source, the statistical error circle of the
source centroid has a radius of 0.4 arcsec, which is
smaller than the mean source separation even in
the Hubble Ultra Deep Field (1.5 arcsec). System-
atic errors on registration will be of a similar scale
if at least three known sources are in the field to
allow for post-observation astrometric correction
(improving on the absolute astrometric accuracy
from the attitude reconstruction of 1 arcsec). The
IXO 0.5-2 keV confusion limit is ~6 x 107" erg/
cm?/s (PSF/5 arcsec)*?, well-matched to the sensi-
tivity of the 1 Msec survey component.

Total Survey Time (Msec)

PSF (HPD, arcsec)
Figure 1-3. Effect of PSF on total observing time for
survey of L >10% ergls SMBH at z-6, 7, and 8.
The dashed line shows the total time required for the

multi-tiered survey.
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Sensitivity of Science to Requirement (Q6):
A modest decrease in the collecting area or the
field of view could be compensated for linearly by
longer observing times. The size of the PSF affects
the detection threshold (due to a background in-
crease), the source confusion limit, and the ability
to identify optical counterparts. Our simulations
using current knowledge of SMBH space den-
sities indicate that a 5 arcsec PSF is required to
achieve our scientific goals in a 10 Msec survey.
The dependence of total observing time on the
PSF is shown in Fig 1-3.

1.1.5 Evolution of Galaxy Clusters &
Feedback

(Key Req: Effective Area at 1.25 keV, En-
ergy Resolution, FOV, PSF)

Galaxy formation depends on the physical
and chemical properties of the intergalactic me-
dium (IGM), which, in turn, is affected by en-
ergy and metal outflows from galaxies (feedback).
Detailed studies of the IGM in galaxy clusters are
now limited to the nearby Universe (z < 0.5). IXO
will measure the dynamical and thermodynamic
properties as well as the metal content of the first
low-mass clusters emerging at z - 2 and directly
trace their evolution into today’s massive clusters
(Arnaud et al. WP, Fabian et al. WP).

Technical Implementation and Per-
formance Requirements for Measurement
(Q2,Q4): A resolving power of 2400 at 6 keV
(AE=2.5 eV, Av=125 km/s) of the XMS enables
determination of the state of galaxy cluster evolu-
tion from velocity structures (including feedback
from SMBHs), precise redshifts directly from
X-ray observations, and allows turbulence to be
measured in the intracluster medium (Fig 1-4).
The resolving power also allows precise abun-
dance measurements down to the photon-limited
detection limit. The FOV and mirror effective
area at 1.25 keV are needed to observe both feed-
back in cluster cores (-4 Msec) and the metallicity
and dynamics of clusters across cosmic time (~10
Msec).

Sensitivity of Science to Requirement (Q6):
The total observing time for the cluster program
scales linearly with collecting area. With only the
inner core of the XMS, the field of view would
decrease by a factor of ~6. For large clusters that
require mapping (at fixed S/N, nearby clusters),
this FOV decrease would increase the observing
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Figure 1-4. IXO spectrum of Fe XXV lines shows
that turbulence as low as 150 km/s may be distin-
guished from thermal broadening alone. Simulated
IXO XMS data in black, models in color.

time by a factor of 6. The study of feedback in
low-z cluster cores is largely unaffected, as these
regions are typically <2 arcmin in size. Measure-
ment of metallicity in distant (z >1) clusters is
also largely unaffected by field of view. The spec-
tral resolving power, which scales inversely with
velocity resolution, impacts sensitivity to turbu-
lence and mixing velocities. A PSF of 5 arcsec is
important both for studies of feedback in nearby
clusters (to resolve the important structures) and
distant clusters (where the core is 6—7 arcsec and
must be resolved).

1.1.6 Cosmology

(Key Req: Energy Resolution, FOV)

The growth of galaxy clusters, the largest viri-
alized systems, is fundamental. In particular, the
evolution of the mass function of galaxy clusters
and a measurement of the distance-redshift rela-
tion [d(z)] places strong constraints on cosmol-
ogy including the properties of Dark Energy. IXO
observations of galaxy clusters will provide both
tests, complementing other cosmological experi-
ments (Vikhlinin et al. WP).

Technical Implementationand Performance
Requirements for Measurement (Q2,Q4): Ob-
servations of 1000 clusters at z=1-2 together with
existing low-z data will constrain the growth of
structure independent of other methods. Precise
temperature measurements and surface bright-
ness distributions are essential to determining the
cluster masses, and in the outskirts of galaxy clus-
ters these are done with the outer pixels of the
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XMS, with a resolving power of 150-300 in the
redshifted Fe Ko line (10 eV @ 6 keV). A charac-
teristic cluster diameter at 500 times the critical
density (2R ) is 3 arcminat z =1 (5 keV cluster).
Sky background near the galaxy cluster must also
be measured, increasing the FOV to be observed.
With the XMS, distant clusters will require only
1—4 pointings.

Sensitivity of Science to Requirement (Q6):
If only the inner core of the XMS were builg, it
would decrease the FOV to 2x2 sq. arcmin and
for typical clusters at z=1-2 (with diameter ~2-4
arcmin) would increase by a factor of 2-3 the
amount of observing time required. Reductions
in the spectral resolving power would increase the
systematic uncertainty in the temperature and
metal abundances due to modeling uncertainties
in low-count spectra.

1.1.7 Cosmic Web of Baryons

(Key Requirement: Energy Resolution)

In addition to determining whether half the
baryons in the Universe lie in the 0.3-10 x 10° K
range, IXO will discover whether this hot gas is
enriched by galactic superwinds and if it has the
anticipated web-like topology. Key observations
are the equivalent width measurements of He-like
and H-like lines of O, N, and C, as seen against
the continuum of bright background AGNs; de-
tection of O VII and O VIII absorption lines are
key. The cosmic web should contain numerous O
VII and O VIII absorption lines with equivalent
widths of 2-8 mA (Bregman 2007). These lines
may have velocity structures imposed by galactic
superwinds and the absorption may be associated
with individual galaxies.

Technical Implementation and Performance
Requirements for Measurement (Q2,Q4): Ad-
dressing these two issues requires near-Doppler
width resolving power, about R=3000 (v-100
km/s). This resolution is needed in the 0.3—1 keV
range where the lines will occur, and it is achiev-
able with the XGS. To determine the gas mass
contribution, we need to define the differential
equivalent width distribution for O VII, which
will require about 200 absorption systems; ratios
of other ions to O VII are valuable but needed for
fewer cases. These goals can be met by measuring
absorption lines toward 30 bright AGNs with a
0.1 m? effective area for the XGS.

S
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Sensitivity of Science to Requirement (Q6):
For a known absorption feature, the minimum
detectable equivalent width (EqW) is proportion-
al to the width of a resolution element divided by
the square root of the counts in that resolution
element, or (R x Area x Time) 2. With the XGS,
an O VII absorption line at z = 0.15 observed to-
ward a source with soft X-ray flux 5 x 107'* erg/
cm’/s can be detected to a minimum EqW of
~2 mA at 3c in 200 ksec. The measurement is
signal-dominated, so a modest decrease in the ef-
fective area or resolution could be compensated
for by longer observations. However, reducing the
spectral resolution will result in a loss of sensitiv-
ity to weak absorption lines and velocities, and a
significant degradation will render the distinction
between intervening WHIM lines from those
arising from galaxy superwinds impossible.

1.1.8 The Most Demanding
Measurements

Q3. Of the required measurements, which
are the most demanding? Why?

Each program above defines at least one key
requirement and usually requires substantial allo-
cations of telescope time (10% or more of the en-
tire emission over five years). However, one pro-
gram, The Growth of Supermassive Black Holes,
(see Section 1.1.4) sets four key requirements,
including three on the FMA. For these reasons,
this is the most demanding program.

1.2 Science Flowdown

Q5. Present a brief flow down of science
goals/requirements and explain why each
payload  instrument and the associated
instrument performance are required.

Table 1-1 shows the selected science objec-
tives, including typical targets and their fluxes.
The observational requirements for each are in-
cluded, with driving requirements marked in
bold green italics. The majority of observations
have both a primary and a secondary instrument;
this indicates that at least part of the science could
be achieved using the secondary instrument. In
some cases, however, only one instrument is ca-
pable of making the necessary measurement, such
as the detection of X-ray polarization by XPOL or
timing of bursting neutron stars by HTRS.

Section 1 Science Overview
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2. Technical Implementation

2.1 Payload Instrumentation

2.1.1 Instrument Descriptions

QI. Describe the proposed science instru-
mentation, and briefly state the rationale for
its selection. Discuss the specifics of each instru-
ment and how the instruments are used togeth-
er.

The International X-ray Observatory has a
large diameter, grazing incidence mirror (the
Flight Mirror Assembly, FMA); four instruments
on a Moveable Instrument Platform (MIP) which
are rotated into the mirror focus and operated one
at a time for science data collection; and an X-ray
Grating Spectrometer (XGS) that intercepts and
disperses a fraction of the beam from the mirror
onto a CCD (charge coupled device) camera, op-
erating simultaneously with the observing MIP
instrument (see Fig. 2-1). The four MIP instru-
ments are the X-ray Microcalorimeter Spectrom-
eter (XMS), the Wide Field Imager/Hard X-ray
Imager (WFI/HXI), the High Timing Resolution
Spectrometer (HTRS), and the X-ray Polarimeter
(XPOL). Table 2-1 summarizes the instrument
capabilities and the science drivers for each.

The specifics of each instrument are described
below, followed by the rationale for the selection
of the instrument complement and the individual
instruments.

2.1.1.1. The Flight Mirror Assembly (FMA)
The FMA provides effective area of 3m?* at
1.25keV, 0.65 m? at 6keV, and 150 cm? at 30 keV.
To meet the mission-level Point Spread Function
Table 2-1. IXO Instrument Requirements
PSF

International X-ray Observatory (I2XO)
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Figure 2-1. IXO Payload Schematic.

(PSF) requirement of 5arcsec half-power diam-
eter (HPD), the FMA angular resolution must be
4 arcsec or better. Attaining the large effective area
within the launch vehicle mass constraint requires
a mirror with a high effective area-to-mass ratio
of 20 cm?/kg, 50 times larger than Chandra and
eight times larger than XMM-Newton.

As the mirror is the major technical challenge
for IXO, two technologies are being developed
in parallel as a risk reduction strategy. These are
thermally formed, segmented glass mirrors and
silicon pore optics (SPO; see Fig. 2-2). Both ap-
proaches lead to a highly modular mirror design.

The key technology hurdle for each is the con-

Instrament Bandpass (HPD) Energy Resolution  Science Driver
keV arcsec eV@keV
Core 2x2 2.5@6
XMS Outer 0.3-12 5 525 10@6 Galaxy Clusters
WEFI/ WEFI 0.1-15 5 18 diameter 150@6 SMBH survey
HXI HXI 10-40 30 8§x8 1000@30 SMBH Spin
XGS 0.3-1.0 5 N/A E/AE = 3000 Cosmic Web
HTRS 0.3-10 N/A N/A 150@6 NS EoS
XPOL 2.0-10.0 6 2.5x2.5 1200@6 SMBH Spin

Section 2 Technical Implementation
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Figure 2-2. The two FMA concepts: the segmented glass mirrors (left) and the SPO (right). Major elements
of the segmented glass mirror are labeled. The segmented glass FMA is shown from the front (thermal pre-
collimator on top) and the SPO is shown from the back (facing inside spacecraft).

struction of a module. The observatory can ac-
commodate either mirror approach. Both tech-
nologies have demonstrated X-ray performance
of ~15 arcsec HPD.

The iridium-coated segmented glass Wolt-
er-1 FMA design incorporates 361 nested pairs
of concentric shells separated into segments. The
segments are grouped into 60 modules arranged
in three concentric rings (Fig.2-2, left); the larg-
est mirror has a diameter of 3.3 m. Each module
comprises approximately 120 pairs of mirror seg-
ments, each 20 cm in axial length and 20-40 c¢m
in azimuthal span, accurately aligned in a mount-
ing structure. Segments are produced by thermal-
ly slumping 0.4 mm thick glass (the same as that
manufactured for flat panel displays) onto figured
fused quartz mandrels (Zhang et al. 2008). IXO
requires ~14,000 segments. Segment mass pro-
duction is being demonstrated by NuSTAR for
which ~8,000 segments are required and the cur-
rent weekly production rate is ~450 with nearly
100% yield. The response above 10 keV is provid-
ed by a 30 arcsec HPD hard X-ray mirror module
mounted in the center of the FMA with segments
coated with multilayers to enhance the 10-40
keV reflectivity and an aluminum pre-filter to re-
strict the bandpass to energies above 10 keV.

The SPO approach (Fig. 2-2, right) uses com-
mercial, high-quality 1 mm thick silicon wafers as
its base material. One side of a 6-cm-wide rect-
angular segment of a wafer is structured via etch-
ing or micromachining with accurately wedged
ribs approximately 1 mm apart. The other side
is coated with an X-ray reflecting metallic layer.
Segments are then stacked atop an azimuthally
curved mandrel and bonded together. This pro-
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cess utilizes techniques and assembly equipment
adopted directly from the microelectronics indus-
try. Two stacks are coaligned axially into a mod-
ule, forming an approximation of a paraboloid-
hyperboloid mirror (Collon et al. 2008). A total
of 236 modules form a “petal,” an azimuthal seg-
ment of the full mirror. Eight such petals form the
complete mirror. The entire production chain—
wafer to petal—has been demonstrated. Hard X
ray sensitivity is provided by coating reflecting
surfaces at the innermost radii with multilayers.

2.1.1.2. The X-ray Microcalorimeter
Spectrometer (XMS)

The XMS provides high spectral resolution,
non-dispersive imaging spectroscopy over a broad
energy range. The driving performance require-
ments are to provide spectral resolution of 2.5 eV
over the central 2 x 2 arcmin in the 0.3-7.0 keV
band, and 10 eV to the edge of the 5.4 x 5.4 ar-
cmin field of view. The XMS is composed of an
array of microcalorimeters, devices that convert
individual incident X-ray photons into heat puls-
es and measure their energy via precise thermom-
etry. The microcalorimeters are based on Transi-
tion-Edge Sensor (TES) thermometers. The rapid
change in electrical resistance in the narrow tran-
sition (<1 mK) of the superconducting-to-normal
transition of the TES allows for extremely accu-
rate thermometry, thereby enabling the determi-
nation of the energy of individual X-ray photons
to an accuracy of <2.5 eV (Kilbourne et al. 2007).

The focal plane layout is depicted in Fig. 2-3.
It consists of a core 40 x 40 array of 300 x 300 pm
pixels with spectral resolution of 2.5 eV, filling the
2 x 2 arcmin field of view with 3 arcsec pixels
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=+ 40 pixels - 2 arcmin 3

52 pixels - 5 arcmin

Figure 2-3. Schematic of a composite calorimeter ar-
ray at the XMS focal plane. The inner array covers
2 arcmin and consists of 3 arcsec pixels with one ab-
sorber per TES. The full array covers 5.4 arcmin by
use of G-arcsec outer pixels which are read out by one
TES per four absorbers as indicated by the groupings
of one blue-green and 3 blue pixels (“blue splash” in

upper left corner).

(Fig. 2-4). Surrounding the core is a 52 x 52 ar-
ray of 600 x 600 pm pixels (6 arcsec, 2,304 pix-
els total in the outer array) that extends the FOV
to greater than 5 x 5 arcmin (5.4 x 5.4 arcmin)
with better than 10 eV resolution [the change in
spectral resolution is due to the increased pixel
size which increases the heat capacity (Smith et
al. 2008)].

The arrays are fabricated using standard mi-
croelectronics techniques. The pixels use Mo/Au
bilayer superconducting films deposited on sili-
con-nitride membranes in a Si wafer. The X-ray
absorbing elements are formed by electroplating
Au/Bi films patterned so they provide a high array
filling factor (95%), but only contact a small area
of each TES to prevent electrical and chemical in-
teraction with the sensitive thermometers.

Currently, 2.3 eV spectral resolution has been
demonstrated in a non-multiplexed TES and an
average of 2.9 eV has been achieved in a 2x8 ar-
ray using a state-of-the-art, time-division SQUID
multiplexer system (Kilbourne et al. 2008).
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Figure 2-4. A 32 X 32 microcalorimeter array with
300 micron pixels, high filling factor (95%) and
high quantum efficiency (98% at 6 keV).

A Continuous Adiabatic Demagnetization
Refrigerator (CADR) and a mechanical cryocool-
er provide cooling to 50 mK without expendable
cryogens. Figure 2-5 shows a CAD drawing of the
XMS dewar assembly. The cryocooler, being de-
veloped for the JWST/MIRI instrument that is
already at TRL 6, is a baseline for the XMS. It will
provide cooling at 5 K for precooling the CADR.
The cryocooler for XMS consists of a three-stage
pulse tube cooler and a “He Joule-Thomson (JT)
cooler. The pulse tube stages cool the radiation
shields in the XMS cooler while the JT cooler
provides the thermal interface to the CADR. The
MIRI cooler performance would be improved
with the use of a two-stage JT compressor. It
provides 50 mW of cooling at 4.4 K for a total
input power of 367 W, which matches the XMS

requirements. Alternative cooling systems are

N
# ™ Cryocooler
Coldhead

300 K
Outer Can
50 mK Stage

Suspension Thermal Shields

50 mK Stage SQUID

Multiplexer

Microcalorimeter
Array

Aperture
Magnetic Shielding

Figure 2-5. Cutaway view of the XMS dewar as-
sembly (CAD model) including details down to the
detector assembly level.

5 Aperture Filters
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Pixel BGO Active Shield

Detector

Figure 2-6. WFI/HXI Schematic: The WFI soft X-
ray Active Pixel Sensor (APS) is in _front of the HXI
CdTe detector.

under development by JAXA and ESA, and these
are also based on strong flight heritage (SMILES,
Herschel, Planck).

2.1.1.3. The Wide Field Imager/Hard X-ray
Imager (WFI/HXI)

The WFI and HXI are two detectors incorpo-
rated into one instrument, with the HXI mount-
ed directly behind the WEFI (Fig. 2-6). The WFI
is an imaging X-ray spectrometer with an 18 arc-
min diameter FOV. It obtains images and spectra
in the 0.1-15 keV band, with nearly Fano-limited
energy resolution (50 eV at 300 eV; < 130 eV at
5.9 keV). A 100 x 100 pm pixel size, correspond-
ing to 1 arcsec, oversamples the beam, minimiz-
ing pile up (de Korte et al. 2008).

The WFI’s key component is the DEPFET
(Depleted P-channel Field Effect Transistor) Ac-
tive Pixel Sensor (APS). Each APS pixel also acts
as an amplifier allowing the charge produced by
an incident X-ray photon to be read directly from
the pixel. This allows on-demand pixel readout,
reduces readout noise, and offers radiation hard-
ness against charge transfer inefficiency (Treis et
al. 2008).

The HXI is a 5 x 5 cm Double-sided Strip
Cadmium Telluride (DS-CdTe) detector located
behind the WFI and observing simultaneously
with it. It has nearly 100% detection efficiency
up to 40 keV. The HXI will have energy resolu-
tion better than 1 keV (FWHM) at 30 keV and
a FOV of 8 x 8 arcmin. To suppress background,
five sides of the imager are surrounded by an ac-
tive anticoincidence shield consisting of Bismuth
Germanate (BGO) crystals viewed by Avalanche
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Photodiodes (APDs). In addition, two layers of
Double-sided Silicon Strip Detector (DSSD)
are mounted above the CdTe to serve as particle
background detectors and detectors of 7-30 keV
X-rays (Takahashi et al. 2005).

2.1.1.4. The X-ray Grating Spectrometer
(XGS)

The XGS is a wavelength-dispersive high-
resolution  spectrometer, offering  spectral
resolving power (A/AL) of 3000 (FWHM) and
effective area of 1000 cm? from 0.3 to 1.0 keV.
The reference concept incorporates arrays of
gratings that intercept a portion of the converging
FMA beam and disperse the X-rays onto a
CCD array. The existence of two viable grating
technologies reduces risk. One implementation
uses Critical Angle Transmission (CAT, Fig.
2-7, top) (Heilmann et al. 2008) gratings while
the other approach uses Off-Plane Reflection
Gratings (OPG, Fig. 2-7, bottom) (McEntaffer et
al. 2008).

The CAT grating approach has been demon-
strated on small prototypes, with measured dif-
fraction efficiencies of 80-100% of theoretical
values. CAT gratings with a grating-bar geometry
meeting the IXO requirements have been fabri-
cated. Prototype OPG are currently undergoing
efficiency measurements, with an expectation of
obtaining > 40% dispersion efficiency (sum of or-
ders) from 0.3 keV to 1.0 keV.

An array of CCDs (9-32, depending on the
grating technology used) used in photon-count-
ing mode is used to image and read out the dis-
persed spectra. The CCD detectors provide better
than the 80 eV resolution required for separation
of the multiple diffraction orders produced by
both kinds of grating.

2.1.1.5. The High Time Resolution
Spectrometer (HTRS)

The HTRS performs precise timing measure-
ments of bright X-ray sources (Barret et al. 2008).
It can observe sources with fluxes of 10° counts
per second in the 0.3-10 keV band (about five
times the intensity of the Crab) without perfor-
mance degradation, while providing moderate
spectral resolution (150 eV FWHM at 6 keV).
The HTRS (Fig. 2-8) is an array of 37 hexagonal
Silicon Drift Diodes (SDD), placed out of focus
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Figure 2-7. Top: Smning électron micrograph of a
cross section through a 574 nm-period CAT grating
prototype. Bottom: 18 off-plane reflection gratings

mounted into a module.

so that the converging beam from the FMA is dis-
tributed over the whole array.

2.1.1.6. The X-ray Polarimeter (XPOL)
XPOL is an imaging polarimeter, with Mini-
mum Detectable Polarization (MDP) of 1% for
a source with a 2-6 keV flux of 1.5 x 10" ergs
cm? s' (ImCrab) in a 10° s exposure. XPOL
utilizes a fine grid Gas Pixel Detector (Fig. 2-9)
to image the tracks of photoelectrons produced
by incident X-rays and determine the direction
of the primary photoelectron, which conveys in-
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H o 68 =

Figure 2-8. Photograph of 12 hexagonal Silicon
Drift Detectors (the 7 central SDDs are removed).
The layout/design is the same as for the HTRS detec-

tor.

formation about the polarization of the incom-
ing radiation (Muleri et al. 2008). XPOL also has
spectrographic capabilities with a resolving power
of E/AE of -5 at 6 keV and timing resolution of a
few ps. The field of view is 2.5 x 2.5 arcmin. The
spatial resolution is a good match to the mirror
PSE giving a total angular resolution of 6 arcsec.

2.1.1.7. Rationale for Selection

The ensemble of mirror plus instrumentation
is baselined for IXO because it incorporates the
most promising current technology for efliciently
meeting the driving science requirements (Table
2-1). During Phase A an AO process will be used
to select the final instrument complement.

The parallel FMA approaches offer high area-
to-mass ratios plus modularity conducive to mass
production. The XMS provides the highest avail-
able spectral resolution in an array providing the
required spatial resolution and field of view. The
DEPFET active pixel sensor array utilized by the
WFI/HXI provides nearly Fano-limited energy
resolution, great flexibility arising from the ability
to control individual pixels, high readout speed,
large sizes for monolithic detectors, and high in-
trinsic radiation hardness. The HXI detector pro-
vides the highest sensitivity for hard X-rays. The
XGS meets the science requirements of resolving
power R > 3000 and effective area > 1,000 cm? in
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Figure 2-9. XPOL photograph and schematic.

the soft X-ray band between 0.3 and 1.0 keV. The
HTRS provides the required capability to observe
sources with extremely high count rates with sub-
millisecond time resolution and CCD-like energy
resolution (150 eV at 6 keV), over the ~0.3-10
keV band. The XPOL is the only polarimeter
that combines high polarization sensitivity over a
broad bandpass with imaging.

2.1.1.8. How the Instruments Are Used
Together

IXO is designed such that astrophysical data
are collected using one of the four MIP-mounted
instruments (XMS, WFI/HXI, HTRS or XPOL)
at a time, in parallel with the XGS. In general,
most observations will use one instrument only.

XGS observations will generally also include a
simultaneous MIP-mounted instrument observa-
tion to extend the X-ray bandpass of the observa-
tions to E > 1 keV. The way the MIP-mounted
instruments are used together is by performing
distinct observations of the same object with al-
ternate instruments in a way specified by an ob-
server, with the intention of achieving a specific
science goal.

2.1.2 Technical Maturity Levels

Q2. Indicate the technical maturity level
of the major elements and the specific instru-
ment TRL of the proposed instrumentation,
along with the rationale for the assessment. For
any instrument rated at a Technology Readi-
ness Level (TRL) of 5 or less, please describe the
rationale for the TRL rating, including the de-
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scription of analysis or hardware development
activities to date, and its associated technology
maturation plan.

A careful evaluation has been performed to
determine the technical readiness of each instru-
ment and its major components to support the
NASA-directed Independent Cost Estimate. The
results of this evaluation, including recent prog-
ress, are summarized below.

The plans for reaching TRL 6 are described
in Section 3 under Enabling Technology. Please
also refer to the instrument technology roadmaps
contained in the Supplemental Documents (see
description in Appendix D) .

2.1.2.1. The Flight Mirror Assembly (FMA)
The components of the segmented glass mir-
ror are at TRL 3 and 4. The mirror segments are
at TRL 4. Current mirror segments are medium
fidelity, meeting all but the figure quality require-
ment. They meet the effective area-to-mass ratio
requirement (>20 cm*/kg); flight thickness sur-
face coating with iridium has been demonstrated;
they meet the surface smoothness requirement
(microroughness of 4 A); they meet the reflec-
tivity requirement and coating density require-
ment; full-scale segments of the flight thickness
have been fabricated and tested. The segments
have been tested to environmental requirements:
three nested mirror segments (-1 mm spacing)
passed vibration and acoustic testing at qualifica-
tion levels for EELV and Ariane 5 launch vehi-
cles; segments have been performance-tested via
X-ray imaging, producing results in good agree-
ment with predictions. Mass production has been
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demonstrated through the NuSTAR program.
Segment mounting and alignment is at TRL 3.
Low fidelity breadboards have thus far been used.
X-ray tests of aligned and permanently bonded
segment pairs yielded HPD of 15 arcsec. The
measured performance agrees with the results of
analytical modeling.

The elements of the SPO mirror range from
TRL 4 to 6. The silicon substrates are at TRL 6.
They have adequate smoothness, flatness, and
thickness uniformity to meet the IXO require-
ments. Deposition of an iridium surface with suf-
ficient thickness, required surface smoothness and
uniformity, including patterning for assembly, has
been demonstrated. The production of a stack
(stacking and bonding) is at TRL 4. Plates cut
from wafers have been grooved, bent into shape,
and robotically stacked. The existence of residual
stack-up errors means that these stacks are low fi-
delity models of the IXO stacks.

The production of an SPO focusing module
is at TRL 4. Angular resolution in X-rays of 17
arcsec HPD has been demonstrated from the first
four plate pairs of a module, mounted inside a
flight-representative petal. Technology develop-
ment is required to reduce the influence of the
particulate contamination causing the stack up
error. Module mounting is at TRL 4. An isostatic
mount has been developed, but requires refine-
ment so that the loss of aperture due to the mount
can be minimized.

2.1.2.2. The X-ray Microcalorimeter
Spectrometer (XMS)

The XMS detector and readout technology is
at TRL 4. XMS components (8 x 8 TES array
and two-column SQUID multiplexer) have been
integrated in a laboratory test environment and
their performance validated. 32 x 32 arrays of
the required pitch for XMS have been fabricated
and are presently being tested. A separate dem-
onstration of the outer array concept has been
performed. The performance of all components
agrees with analytical predictions; characteristics
needed for scaling to XMS requirements are un-
derstood through models. Devices thus far dem-
onstrated represent a low fidelity breadboard in
terms of focal-plane layout and heat sinking of
components. Testing has occurred in a relevant
temperature, vacuum, and magnetic shielding en-
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vironment; vibration and radiation tests have yet
to be performed.

A JWST/MIRI demonstration model cooler
has been operated for thousands of hours and
both thermal vacuum tests and launch vibration
qualification tests have been successfully com-
pleted. The MIRI cooler was certified in 2007
by a technical non-advocate review panel at TRL
6. The CADR is at TRL 4. A high-fidelity, four-
stage brassboard CADR coupled to a commercial
mechanical cryocooler has been built and its basic
functionality has been demonstrated in critical
environments (thermal and cryocooler-induced
vibration) with a simulated cryocooler interface.
The demonstrated performance agrees with ana-
lytical models; the performance has acceptable
margin; scaling parameters are known; perfor-
mance can be accurately modeled in the flight
environment.

2.1.2.3. The Wide Field Imager/Hard X-ray
Imager (WFI/HXI)

The WFI detector technology is at TRL 4.
Detector prototypes of various formats (most rel-
evant: 64 x 64 pixels of 75 x 75pm size, 64 x 64
pixels of 500 x 500 pm size) have been spectro-
scopically characterized with great success. These
are low fidelity breadboards in terms of array size.
Testing has been carried out in relevant thermal
and vacuum environments. Radiation studies
have been performed up to a multiple of the dose
expected during a 10-year mission lifetime. Vi-
bration tests have been successfully performed
with mechanical prototypes similar to the WFI
focal plane array at a multiple of the load expected
during launch. Performance agrees with analytical
predictions; the characteristics needed for scaling
to full wafer-scale devices are understood.

The VELA/ASTEROID readout electronics
are being operated continuously in critical test
environments and can be considered TRL 4.

The HXI DSSD technology is at TRL 4.
Component strips (2.5 cm and 4 cm wide DSS-
Ds) have been integrated in a laboratory test en-
vironment and their performance validated. This
demonstration represents a low fidelity bread-
board in terms of focal-plane layout, together with
read-out components. Tests were performed in a
relevant temperature environment. Vacuum, vi-
bration, and radiation tests have been performed
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at the component level. Performance agrees with
analytical predictions; the characteristics needed
for scaling to IXO-HXI requirements is under-
stood through models.

The HXI CdTe imager technology is at TRL 4.
Components (2.5 cm wide DS-CdTe’s) have also
been integrated into a low fidelity breadboard (fo-
cal-plane layout together with read-out compo-
nents) in a laboratory test environment and their
performance validated. Relevant environmental
tests (temperature, vacuum, vibration, and radia-
tion) have been done at the component level (e.g.,
l-inch CdTe planar detector). The performance
agrees with analytical predictions. Characteristics
needed for scaling to the IXO-HXI requirements
are understood through models.

2.1.2.4. The X-ray Grating Spectrometer
(XGS)

The CAT and off-plane gratings are both at
TRL 3. Eight CAT gratings/facets of various ge-
ometries have been measured with X-rays (in a
relevant environment). IXO design parameters
(aspect ratio, blaze angle) have been achieved in
grating fabrication. The measured X-ray efficien-
cy of a 3 x 3 mm prototype grating is 80-100% of
theoretical. For the off-plane gratings, analytical
predictions and laboratory demonstrations show
that they can meet IXO’s performance require-
ments. Off-plane gratings with properties similar
to those needed for IXO have been performance-
tested in a relevant temperature and vacuum en-
vironment, but no vibration testing has been per-
formed. A higher-fidelity prototype IXO grating
has been fabricated and is ready for X-ray testing.

The XGS CCD readout detectors are at
TRL 5. Flight CCDs that meet all XGS require-
ments except readout rate have been demon-
strated on-orbit on Chandra and Suzaku. These
detectors represent a medium fidelity model of
the XGS CCD array. The detector modifications
needed for higher-speed readout (clock electrode
strapping, higher responsivity output transistors)
have been demonstrated successfully on optical
CCD detectors in the laboratory.

2.1.2.5. The High Time Resolution
Spectrometer (HTRS)
The HTRS has a TRL level of 6. Individual

Silicon Drift Detectors identical to those consti-
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tuting the IXO array are operational and their
performance meets IXO requirements. A De-
tector Electronics Unit (DEU) similar to that for
IXO flew on INTEGRAL; an upgraded version
which can be considered a high fidelity analog of
that needed for HTRS is under development for
the ECLAIRs detector array on the Space multi-
band Variable Object Monitor (SVOM) mission
(2014).

2.1.2.6. The X-ray Polarimeter (XPOL)

The XPOL instrument is at TRL 5. A high-
fidelity prototype detector has been demonstrated
in a laboratory environment, meeting all perfor-
mance requirements for IXO except dead time,
and performing consistently with theoretical pre-
dictions. The detector array size and pitch meet
IXO requirements. The detector underwent ther-
mal vacuum testing between 15° C and 45° C,
and was successfully vibrated. Breadboard detec-
tors have undergone over 100 hours of laboratory
testing, and over 15 prototypes have been built. A
similar ASIC chip used in the Large Hadron Col-
lider at CERN uses the same fabrication process
as that needed for IXO. It is subjected to high
dosages of radiation, needing only heavy ion test-
ing for space qualification. All other components
have been flown and are space qualified.

2.1.3 Instrument Risks

Q3. In the area of instrumentation, what
are the three primary technical issues or risks?

The three primary technical risks are listed in
Table 2-2. These risks have been identified and
rated using the methodology discussed in the re-
sponse to Programmatics and Schedule Q3, Sec-
tion 5.3.

2.1.4 Instrument Tables

Q4. Fill in entries in the instrument table.
Provide a separate table for each instrument.

See Table 2-5 to Table 2-10 at the end of Sec-
tion 2.

2.1.5 Instrument Contingency

Q5. Ifyou have allocated contingency please
include as indicated along with the rationale
Jor the number chosen.

Section 2 Technical Implementation
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Table 2-2. Top Three Instrument Technical Risks and Mitigation Plans

- 8
:
% g System Risk Statement Mitigation
= g
= S
If required angular Use parallel technology development | Science - Compromise
resolution is not through TRL 6 using segmented investigation of
~ achieved with either glass and Si pore optic approaches, | SMBH evolution
E mirror technology, prior to start of Phase B. Build
2 |4 '§ FMA then the SMBH at and test an additional engineering
= high redshift science unit prior to CDR. Thoroughly
will be significantly test the mirror through all stages of
compromised. assembly.
If the XMS cryogenic Provide thorough reliability analyses | Mass & Power -
K chain doesn’t have based on existing hardware test Increased mass ( 60
o3 (2 _g Inst - sufficient reliability, then |and on heritage orbit data. Use kg) and power (300
[LU" XMS XMS cooling lifetime may | life testing as appropriate. Add ) for redundant
not be achieved. redundancy to the design. system
If grating array Use parallel technology Cost - Increased
- throughput efficiency development. If necessary, add grating size and/or
2 | Inst - doesn’t meet moveable (flip-up) deployment additional mechanism
3 5 |2 '§ XGS requirements, additional | grating to remove grating area
= grating area coverage will | during observations where XGS is
be required. not required.

For mass, rather than applying a uniform
30% contingency, IXO uses a variable “mass
growth allowance” based on hardware type (struc-
tural, thermal, etc.) and design maturity level, as
defined in AIAA S-120-2006 Mass Properties Con-
trol for Space Systems. 'Therefore, instrument mass
contingencies range from 16% to 30%. For pow-
er and data rate, a 30% contingency is currently
used which is consistent with the GSFC GOLD
rules (GSFC-STD-1000D) for a project at this
stage of maturity.

2.1.6 Payload Table

Q6. Fill in the Payload Table.
See Table 2-11, Payload Mass Table, at the
end of Section 2.

2.1.7 Organizational Responsibilities

Q7. Provide for each instrument what or-
ganization is responsible for the instrument

Section 2 Technical Implementation

and details of their past experience with similar
instruments.

Because all focal plane instruments are to be
selected via open competition through an An-
nouncement of Opportunity (AO), the organi-
zations responsible for the various instruments
have not yet been determined. The FMA will be
procured via competition through a Request for
Proposals (RFP). During the competition, past
experience with similar instruments will be a se-
lection factor.

Experienced instrument working groups are
helping to develop the IXO reference mission
and the critical technology. For the FMA, a team
from GSFC/MSFC/SAO is developing the seg-
mented glass technology, making use of their
extensive experience with successful missions
(Chandra, BBXRT, ASCA, Suzaku), and ESA
is developing the SPO technology through con-
tracting organizations. The XMS technology is
being developed by a team lead by GSFC, NIST,
SRON, and ISAS. The design builds on GSEC'’s
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successful work with suborbital instruments and
the Suzaku XRS, GSFC/NIST work with readout
electronics, SRON and ISAS and their European/
Japanese partners working on the ground-based
platform EURECA, as well as JAXA’s successful
work with cryocoolers. The WFI DEPFET tech-
nology is being developed at MPE, building upon
their very successful EPIC-pn instrument on the
XMM-Newton observatory. The HXI technol-
ogy is based on JAXA development activity for
ASTRO-H (2014 launch). Other technologies
applicable to this device are being developed for
NuSTAR. There are two concepts under develop-
ment for the XGS: the OPGs are under study at
Colorado/U. Towa and CAT gratings are under
study at MIT. The XPOL technology has been
developed by an Italian consortium led by INFN
(Pisa) and IASF (Rome). A related detector is
under development at GSFC for the GEMS mis-
sion. The HTRS technology is being developed at
CESR in France and at MPE where detector tech-
nology (Silicon Drift Diodes) is already mastered.

2.1.8 Instrumentation Studies

Q8. For the science instrumentation, de-
scribe any concept, feasibility, or definition
studies already performed.

Numerous studies have been carried out for
the instrumentation, in addition to substantial
technology development. The most comprehen-
sive documents arising from these studies are
appended to this response (see description of
supplemental documents in Appendix D). They
include: 1) IXO Segmented Glass FMA Concept
Study 2) IXO Payload Definition Document
(PDD) with Corrigendum, 3) Mirror Technol-
ogy Development Roadmap for the International
X-ray Observatory, 4) IXO Silicon Pore Mirror
Technology Development Plan (TDP), and 5)
Instrument Technology Development Plans. Ad-
ditionally, numerous papers about IXO instru-
ments have been published in technical journals.
Selected references are available at: http://ixo.
gsfc.nasa.gov/decadal_references/.
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2.1.9 Instrument Operations,

Calibration, and Data Volume

Q9. For instrument operations, provide
a functional description of operational modes
and ground and on-orbit calibration schemes.
Describe the types of data and provide an esti-
mate of the total data volume returned.

2.1.9.1. Instrument Modes

All instruments share three basic operational
modes: (i) off; (ii) standby/engineering; and (iii)
data collection. Examples of engineering modes
are cool down of cryogenic instruments and di-
agnostics. Data collection modes depend on the
specific instrument, for example, electronic win-
dow selection for the imaging detectors (XMS,
WEFI/HXI) and continuous clocking and frame
transfer modes for the CCDs (XGS). Instrument
calibration is performed using data collection
modes. Nearly all mode switching is performed
via software command. The IXO instruments
have a limited number of mechanisms, all exter-
nal to the instruments, operated with low duty
cycle (one-time removal of protective covers, and
occasional focus adjustment and filter wheel rota-
tion).

2.1.9.2. Ground and On-orbit Calibration
The IXO calibration philosophy is to calibrate
systems and subsystems starting at the lowest pos-
sible level, and to utilize those calibrations as
baselines in next-higher-assembly calibration up
to and including the fully assembled observatory.
The “test as you fly” (i.e., test in flight configu-
ration) philosophy will be incorporated into the
calibration approach. The strategy is to develop
accurate theoretical and semi-empirical perfor-
mance models for each subsystem’s response to
X-ray flux distributions: spectral, spatial, tempo-
ral and polarization, and to constrain and verify
these models during ground calibration. Each
calibration dataset will be used to constrain theo-
retical and semi-empirical models for the perfor-
mance of the system or subsystem, and the full
complement of these models represents the com-
plete pre-flight calibration. This modeling ap-
proach carries over into the in-flight calibration
where the instrument parameters will be verified
and monitored. The science-based calibration re-
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quirements will be finalized during Phase A and

reviewed during SRR.
2.1.9.3. Ground Calibration

For the overall ground calibration efforts, the
IXO Science and Operations Center (ISOC; see
also Section 4, Mission Operations) is responsi-
ble for generating the model requirements, data
product requirements and data formats with sup-
port from the various instrument teams, mirror
vendors, and the spacecraft vendor to ensure
compatibility with the system-level calibration
products and models. The ISOC is responsible
for the Calibration Peer Reviews of the mirror
and instruments. The individual instrument and
mirror providers are responsible for pre-delivery
calibration (including calibration requirements
flowdowns and error budgets), and delivery of the
calibration data products to the ISOC.

Ground calibration priorities include (i) align-
ment and co-alignment of mirror and detectors,
(ii) effective area for the mirror as a function of
energy and off-axis angle, (iii) PSF as a function
of energy and off-axis angle, (iv) detector effects
on effective area (e.g., QE, mode, gain, rate, rate
linearity), and internal instrumental backgrounds,
(v) detectors’ energy/wavelength response and lin-
earity, and (vi) parametric studies of the gain sen-
sitivity to bias and temperature.

While there is significant commonality among
the detectors, instrument-specific aspects of the
calibrations exist. For the FMA, ground calibra-
tion will be performed on individual modules,
integrated groups of modules, and the completed
assembly. Calibration will be carried out using a
combination of a vertical X-ray pencil beam and a
horizontal long beam with large aperture (e.g., the
MSEC X-Ray Calibration Facility); five months
of time are scheduled for FMA calibration efforts.
For the XMS, the temperature dependence of the
gain will be calibrated. For the WFI/HXI, the de-
tectors will be calibrated separately as well as fully
assembled, including determination of the reduc-
tion in QE for the HXI due to obscuration by the
WEIL.  For the XGS, the grating assemblies and
CCD detectors will be calibrated both separately
and as a system to determine the QE of the com-
bined instrument (plus FMA) and the dispersion
as a function of wavelength and spectral order.
The HTRS calibration will focus on relative and
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absolute timing accuracy, including calibration of
the spacecraft timing chain. For the XPOL, the
modulation factor will be measured as a function
of position.

2.1.9.4. Ground-to-Orbit Calibration
Transfer

Much of the calibration data taken prior to
launch is obtained under conditions different
from on-orbit, including gravitational distor-
tion, and finite distance effects at the calibration
beamlines. The ISOC will oversee development
of calibration models that provide transforma-
tions from ground-based to on-orbit performance
predictions.

2.1.9.5. On-Orbit Calibration

The ISOC is responsible for planning, ex-
ecuting, and archiving on-orbit verification and
calibration activities, with support from the in-
strument teams, mirror vendors, and the space-
craft vendor. Spacecraft systems and subsystems
that impact IXO’s scientific performance will be
calibrated, including the aspect system boresights
and the Inertial Reference Units (IRUs), both of
which impact the aspect solutions, and the clocks
which impact the absolute timing requirement.
On-orbit verification of the FMA and instrument
calibrations include on- and off-axis PSF (core
and wings), vignetting functions, plate scales, ef-
fective areas, cross-calibrations between the IXO
instruments (as well as with previous missions),
and routine checks of the stability of the detector
wavelength/energy scales, QE and QE uniformity,
gains, astrometry, contamination, dark currents,
system noise, etc. In addition, timing calibration
is performed for the HTRS, and polarization cali-
bration for the XPOL. Based on past experience
with XMM-Newton and Chandra, routine cali-
bration operations will take about 5% of the time
available for science operations.

On-orbit calibration will be performed with
celestial and on-board sources. Celestial sources
will be chosen for flux stability and based on obser-
vations by previous missions. Continuum sources
will be used for effective area calibration (e.g., hot
white dwarfs), line sources for wavelength scale
calibration and Line Response Functions (LRF)
and dispersions relationships (e.g., Capella). X-
ray and optical stray light calibration will be
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determined with off-axis observations of bright
sources. Contamination monitoring sources will
be continuum sources (e.g., BL Lacs), while open
star clusters, which allow the simultaneous detec-
tion of many X-ray sources with well-determined
optical positions, will be used to calibrate the
relative pointing offsets and plate scale. Sources
with known ephemerides will be used for timing
calibration. IXO will also have on-board radioac-
tive sources (*Cd, 4'Ca, *Fe) as well as electron-
impact sources and a polarized source for XPOL.

2.1.9.6. Data Analysis

IXO data analysis is straightforward and simi-
lar to three decades of common X-ray astronomy
analysis (image, spectral, and photon event tim-
ing). Data analysis for XMS, WFI/HXI, XGS,
and HTRS, data utilizes standard packages, such
as CIAO and FTOOLS. Extending these packag-
es to IXO data analysis is straightforward as they
already support multi-mission processing. Analy-
sis tools and techniques for polarization data will
be developed in FTOOLS by the GEMS mission
and can be extended to IXO.

2.1.9.7. Data Volume and Characteristics

All IXO detectors are photon-counting de-
vices. The basic data are event based, and include
time, position, energy, and associated event in-
formation. See Section 4.4 for details about data
volume.

2.1.10 Flight Software

QI10. Describe the instrument flight soft-
ware, including an estimate of the number of
lines of code.

For each instrument, flight software carries
out similar functions: spacecraft command and
data interface, housekeeping gathering, instru-
ment control and configuration, data acquisition
and compression, as well as instrument-specific
data processing. For the instruments with flight
heritage, a considerable fraction of the software
will be reused or easily modified; thus, not all of
the lines of code listed below will be newly devel-
oped.

FMA - The FMA is passive. No instrument
flight software is needed.

XMS - Based on the Suzaku XRS flight soft-

ware, it is estimated that 20,000 lines of code are
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required. Instrument-specific XMS flight software
is for data processing, thermometer readout, and
CADR and cyrocooler control.

WFI/HXI — The lines of FPGA firmware
code is estimated to be 100,000 while the num-
ber of lines of WFI flight software is estimated to
be 80,000. Based on ASTRO-H, the HXI will
require 50,000 lines of code with 100,000 FPGA
lines of code.

XGS - The software for the XGS CCDs will
be essentially the same as the software used for
the Chandra ACIS, which comprised roughly
130,000 lines of high level language code (C++).

HTRS - For the HTRS, the lines of FPGA
firmware code is estimated to be 60,000 while the
number of lines of flight software is estimated to
be 20,000.

XPOL - For each photon, instrument-spe-
cific software determines the impact point, pho-
ton energy and emission angle, by calculating the
first, second and third moments of the charge
distribution and identifying the side of the track
from where the photoelectron is ejected. The
anticipated number of onboard lines of code is
roughly 10,000 in a high level language (C++).
An FPGA will perform all the other tasks with
firmware consisting of roughly 30,000 lines.

2.1.11 Non-US Participation

QI11. Describe any instrumentation or sci-
ence implementation that requires non-US par-
ticipation for mission success.

See discussion in Section 3.2.

2.1.12 Master Equipment List

QI2. Please provide a detailed Master
Equipment List (MEL).

The abridged Payload MEL is listed in Table
2-12 at the end of Section 2. The Expanded Pay-
load MEL is in Appendix A as Table A-1.

2.1.13 Instrument Flight Heritage and
Space Qualification

QI13. Describe the flight heritage of the in-
struments and their subsystems. Indicate items
that are to be developed, as well as any existing
hardware or design/flight heritage. Discuss the
steps needed for space qualifications.
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The instrumentation required to fulfill the
scientific requirements of IXO has significant
flight heritage. In addition, a number of upcom-
ing missions incorporate instruments similar to
those anticipated for IXO. Instrument-related
items needing development are discussed in Sec-
tion 3, Enabling Technology.

Summarized below for each instrument are
the flight heritage and the similarities to instru-
ments under development.

2.1.13.1. FMA

The FMA has its heritage in several X-ray as-
tronomical missions. The Wolter-I optical design
has been used on all imaging telescopes used for
non-solar X-ray astronomy, most notably Ein-
stein, ROSAT, Chandra, and XMM-Newton.
The modular approach has a heritage in the Ja-
pan-US ASCA and Suzaku missions, requiring
similar numbers of mirror segments: ~14,000 for
IXO vs. 6,800 for Suzaku. Iridium coatings have
flight heritage from Chandra. The methodology
of using normal incidence visible light metrol-
ogy to accurately predict grazing incidence X-ray
performance has been repeatedly demonstrated
on all the aforementioned flight programs. For
the segmented glass mirror approach, the seg-
ment fabrication technology has its heritage in
the High-Energy Focusing Telescope (HEFT)
balloon instrument, and is being demonstrated in
the ongoing production of 8,000 glass segments
for NuSTAR. The FMA alignment and metrology
method has heritage in the extremely precise and
successful Chandra mirror assembly. The SPO ap-
proach shares the same heritage as the segmented
glass for the Wolter optics, coatings, and metrol-
ogy. In addition, for the SPO approach, all fabri-
cation and assembly steps are derived from mass
production processes developed by the microelec-
tronics industry.

2.1.13.2. XMS

The XMS instrument is based on X-ray mi-
crocalorimeters for high resolution, high through-
put X-ray spectroscopy that have been developed
over the last 20 years for astrophysics and labora-
tory spectroscopy. The first implementation of a
microcalorimeter for astrophysics was on a sound-
ing rocket payload (the X-ray Quantum Calorim-
eter, XQC) for measuring the spectrum of the
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diffuse X-ray background. The payload has been
launched four times and is being prepared for an-
other flight (McCammon et al. 2002). A major
milestone for the XMS technology readiness is
the XRS instrument on the Suzaku Observatory.
This instrument featured a 32-channel microcalo-
rimeter array operating at 60 mK, a single-stage
CADR, and digital processing electronics capable
of on-board optimal pulse height analysis. Both
the Suzaku and XQC implementations have used
ion-implanted Si for the thermometer with sepa-
rately attached X-ray absorbers. A 6 x 6 calorim-
eter array with improved features (larger absorbers
with higher uniformity and better energy resolu-
tion) is currently being developed for the Japan/
US ASTRO-H mission, with a planned 2014
launch.

Cryocoolers demonstrating technology ca-
pable of meeting the IXO requirements have
flown in space since the early 1990s with near-
perfect performance. The most relevant cooler is
the 20 K Stirling cooler flown on the JAXA Akari
mission. The JAXA SMILES instrument, await-
ing launch to the ISS (and thus at TRL 8), has a
45K JT cooler that meets all IXO requirements.
The Suzaku XRS cooler operated successfully
on-orbit, incorporating a single-stage ADR that
cooled the XRS to 65 mK. Other relevant coolers
include Stirling coolers on HIRDLS, ISAMS and
MOPITT, and pulse tube coolers on Hyperion,
SABER, AIRS and TES, all of which operate be-
tween 50 K and 80 K, and are still operational af-
ter tens of thousands of hours. A CADR has suc-
cessfully cooled a calorimeter array during three
suborbital flights of the XQC sounding rocket

instrument.

2.1.13.3. WFI/HXI

The WFI detector draws from the heritage
of an extremely successful X-ray CCD detector
flown on XMM-Newton, the EPIC pn-CCD.
The DEPFET technology is well tested with de-
tectors developed for several different missions,
including MIXS that will fly on Beppi-Columbo
(-2013).

The HXI is an advanced version of the HXI to
fly in 2014 on JAXA’s ASTRO-H. Silicon strip de-
tectors similar to the HXI DSSD, but with strips
on one side, form the heart of the Fermi Gamma-
Ray Observatory. DSSDs were successfully flown
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on a balloon experiment in 2003. An active BGO
shield similar to that of the HXI is used in the
Suzaku Hard X-ray Detector. BGO is also the
planned shield material for the ASTRO-H HXI.
A similar APD to those planned for the HXI is
operating in orbit on the Cute-1.7 micro satel-
lite. A similar analog electronics chain is working
on-orbit on Suzaku (HXD-PIN detectors), and is
being adapted for ASTRO-H.

2.1.13.4. XGS

Each of the two grating concepts builds on
strong flight heritage.

Transmission gratings have been flown on the
Objective Grating Spectrometer (OGS) on Ein-
stein, and the Transmission Grating Spectrom-
eter (TGS) on EXOSAT. Freestanding transmis-
sion gratings with hierarchical support structures
have flown on IMAGE (2000) and TWINS A&B
(2004, 20006). Transmission gratings are currently
in use on the High- and Low-Energy Transmission
Grating Spectrometers (HETGS and LETGS) on-
board Chandra. The CAT grating optical design,
including the grating array support structure, is
based on the Chandra HETGS.

For the reflection gratings, the XMM-Newton
Reflection Grating Spectrometer (RGS) provides
fabrication, alighment, and metrology heritage.
Off-plane reflection gratings have been flown on
several UV and X-ray sounding rocket missions,
including the recent flight of the University of
Colorado’s Cygnus X-ray Emission Spectroscopic
Survey (CyXESS).

X-ray CCD detectors have a rich heritage in
a variety of flight instruments, and have been in
nearly continuous use in X-ray astronomy since
the launch of ASCA in 1993. CCD-based instru-
ments include Chandra’s Advanced CCD Imag-
ing Spectrometer (ACIS), XMM-Newton’s RGS
and European Photon Imaging Camera (EPIC),
Swift’s X-ray Telescope (XRT), and Suzaku’s X-ray
Imaging Spectrometer (XIS). Three of these in-
struments (ACIS, RGS, and EPIC) have all been

operating successfully in space since 1999.

2.1.13.5. HTRS
SDDs were operated on the Mars Rover mis-
sions. Similar analog electronics are used on IN-

TEGRAL/SPI spectrometer. The SDDs are used

routinely in fast photon counting ground applica-
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tions, and have undergone extensive ground test-
ing and qualification. One SDD discrete analog
electronic chain has been running at CESR for
several years.

2.1.13.6. XPOL

Gas proportional counters are an established
space technology, utilized in virtually every X-ray
observatory from Uhuru (1970) through Bep-
poSAX (1996). Gas Pixel Detectors (GPD) were
flown on BeppoSAX. Polarization sensitive GPDs
have undergone extensive ground testing and
qualification over the past several years. A GPD
variant, the Time Projection Chamber polarim-
eter, is the heart of the GEMS SMEX mission,
recently selected by NASA for a 2014 launch.
The XPOL Control Electronics (CE) are based on
those used in AGILE.

2.1.13.7. Steps needed for space qualifications

Qualification and Engineering Test Units of
new designs of the IXO payload will be space
qualified, to protoflight levels, in accordance with
the GSFC Standard Mission Assurance Require-
ments (MAR) document, CM Version (06-01-
2009). The purpose of the space qualification
program is to uncover deficiencies in design and
method of manufacture. Examples of new designs
include mirror modules, grating arrays, instru-
ment focal plane assemblies, and detector readout
subsystems. Test levels and durations will initially
be set by GEVS-STD-7000 (2005) and refined

during mission formulation.
2.2 Mission Design

2.2.1 Mission Design Overview

Q1. Provide a brief descriptive overview of
the mission design and how it achieves the sci-
ence requirements.

IXO is a facility-class observatory placed
via direct insertion (no lunar swingby) into an
800,000 km semi-major axis halo orbit around
the Sun-Earth L2 libration point using either an
Evolved Expendable Launch Vehicle (EELV) or
an Ariane V with a minimum throw mass of 6425
kg. The orbit progression for five years is shown
in Fig. 2-12. IXO is built around a large area
grazing incidence mirror assembly with a 20 m
focal length and five science instruments. Flight-
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proven extensible masts allow the observatory to
fit into either launch vehicle fairing. The mission
design life is five years, with consumables sized for
10 years.

IXO meets all of the science requirements
outlined in Section 1. All mission requirements
were flowed down from the science objectives,
the measurement requirements, and the payload
accommodation and performance requirements.
The power-rich and thermally stable quiescent L2
environment is ideal for IXO’s observations, al-
lowing undisturbed pointing at celestial objects
for durations of 10°—~10° sec with arcsecond-level
pointing accuracy. All detectors are photon count-
ing, thus longer integrations can be achieved
by multiple exposures. IXO’s field of regard is a
360° x 40° annulus, shown in Fig. 2-13, which
over six months allows access to any location on
the celestial sphere for a minimum of 1.5 months.
With an average of two to three daily 60° (typical)
repointings, each completed in a half hour, the
overall observing efficiency is 85%. The allowed
attitude relative to the sun line, shown in Fig.
2-13, is 70°-110° (pitch), +180° (yaw); and +10°
(roll). These ranges provide steady thermal condi-
tions, shade the detectors and radiators from the
sun, and keep the unocculted solar illumination
on the solar arrays uninterrupted throughout the
entire mission. Stationkeeping operations are per-
formed every 21 days, while solar torque offload-
ing is accomplished with frequent micro-impulses
from small ACS thrusters, to improve observatory
performance by keeping the reaction wheels un-
saturated.

800,000 km amplitude
L2 Orbit w/180 day period

Earth-Sun

Trajectory

To ' Earth-L2 Distance
Sun 1.5 x 10° km

! Max Range

! 1.8 x 10° km

Courtesy - JWST

Figure 2-12. IXO transfer and nominal mission op-
erational L2 orbit.
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2.2.2 Mission Software Development

Q2. Describe all mission software develop-
ment, ground station development, and any
science development required during Phases B
and C/D.

IXO mission software development includes
the spacecraft flight software; flight software for
the instruments; the science instrument EGSE
software; and software for the IXO Science and
Operations Center (ISOC), consisting of the Mis-
sion Data System (MDS) and the Science Data
System (SDS) (the MDS and SDS provide the
functions typically associated with the Mission
Operations Center and the Science Operations
Center, respectively; see also Section 4, Mission
Operations). All ISOC activities are conducted in
a single facility to reduce cost and increase syn-
ergy. There is no ground station development re-
quired for the IXO space/ground link since the
Deep Space Network (DSN) will provide these
services.

The ISOC will establish the interfaces to the
GSE and to the software development environ-
ment at inception for use throughout the entire
IXO development effort. A spacecraft simula-
tor and a common software environment will be
provided to the instrument teams, ensuring use
of a single system from instrument development
through operations. The spacecraft and science
instrument flight software will be developed, in-
tegrated, validated and tested by the spacecraft
contractor and instrument teams respectively,

utilizing NASA and industry standards for soft-

Field Of Regard:

Boresight stays within
N\ +/- 20° band at all times

\
\
\
\
\

. 5

Figure 2-13. IXO mission attitude and field of re-
gard.
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ware engineering and quality assurance, and pro-
viding for independent Verification & Validation
(V&V). The instrument teams will develop any
algorithms that may be required for calibration
and/or data analysis; these algorithms will be im-
plemented within the Science Data System by the
ISOC to ensure functionality within the Science
Data System and for use during the instrument
and observatory calibrations. The science instru-
ment software and associated EGSE software will
be transferred to the IXO Science and Operation
Center (ISOC) for use in ground calibration ef-
forts after instrument delivery. This integration of
ground data systems, software development and
flat-sat development and test environments into
the ISOC ensure a robust I&T environment.

The Mission Data System (MDS) and Sci-
ence Data System (SDS) are described in Section
4 (Mission Operations Development). Science
development during Phases B/C/D include sup-
porting calibration requirements development
and flow-downs to the instruments, supporting
instrument and observatory level I&T activities,
science mission planning system development,
developing the documentation to support guest
observers and the peer review, and extending
the current set of X-ray data analysis tools that
are available in standard analysis packages (e.g.,
CIAO, FTOOLs) to account for the higher spec-
tral resolution data that will be available IXO’s
instruments.

The IXO spacecraft flight software (FSW)
development effort is comparable to LRO. The
software architecture draws from heritage mis-
sions such as LRO, which uses GSFC’s core flight
executive design, and will incorporate new devel-
opment only for the mission specific components
and as needed to mitigate obsolescence. Examples
of software components that draw heavily from
prior heritage include the real-time multi-tasking
executive, pointing control, power management,
command and data handling, memory loads and
dumps, and fault protection. Examples of mis-
sion-specific functions include attitude determi-
nation, processing of sensor and actuator data,
mechanism and deployable controls, and inter-
faces with the science instruments.
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2.2.3 Mission Design Table

Q3. Provide entries in the mission design
table. For mass and power, provide contingency
if it has been allocated.

See Table 2-13.

2.2.4 Observatory Diagrams/
Drawings

Q4. Provide diagrams or drawings show-
ing the observatory (payload and s/c) with the
instruments and other components labeled and
a descriptive caption. Provide a diagram of the
observatory in the launch vebicle fairing indi-
cating clearance.

The drawings of the observatory in the de-
ployed and launch configurations are shown in
the Observatory Quick Reference Guide, and
in Figs. 2-14, 2-15, and 2-16. IXO fits inside an
EELV 5m medium fairing static envelope with
ample room. Any foreseeable future growth can
easily be accommodated by making small adjust-
ments.

2.2.5 Mission Risks

Q5. For the mission, what are the three pri-
mary risks?

The three primary IXO mission risks are de-
scribed in Table 2-3.

Instrument
Module

4.1m
f—)%
Focal Plane \lll‘l.l‘ N

Minimum
clearance
toLVv
Fairing
Static
Envelope
is 5cm

EELV
Medium
, Fairing

Deployment
Module

12m<

20m
Focal
Length

Spacecraft
Module

Optics
Module

IXO in Launch Configuration

IXO Deployed

Figure 2-14. IXO observatory in deployed and
launch configurations
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Figure 2-15. IXO obserwztory cutaway view

2.3 Spacecraft Implementation

IXO’s maturity exceeds Pre-Phase-A expecta-
tions, having evolved over a decade at GSFC with
recent contributions from ESA and JAXA. The
systematic exploration and narrowing of IXO’s
trade-space produced a baseline design, which
was further optimized through convergent itera-
tions. The design has been reviewed by indepen-
dent systems engineers at GSFC and external
organizations. Performance estimates are tracked
in error budgets, and supported by integrated
Structural-Thermal-Attitude ~Control = System
modeling. IXO meets with margin all of its mis-
sion level requirements. The IXO spacecraft can
be built with existing technology. All Spacecraft
entries in the Spacecraft Master Equipment List

(Table A-2) have a TRL 6 or higher.

2.3.1 Spacecraft Characteristics and

Requirements

QI. Describe the spacecraft characteristics
and requirements. Include a preliminary de-
scription of the spacecraft design and a sum-
mary of the estimated performance of the key
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Figure 2-16. IXO Instrument Module

spacecraft subsystems. Please fill out the Space-
craft Mass Table.

The Spacecraft Mass Table is presented in
Table 2-14. The IXO Systems Definition Docu-
ment, submitted as a supplemental document
(see description in Appendix D), describes the
IXO mission in detail, presenting the operations
concept, launch and flight dynamics parameters,
the baseline configuration of the observatory,
main functions, key performance metrics includ-
ing pointing error budgets and resource budgets,
and an overview of all of the subsystems.

IXO consists of four major modules to fa-
cilitate parallel development and integration and
test: Instrument, Deployment, Spacecraft, and
Optics Modules (see Fig. 2-14). Note that in the
discussion below, spacecraft refers to the observa-
tory (including all four modules), excluding the
payload (FMA and instruments).

2.3.1.1. Instrument Module (IM)

The IM (Fig. 2-16) accommodates the detec-
tor systems behind a fixed sunshade. All except
the XGS camera mount to the MIP, which is
comparable to moving platforms on Chandra and
ROSAT. The XGS camera mounts on the Fixed
Instrument Platform (FIP). The XMS, WFI/HXI,
and the XGS camera have focus mechanisms. A
Chandra heritage Telescope Aspect Determina-
tion System (TADS) assures the centering of the
detectors in the converging X-ray beam, and pro-
vides the knowledge required for accurate aspect
reconstruction.
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Table 2-3. Top Three Mission Risks and Mitigation Plans

Risk Statement Mitigation

Likelihood
Consequence

If mirror build and test Employ multiple sources and parallel Schedule - launch
3 experiences significant delays, | development of mandrels, parallel lines for delay
k- mission schedule margin module assembly. Schedule margin, i.e., 10
11313 g é will be eroded, resulting in months funded schedule slack on critical path.
& ™ |launch delay. Modular nature of observatory minimizes
& impacts of FMA delays on the rest of the
observatory.
Given that the observatory | Provide full participation in reviews of all Science - Possible
is developed by an interfacing systems. International systems degraded
g international consortium, engineering team and IXO Management performance
~§ 2 | there may be system level Council will resolve issues. Coordinate Schedule - launch
21313 % C |issues, such as interface configuration management across partner delay
& '% incompatibility. organizations. ITAR agreements to allow
S information flow. Supply a thorough test and
verification program with 10 months schedule
slack on critical path.
If required angular resolution | Use parallel technology development through | Science -
~ is not achieved with either | TRL 6 using segmented glass and Si pore optic | Compromise
“E’ < | mirror technology, then approaches, prior to start of Phase B. Build investigation of
3124 3 E the SMBH at high redshift | and test an additional engineering unit prior to | SMBH evolution
= science will be significantly | CDR. Thoroughly test the mirror through all
compromised stages of assembly.

2.3.1.2. Deployment Module (DM)

The DM is the portion of the metering struc-
ture which is extended on-orbit. It consists of
three identical ADAM masts, similar to the one
on NuSTAR. High deployment accuracy and
repeatability was proven with the 60 m ADAM
masts used in space on the Shuttle Radar Topog-
raphy Mapper (SRTM). As the masts deploy,
they pull up wire harnesses, X-ray baffles, and an
accordion-like shroud to shield the instruments
from stray light. The shroud is structured as a
Whipple Shield (MLI thin foil layers spaced at
specific distances) to minimize the number of
micrometeroid penetrations.

2.3.1.3. Spacecraft Module (SM)

The SM is the central hub of the spacecraft
and accommodates most of the Guidance, Navi-
gation, & Control (GN&C), propulsion, power,

avionics, and RF communications subsystem
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hardware. The reaction wheels, propulsion tanks,
and electronics boxes mount to a nine-sided hon-
eycomb spacecraft bus deck. The 6.6 m x 3.3 m
diameter cylindrical composite isogrid Fixed Me-
tering Structure (FMS) accommodates the thrust-
ers, solar arrays, and the High Gain Antenna

(HGA).

2.3.1.4. Optics Module (OM)

The OM includes the FMA and its covers, the
XGS gratings, the star tracker/TADS periscope as-
sembly, and the deployable sunshade. The Optics
Module interfaces to the FMS at one end, and to
the Launch Vehicle through the Separation Sys-
tem at the other.

A star-tracker, combined with the TADS’s
metering structure flex-body deflection sensing,
supports sub-arcsec level end-to-end pointing
performance, as follows (all 36 numbers): im-
age aspect knowledge is 1 arcsec required, 0.88
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arcsec expected; image position control is 12 arc-
sec required, 1.13 arcsec expected; jitter is 200
milliarcsec required, < 20 milliarcsec expected.
Metering structure deflection knowledge is 0.75
arcsec required, 0.6 arcsec expected. The expected
pointing performance was verified by integrated
Thermal-FEM-Control System modeling. The
spacecraft subsystems are conventional, and are
described in the answer to Q6. All observatory
resource margins meet GSFC GOLD rules, (GS-
FC-STD-1000D), and are carefully managed. In
later phases of the project, trading mass reserves
to save cost will be considered.

2.3.2 Technical Maturity Levels

Q2. Provide a brief description and an
overall assessment of the technical maturity of
the spacecraft subsystems and critical compo-
nents. Provide TRL levels of key units. In par-
ticular, identify any required new technologies
or developments or open implementation issues.

All critical technology required for the IXO
spacecraft is mature; no new technology develop-
ment is needed and there are no implementation
issues. 'The IXO Spacecraft MEL (see Table A-2
in Appendix A) lists every spacecraft component’s
TRL, with none lower than TRL 6. Many of the
spacecraft requirements can be met with commer-
cial off-the-shelf (COTS) components. EDUs,
ETUs, and qualification units are called out in the
MEL, and will be used during the development
process as applicable. Integrated modeling is the
principal verification tool used before the actual
hardware exists, and great care shall be taken to
incrementally build up the correlation between
the models and the actual hardware as it becomes
available. Verification will follow the “test as you
fly” approach as much as feasible.

The structure is at TRL 8, and uses standard
materials and design. The isogrid composite tech-
nology required to manufacture the Fixed Meter-
ing Structure is fully developed for the Minotaur
fairing and the fuselage of the Boeing 787 Dream-
liner. Mechanisms and actuators are at TRL 6 or
7. These include the FMA Cover Mechanisms
at TRL 6 and the MIP Motor Assembly at TRL
7. The ADAM Masts are at TRL 7. The MLI
shroud, shaped into a Whipple shield, is at TRL
6. The LV Separation System is also at TRL 6.
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ACS components are at TRL 7-8, except for the
TADS, which is at TRL 6, and uses the same
concept and optical design as Chandra, with
comparable requirements, parts, and technology.
The AST 301 Star Tracker is at TRL 8; presently
performing well on Spitzer. The Propulsion sub-
system is at TRL 8. The Thermal subsystem is at
TRL 8, and uses only standard off the shelf satel-
lite thermal control technology: radiators, heaters,
and Variable Conductance Heat Pipes (VCHPs).
The Power subsystem is at TRL 8, using a simple
design with existing flight proven technology. The
Ultraflex arrays are at TRL 7, as they have flown
only once, on Mars Phoenix Lander. The Avion-
ics are at TRL 7, with a straightforward design,
moderate data rates, and no real time process-
ing requirements. The RF Comm subsystem is at
TRL 8, except for the integrated S/Ka Transpon-
der, which is at TRL 7. Note that separate S and
Ka band transponders exist at TRL 9 and could
be used with a 7 kg mass penalty, but a combined
unit must be developed. Flight Software is based
on LRO and is at TRL 7.

2.3.3 Lowest Technology Readiness
Level (TRL) Units

Q3. Identify and describe the three lowest
TRL units, state the TRL level, and explain how
and when these units will reach TRL 6.

All components and technologies required for
the IXO Spacecraft are at TRL 6 or above.

2.3.4 Risks

Q4. What are the three greatest risks with
the S/C?

The three greatest IXO spacecraft risks are de-
scribed in Table 2-4.

2.3.5 New Spacecraft Technologies
Q5. If you have required new S/C technolo-

gies, developments, or open issues, describe the
plans to address them (to answer you may pro-
vide technology implementation plan reports or
concept study reports).

No new technology development is required
for the IXO Spacecraft. All technology required
is at TRL 6 or above. The IXO spacecraft has no

significant system or subsystem level open issues.
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Table 2-4.

Risk Statement

Likelihood
Consequence

Given that the
observatory is developed

by an international

consortium, there

._.
W
w
Technical
Mission

may be system level
issues, such as interface
incompatibility.
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Top Three Spacecraft Risks and Mitigation Plans

Provide full participation in reviews of all

interfacing systems. International systems degraded
engineering team and IXO Management Council | performance

will resolve issues. Coordinate configuration Schedule - launch
management across partner organizations. ITAR [ delay

agreements to allow information flow. Supply a
thorough test and verification program with 10
months schedule slack on critical path.

Mitigation

Science - Possible

If the mirror covers

Mirror cover deployment has a single fault

Science - Loss of

instruments.

fail to deploy then no tolerant heritage design with proven industry mission
X-rays will pass through |standard redundant actuators, and an extensive
5 “§ the mirror resulting in | ground qualification program. The ADAM Mast
21115 _E g | loss of mission. If the based deployment mechanism includes redundant
[iL") c§4 Deployment Module actuators that are retractable and fault tolerant,
does not fully deploy the |based on a heritage design that flew successfully.
focal length will not be | The mast will have an extensive qualification
achieved. program and end-to-end testing.
If operation of the MIP | MIP design includes redundant mechanism that | Science - Loss of
E} L‘é is impeded, then it may |is single fault tolerant. The MIP will have an ability to switch
S 1| 4 _g § not be possible to switch | extensive qualification program and end-to-end instruments
= U%* between the focal plane | testing in test-as-you-fly configuration

2.3.6 Subsystem Characteristics and
Requirements

Q6. Describe subsystem characteristics and
requirements to the extent possible. Describe in
more detail those subsystems that are less ma-
ture or have driving requirements for mission
success.

Note: All resource numbers in this section
are CBE.

2.3.6.1. Structure

The structure is 24 m tall x 4.1 m (max) di-
ameter (see Fig 2-14). The 20 m Metering Struc-
ture comprises a 6.6 m fixed composite cylinder, a
spacecraft bus structure, and a 12.2 m deployable
portion. IXO’s structural properties were predict-
ed using an observatory level Finite Element Mod-
el containing 42,978 nodes, shown in Fig. 2-17,
and an FMA model containing 17,249 nodes for
the primary structure and 125,738 nodes for each
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mirror module. Deployed end-to-end bending
and torsion modes are all higher than 1 Hz, and
in the launch configuration are over 12 Hz.

2.3.6.2. Mechanisms

Mechanisms include launch locks, the MIP,
focus mechanisms for some of the instruments,
three ADAM masts, a two-axis HGA gimbal, ex-
terior and interior FMA covers, non-articulated
Ultraflex solar array wings, and a deployable fore
sunshield. The Structure/Mechanisms subsystem’s
mass is 1108 kg, but it only uses 1.9 W.

2.3.6.3. ACS

The ACS (107 kg, 54 W-333 W, depend-
ing on mode) provides the pointing performance
critical to the mission, as described under Q1 of
this section. Components include the AST-301
0.45 arcsec (30) Star Tracker, five Honeywell HR
16-150 0.2 N-m 150 N-m-s reaction wheels, an
internally redundant SIRU, and 12 Adcole coarse

Section 2 Technical Implementation



IXO Finite Element Model

52665 Elements
42978 Nodes

Constraint Elements
Used to Calculate
Motion of Focused
Image Relative to

MIP and FIP

Figure 2-17. Observatory Level Finite Element
Model.

sun sensors for 4n steradian coverage. The con-
trol system accommodates the migration of the
observatory center of mass by 5.6 cm caused by
movements of the MIP.

2.3.6.4. Propulsion

The propulsion subsystem is pressure regu-
lated (56 kg dry mass, 5 W) with twelve AMPAC
DST-11H 22N biprop main thrusters, and four
Aerojet MR-103 0.9N monoprop ACS thrust-
ers, and is loaded with ~200 kg propellant in four
spherical tanks. To mitigate pressure regulator
lifetime concerns, a trade will be performed on
switching after L2 orbit injection from pressure
regulated mode to blowdown mode, a technique
used on commercial communication satellites.
Analysis predicts significant solar disturbance
torques, the result of a 1.8 m offset between the
observatory’s center of mass and center of solar
radiation pressure. The solar torque is offloaded
continuously by imparting 16 pm/s impulses ev-
ery 18 minutes by 0.11 s firings of a redundant
set of 0.9 N ACS thrusters. This technique was
demonstrated on Voyager. Integrated analysis
has shown this approach to be the most efficient
means of solar torque compensation: it keeps the
reaction wheels unsaturated, and introduces min-
imal attitude deviations (0.17 arcsec), while us-
ing only 25 kg propellant over 10 years. The ACS
thrusters’ lifetime is addressed by using the same
parts and qualification as Voyager, where thrusters
have fired 500,000 times (vs. IXO’s 300,000 for
10 years). As an extra contingency measure, IXO
has the fallback option of using its reaction wheels
to absorb solar torque as JWST does.
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2.3.6.5. Thermal Subsystem

The thermal subsystem (158 kg, 460-1024
W) is conventional, with resistive heaters, passive
radiators, and variable conductance heat pipes. A
3D observatory level thermal model with 1345
nodes, and one for the FMA with 9000 nodes
for each of the 60 modules, analyzing a total of
one million radiation couplings, has verified the
thermal design. The 3D thermal models were also
integrated with the structural model to confirm
that the optical components’ alignment require-
ments are met over the full range of mission tem-
peratures.

2.3.6.6. Electrical Power System

The Electrical Power System (EPS) (119 kg,
167 W load) is a 28 VDC system with solar arrays
on body-mounted and non-articulated, deploy-
able panels (26 m” total area), generating 6600W
BOL and 5200W EOL. An onboard 100 Ah Li-
Ion battery, sufficient for approximately one hour
with the observatory in safe mode, is used only
at launch and in unforeseen contingencies, as the
observatory is in sunlight continuously for 10
years.

2.3.6.7. Harness
The mass of the harness for the entire observa-
tory is 273 kg, and it dissipates 21 W.

2.3.6.8. Avionics

The Spacewire-based avionics system (62 kg,
148 W) comprises four major units: C&DH with a
300-Gbit Solid State Recorder, Integrated Avionics

(based on the Rad750 SBC in the present baseline),
and fore and aft Remote Interface Units.

2.3.6.9. RF Comm Subsystem

The RF comm subsystem (30 kg, 44-80 W)
uses CCSDS and Reed-Solomon encoding, oper-
ates in the Ka-band at 26 Mbps and in the S-band
at 8 kbps and 2 kbps, and links to the DSN 34-m
antenna thru a 0.7m two-axis gimbaled HGA
during a single daily 30-minute pass, or through
the S-band omnidirectional antennas, if needed.

2.3.6.10. Flight Software
Flight software is based on LRO, and is de-
scribed in Section 2.2 under Q2.
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2.3.6.11. Mass, Power, and Data Storage

IXO’s resource growth allowances and margins
are comfortable, all in full compliance with the
GSFC GOLD rules (GSFC-STD-1000D). Mass
growth contingency percentages were assigned per
AIAA §-120-2006, “Mass Properties Control for
Space.” The wet mass including growth allowance
is 5121 kg compared to a launch vehicle throw
mass 6425 kg. The mass growth margin over the
Current Best Estimate (CBE) is 40.3%; over the
contingent growth mass it is 20%. Power gener-
ated at BOL is 6600 W, with a minimum at EOL
of 5200 W, contrasted to the maximum science
mode power load (including 30 % growth contin-
gency) of 3648 W, yielding an EOL power mar-
gin of 81%. The nominal 72-hr data volume is 52
Gbit (CBE); the data storage margin in the 300
Gbit Solid State Recorders is 600%. The margin
is 50% for the 72-hr data volume at the maxi-
mum data rate of 192 Gbit (CBE).

As the baseline meets the IXO requirements
with favorable margins, no lightweighting or
power reduction is required.

2.3.7 Flight Heritage
Q7. Describe the flight heritage of the space-

craft and its subsystems. Indicate items that are
to be developed, as well as any existing hard-
ware or design/flight heritage. Discuss the steps
needed for space qualification.

Most IXO components have substantial flight
heritage. The IXO Spacecraft MEL (see Table A-2
in Appendix A) maintains a line-item level heri-
tage database, listing heritage from a wide array of
space missions, including COBE, Swift, RXTE,
TRMM, EO-1, TOPEX, SMEX, Spitzer, Cassini,
TRACE, HESSI, and Mars Probes.

The most significant flight heritage contribu-
tors are successful recent NASA missions, such as
WMAP, LRO, and Chandra. Important test heri-
tage is leveraged off confirmed future missions
like SDO (2009) and JWST (2014). As all space-
craft components are at TRL 6 or higher, space
qualification is not an issue.

Subsystem heritage highlights include:

* Orbit and mission: WMAPR, JWST

* Fixed Metering Structure: Minotaur Com-
posite Fairing, Boeing 787 Isogrid Fuselage

* Deployable Metering Structure: SRTMM
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* Mechanisms: LRO, Chandra, Messenger,
SOHO, Voyager, Shuttle Phoenix Lander

* ACS: Spitzer, NPOESS, TDRSS, GOES-
R, Cassini, WMAP, Swift

* Propulsion: Chandra, Cassini, Mars Ob-
server, Voyager

e Thermal: WMAP, LRO, SDO, COBE,
TRMM

e Power: WMAP, LRO, Fermi, SDO

* Avionics: LRO, JWST, GOES-R, and MMS

e RF Comm: LRO, TRMM, Fermi, Terra (S
band); LRO, Kepler, DS-1, SDO (Ka band)

* Flight Software: LRO

* Operations: Chandra, XMM-Newton

2.3.8 Science Instrument
Accommodation

Q8. Addyress to the extent possible the ac-
commodation of the science instruments by the
spacecraft. In particular, identify any challeng-
ing or non-standard requirements (i.e., jitter/
momentum considerations, thermal environ-
ment/temperature limits etc.) accommodation
by the spacecrafft.

The IXO focal plane detectors are accommo-
dated in the Instrument Module (IM), and the
FMA and XGS Grating Arrays are in the Optics
Module (OM). The observatory metering struc-
tures (deployed and fixed) provide the required
20 m focal length. Linear actuators at the mounts
of the XMS, WFI/HXI, and XGS provide initial
fine on-orbit focus adjustment, if necessary.

All four on-axis instruments mount side by
side along with their proximity electronics on the
MIP. The XGS Camera, the only off-axis instru-
ment, mounts to the Fixed Instrument Platform
(FIP). Supporting instrument electronics mount
to the underside of the FIP. The instrument ther-
mal requirements are met using a traditional cold-
biased heater-controlled system. Radiators mount
to the MIP and the FIP. These are connected to
all of the instrument electonics boxes by variable
conductance heat pipes to maintain temperatures
as the instruments are turned on and off.

The IM Remote Interface Unit (RIU) pro-
vides power and data interfaces between the
spacecraft and the instruments. It distributes
commands and redundant regulated 28 VDC
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power to the instruments, and collects their sci-
ence data and telemetry. Packetized instrument
data are then transmitted on a Spacewire network
from the RIU to the central avionics for storage
and downlink.

The OM spacecraft adapter ring provides the
mechanical interface between the FMA and the
observatory. The XGS Grating Arrays mount to
four mirror modules on the interior side of the
FMA. An RIU in the OM, also on the Spacewire
network, provides power and command and te-
lemetry interfaces to the spacecraft. Significant
power is provided to maintain the FMA tem-
perature at 20C. Heaters mounted on the FMA
collimators are controlled through heater control
boxes mounted to each FMA mirror module; ad-
ditional heaters on the fixed metering structure
help maintain the mirror temperature. Interior
and exterior covers protect the FMA from con-
tamination and attenuate acoustic loads during
l