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ABSTRACT

The Imaging X-ray Polarimetry Explorer (IXPE) will add polarization to the properties (time, energy, and position)
observed in x-ray astronomy. A NASA Astrophysics Small Explorer (SMEX) in partnership with the Italian Space Agency
(ASI), IXPE will measure the 2—8-keV polarization of a few dozen sources during the first 2 years following its 2021
launch. The IXPE Observatory includes three identical x-ray telescopes, each comprising a 4-m-focal-length (grazing-
incidence) mirror module assembly (MMA) and a polarization-sensitive (imaging) detector unit (DU), separated by a
deployable optical bench. The Observatory’s Spacecraft provides typical subsystems (mechanical, structural, thermal,
power, electrical, telecommunications, etc.), an attitude determination and control subsystem for 3-axis stabilized pointing,
and a command and data handling subsystem communicating with the science instrument and the Spacecraft subsystems.

Keywords: X-ray astronomy, polarimetry, missions, grazing-incidence optics, gas pixel detectors

1. INTRODUCTION

As the first x-ray astronomy mission dedicated to polarimetry, the Imaging X-ray Polarimetry Explorer (IXPE)"? will
expand the information space for study of cosmic x-ray sources, adding polarization data to temporal, spectral, and imaging
data. Such polarization data provide unique information on astrophysical magnetic fields or on scattering, which temporal
and spectral data alone cannot. During its baseline two-year mission, IXPE will make scientifically meaningful
measurements of the x-ray polarization of a few dozen sources—including various types of neutron stars, blackhole
systems, active galactic nuclei, and supernova remnants. In contrast, the only statistically secure measurement of x-ray
polarization in a cosmic source is that of the Crab Nebula,>* obtained over 40 years ago, using the crystal polarimeters
aboard the Orbiting Solar Observatory 8 (OSO-8).

This technical overview describes the IXPE mission (§2), its flight system (§3), and its ground system (§4). It updates the
previous technical overview,’ including changes between the Preliminary Design Review (PDR, 2018 June) and the
Critical Design Review (CDR, 2019 June). Finally, the overview concludes (§5) with a list of IXPE mission milestones.

2. MISSION

Selected in 2017 January, as a NASA Astrophysics Small Explorer (SMEX), IXPE is scheduled to launch in 2021 Spring.
Section 2.1 summarizes the architecture and technical capabilities; Section 2.2 describes the roles of the mission partners.
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2.1. Mission description

Figure 1 summarizes the architecture and technical capabilities of the IXPE mission, highlighting recent changes. Shortly
after the Mission CDR, NASA’s Launch Services Program (LSP), at Kennedy Space Center (KSC), selected the SpaceX
Falcon 9, to launch IXPE into a near-equatorial circular orbit at 555—620-km altitude. The primary ground station is
Malindi; the secondary, Singapore.

The baseline IXPE mission will last 2 years, following a 1-month commissioning phase. All scientific data will be publicly
available through NASA’s High-Energy Astrophysics Science Archive Research Center (HEASARC) at GSFC. If
approved, IXPE will continue beyond 25 months, initiating a HEASARC-administered general observer (GO) program.

Imaging X-ray Polarimetry Explorer (IXPE)

Mission category
Launch

Operational phase
Orbital parameters
Ground stations

Science payload
Telescope optics (3+1)
Telescope detector (3+1)
Polarization sensitivity
Spurious modulation
Angular resolution

Field of view (FOV)
Energy band; resolution
Timing accuracy
Spacecraft pointing
X-ray calibration (ground)

X-ray calibration (space)

NASA Astrophysics Small Explorer (SMEX), with Explorers Program Office (GSFC)

2021 on SpaceX Falcon 9, from Kennedy Space Center (KSC) launch complex 39A

2 years following 1 month commissioning; extension of operations possible

Near-equatorial, circular at 555-620 km altitude

Malindi (3°S, ASI contribution) primary; Singapore (1°N, KSAT commercial on NASA NEN) secondary
3 x-ray telescopes, 4.0-m focal length (deployed), co-aligned to forward star tracker

24 nested monolithic (two-reflection) electroformed shells, per mirror module assembly (MMA)
Polarization-sensitive gas pixel detector (GPD) to image photo-electron track, per detector unit (DU)
Minimum Detectible Polarization (99% confidence) MDPy, < 5.5%, for 0.5-mCrab in 10 days

< 0.3% systematic error in modulation amplitude for an unpolarized source

< 30-arcsec system-level half-power diameter (HPD)

10-arcmin diameter overlapping fields of view for 3 detectors’ polarization-sensitive areas

2-8 keV; (AE/E) = 20% @ 5.9 keV

20 ps, using GPS pulse-per-second signal and on-board clocks

3-axis stabilized pointing (non-propellant) with forward and aft star trackers; dithering selectable
Each MMA and DU separately; at least one telescope (MMA-DU together)

Each DU with 4 radioactive calibration sources; each telescope with astrophysical sources

Figure 1. Mission description and technical capabilities. Recent significant changes (highlighted) are discussed in this paper.

IXPE flight system (§3)—the “Observatory”—comprises the “Payload” and the “Spacecraft”. The Payload (§3.1) is the
x-ray telescope system: 3 x-ray telescopes, each with x-ray optics and detector separated by a shared optical bench (boom),
deployed to match the telescopes’ 4-m focal length. Additional Payload components support operation of the telescopes.

Optimized for polarimetry at 2—8 keV, the polarization sensitivity supports accomplishing IXPE scientific objectives
within the 2-year baseline mission. Besides measuring x-ray polarization, the telescopes provide moderate angular
resolution over a useful field of view, moderate spectral resolution, and excellent timing.

The IXPE Team will calibrate each x-ray optic and each detector separately, and validate performance of at least one
telescope (paired optic and detector) on the ground. Due to schedule pressures, not all 4 (3 flight + 1 spare) telescopes will
be calibrated on the ground as originally planned. On orbit, 4 radioactive calibration sources enable monitoring the
performance of each detector. Both on-ground and on-orbit calibrations utilize polarized sources and unpolarized sources.

The Spacecraft (§3.2) supports non-mission-specific functions and also provides features to enable operation of the flight
system as an astronomical observatory: 3-axis stabilized pointing (non-propellent), star trackers, GPS receivers for time
and position, etc. Recently, pointing-system capabilities were enhanced to support “dithering”—controlled, small-
amplitude oscillations of the pointing direction. With dithering enabled, each x-ray source is sampled over numerous
detector pixels, making feasible calibration of the detector to the required statistical precision. Note that x-ray events and
aspect data are both time-tagged; thus, dithering does not smear the image when mapped into celestial coordinates.
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2.2. Mission partners

IXPE is a NASA mission in partnership with the Italian space agency, Agenzia Spaziale Italiana (ASI). NASA Marshall
Space Flight Center (MSFC) manages the IXPE Project, reporting to the Explorers Program Office at Goddard Space
Flight Center (GSFC). Ball Aerospace is the IXPE prime contractor and will also oversee the Mission Operations Center
(MOC) at the University of Colorado Laboratory for Atmospheric and Space Physics (LASP).

ASI manages Italian contributions to the IXPE mission. Principal Italian partners—the Istituto Nazionale di Astrofisica
(INAF) Istituto di Astrofisica e Planetologia Spaziali (IAPS), the Istituto Nazionale di Fisica Nucleare (INFN) Pisa, and
the contractor OHB Italia SpA (OHB-I)—constitute the Instrument Team. Furthermore, ASI will contribute use of the
Malindi ground station and support from the ASI Space Science Data Center (SSDC) to the Science Operations Center
(SOC) at MSFC.

In addition to the principal partners identified above, several other institutions contribute to the Technical Team—as
evidenced by the affiliations of the co-authors of this paper. Among these are Nagoya University, RIKEN Nishina Center,
and several INAF and INFN institutes.

Figure 2 highlights the roles of the IXPE partners, including the Science Team in addition to the aforesaid Technical Team.
The Technical Team is responsible for specification, design, development, implementation, testing, and operation of the
Observatory; the Science Team, for planning, modeling, simulation, analysis, interpretation, and reporting of the science
observations. The Science Team includes astrophysicists from the optics and instrument teams, four Science Co-
Investigators from academia, and a few dozen Science Collaborators and Participants from a dozen countries.

R e *INAF )
N(A},f\ Marshall Space Fiight Center ;%!BIJS . Tt N EN

22 o s - OAC
Pl team, project management, Polarization-sensitive
SE and S&MA oversight, mirror imaging detector systems
module fabrication, X-ray 7=
calibration, science operations, @]I\-LHSP Mission operations

and data analysis and archiving 0
S==ROMA
AT ‘ Stanford gcijentific theory

RSITA D( nu \"Lﬂ UmverSIty

-~ > Detector system
@ﬁl funding, ground station

‘3? McGill Co-Investigator

= Spacecraft, payload
/‘ structure, payload, o tess .
observatory I&T I I | puest Co-Investigator

Science Advisory Team

=1 O < | ~=—

Figure 2. Mission partners, including technical and scientific contributors.

3. FLIGHT SYSTEM

Figure 3 depicts the IXPE flight system—the “Observatory”—in three configurations. Once fully deployed, the
Observatory features three x-ray telescopes, with 4.0-m focal length, optimized for imaging polarimetry in the energy
range 2—8 keV. Functionally, the Observatory comprises the Payload (§3.1) and the Spacecraft (§3.2), as described below.
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40m —»

52m
f:

DEPLOYED

1.8 m

«— 11lm — «— 26Mm ——

Figure 3. IXPE Observatory—the flight system—shown (left-to-right) stowed for launch, partially deployed for initialization
of Spacecraft operations, and fully deployed for science observations.

3.1. Payload

The IXPE telescope system—the “Payload”—constitutes three identical x-ray telescopes incorporating x-ray optics
(§3.1.1), x-ray instruments (§3.1.2), and other Payload elements (§3.1.3), as shown in Figure 4. An x-ray calibration
program (§3.1.4) will measure the performance of the x-ray optics and instruments prior to delivery to Ball for alignment
(§3.1.5) and integration with other Payload components and with the Spacecraft (§3.2).

-==~_ Payload Deployable Assembly

\ Mirror Module
w7 Assembly (MMA)
Center Tube

Tip/Tilt/Rotate
(TTR) Mechanism

MMA Thermal Shield

Payload Top Deck Assembly

Deployed X-ray Shields
Boom Canister

Mirror Module
Support Structure

(MMSS) Deck Detectors Service Unit

(DSU) (mounted on
bottom side of deck)

Boom Harness

Deployable Boom Detector Unit

with Thermal Sock

)

iV /
o\ "/>\ DU Radiator and

Launch Locks - s Thermal Straps

Bipod Struts

Figure 4. IXPE Payload—the telescope system—with Payload components labeled and Spacecraft components ghosted.
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3.1.1. X-ray optics

Figure 5 portrays the IXPE x-ray optics, described previously® and in more detail elsewhere.>” NASA MSFC provides
the mirror module assemblies (MMAs), with thermal shields® contributed by Nagoya University (Japan) and heaters
supplied by Ball. Recent design refinements have made the MMAs and the thermal shields more robust against launch-
environment stresses.

. Mirror Module Support
= Structure (MMSS)

Thermal Shield
(Nagoya Univ.)

Front Spiders &
Mounting Flange

Outer Housing

Tube
= 24 Ni-Co shells
‘ 2 x30cm long
X-ray Shield Mirror Module 16-27 cm diam
(deployed) Assembly (MMA)

Central Support
Tube

Center Tube Rear Spiders

Thermal Shield
(Nagoya Univ.)
TTR Mechanism

Boom with Thermal Sock
Figure 5. IXPE x-ray optics, comprising three (3) identical Mirror Module Assemblies (MMAs). Left panel shows the MMAs
mounted into the mirror module support structure (MMSS), along with other Payload elements (§3.1.3). Right panel displays
a cut-away view of an MMA, each with a 200 cm? effective area (at 2.3 keV) and 25" half-power diameter (HPD).

3.1.2. Instrument

Stray-X-ray
Collimator

Top Deck

Filter and Calibration
Wheel (FCW)

Detector Housing

) < Gas Pixel
Detector Unit (DU) —> 20 Detector (GPD)

Back-End Electronics
(BEE)

Detectors Service Unit (DSU)
mounted on back of Top Deck

Figure 6. IXPE x-ray instrument, comprising three (3) identical polarization-sensitive Detector Units (DUs) and a Detectors
Service Unit (DSU). Left panel shows the clocking and placement of the 3 DUs to align with the MMAs (§3.1.1). Right panel
labels the main DU components—Stray X-ray Collimator, Filter and Calibration Wheel (FCW), Detector Housing, Gas Pixel
Detector (GPD), and Back-End Electronics (BEE)
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Figure 6 displays the IXPE x-ray instrument, described previously’ and in more detail elsewhere.”!® INAF-IAPS and
INFN provide the Detector Units (DUs) and Detectors Service Unit (DSU), with contractor OHB Italia. Receiving ground
commands through the Spacecraft’s Integrated Avionics Unit (IAU, §3.2), the DSU controls all 3 DUs and acquires,
consolidates, and transmits DU science and housekeeping data to the IAU, for downlinking to the ground station.

The DU collimator and x-ray shield skirting the MMSS together block non-imaged x rays from reaching the focal plane.
Under the collimator is the Filter and Calibration Wheel (§3.1.4 and Figure 10), the Gas Pixel Detector (GPD), and the
Back-End Electronics (BEE), which connects to the DSU.

Incident X-ray
Photoelectron Track

Window_

Initial
Absorption —

P i

Pixel Anode

'Signals
Out u

ADC

] )] ———

Figure 7. The Gas Pixel Detector (GPD) as a polarization-sensitive instrument. Left panel shows key elements of the GPD
and its response to a photo-absorbed x ray—namely, an ionization track of electrons. Right panel displays an actual ionization
track resulting from absorption of a 5.9-keV x ray, as amplified by the GEM and imaged onto the GPD’s pixelated anode—a
300%352 array of hexagonal pixels at 50-um pitch.

Invented'! and developed!*!3 by the Italian detector team, the GPD (Figure 7 left panel) images the ionization track of the
photo-electron resulting from absorption of an x ray in a gas, after amplification by Gas Electron Multiplier (GEM). The
ionization track (Figure 7 right panel) contains information on the photo-electron’s energy and direction, which is
correlated with the polarization orientation of the absorbed x ray. In a minor change, the GPD fill gas is now pure dimethyl
ether (DME) at 0.8 atmosphere, versus the previous mixture of 80% DME and 20% helium at 1 atmosphere.

3.1.3. Other Payload elements

Ball provides the other Payload elements (Figure 4), which support the x-ray telescope system. The Mirror Module Support
Structure (MMSS) holds the MMAss and the fore star tracker (a Spacecraft component). In the stowed configuration (Figure
3 left panel), bipod struts support the MMSS until release of the MMSS launch locks prior to boom deployment. Recent
design refinements have made the bipod struts and launch locks more robust in the launch environment.

The deployable boom—from Northrop Grumman Innovation Systems (NGIS, formerly Orbital-ATK)—serves as the
telescope system’s optical bench. Recent design updates have adjusted the boom twist to enhance stiffness and positioning
accuracy, improved the thermal-sock attachment to maintain a smoother profile, and changed the boom-deployment
damper from friction to eddy-current to control better the deployment speed. A Tip—Tilt—Rotate (TTR) Mechanism—from
NGIS, with recently added home-position indicators—connects the boom and the MMSS center tube, enabling collective
alignment of the DUs to the MMAS during the commissioning phase (or later if needed).

A significant change since the previous overview is deletion of a Metrology System (camera and LED-array target), which
was to monitor movement of the DUs with respect to the MMAs due to bending of the boom, in order to correct the aspect
solution ex post facto for each detected x ray. Extensive Structural, Thermal, and Optical Performance (STOP) analyses
showed that, with the thermal sock, bending of the boom will be small and does not require monitoring.

The shared triangular radiator at the aft end supports thermal control of each DU. In addition, recent thermal-design
refinements for the Spacecraft (§3.2) shear panels accommodate heat dissipated by the DSU, mounted under the Top Deck.
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3.1.4. X-ray calibration

An extensive x-ray calibration has been planned,'* using the Instrument Calibration Equipment (ICE, §3.1.4.1), the 100-
m x-ray test facility (§3.1.4.2), and the on-board Filter and Calibration Wheel (FCW, §3.1.4.3).

3.1.4.1. Instrument Calibration Equipment (ICE)

Using its custom Instrument Calibration Equipment (ICE, Figure 8), INAF-IAPS will calibrate!® each DU at several x-ray
energies, measuring the DU detection efficiency, spatial resolution, modulation factor (polarized sources), spurious
modulation (unpolarized sources), and gain maps. Owing to the unanticipated amplitude of spurious modulation, the
calibration plan was recently modified to accumulate sufficient data to remove spurious modulation at the required
statistical precision, in a manner consistent with the recently adopted strategy to dither the Observatory (§2.1, §3.2).

M=36 TIP AND ROTATION PLATFORM
(WITH 42 SM—13 MICROMETERS)

#2 TRRI12CC COMPACT

MOTORIZED ACTUATOR

OXFORD JUPITER 5000
X=RAY TURE

HELIUMINLET
FITTING

460A-XY—LH QUICK

M T LINEA TA
MFM—100 COMPACT STAINLESS—-STEEL CONTLNEARSTACE

FLEXURE MIRROR MOUNT

Source test
position

Unit in
calibration

Figure 8. Instrument Calibration Equipment (ICE). The ICE (lower panel) accommodates unpolarized (upper left panel) or
polarized (upper right panel) x-ray sources, reference detectors, several stages that position the detector and the source
separately, and electrical and data interfaces to the DU. Head-on x-ray tubes (upper left) are used to generate unpolarized x
rays when feasible; however, rotating the detector during data collection averages residual source polarization to zero. Bragg
reflection near Brewster’s angle (45° for x rays) results in a highly polarized x-ray source (upper right).
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3.1.4.2. 100-m x-ray test facility

Using its 100-m x-ray test facility (Figure 9), MSFC will calibrate each MMA using GSE detectors and sources at several
x-ray energies, measuring MMA effective area and point spread function on axis and at several off-axis angles, ghost (non-
imaged) x rays, and focal length. While calibration of a Telescope (MMA+DU) can be synthesized from separate MMA
and DU calibrations, at least one MMA and DU will be calibrated together to validate the synthesized response. This
validation will measure the Telescope point spread function and effective area for a subset of energies and off-axis angles
used for the analogous MMA measurements with GSE detectors. In addition, it will use custom polarized sources to
measure polarization-related properties—modulation factor and spurious polarization—for the Telescope. These should
be practically identical to those for the DU alone, as grazing-incidence reflectance is nearly independent of polarization.
Although the original plan was to validate synthesis of the response for all four (3 flight and 1 spare) Telescopes
(MMA+DU), schedule pressures have reduced the number of such validations to “at least one.”

Source

21.2m &/

Figure 9. X-ray testing and calibration at MSFC’s 100-m x-ray test facility (“Stray-Light Facility”).

3.1.4.3. Filter and Calibration Wheel (FCW)

In order to monitor on-orbit performance of the IXPE Instrument, each DU has an FCW (Figure 10) that includes 4
radioactive calibration sources, whose designs have matured over the past year. During earth occultation of the celestial
x-ray target (about 35% of the orbit for most targets), one radioactive calibration source will be positioned to illuminate
the GPD of one DU. Over time, all 3 DUs will be exposed to all 4 calibration sources, monitoring modulation factor,
spurious modulation, and gain throughout science operations.

Cal A CalC

Closed
Attenuator

: .
Figure 10. Filter and Calibration Wheel (FCW), providing open, attenuated, and closed positions, plus four 3*Fe-powered

calibration sources: Cal A, Bragg-reflected polarized 2.98-keV (Ag-La fluorescence) and 5.89-keV (Mn-Ka) illumination; Cal
B, unpolarized 5.89-keV spot; Cal C, unpolarized 5.89-keV flood; and Cal D, unpolarized 1.74-keV (Si-Ka. fluorescence) flood.
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The final category of calibration is incidental to the IXPE observing program. Observations of point sources monitor the
point-spread function; comparisons of IXPE observations with those of other x-ray observatories provide cross-
calibrations of non-polarimetric properties.

3.1.5. Alignment

Ball is responsible for integration and testing of the Observatory, including critical alignment of the MMAs and DUs to
ensure that the lines-of-sight (LOS) of the 3 Telescopes—passing through the MMA node and the respective DU node—
are mutually parallel. Figure 11 illustrates the alignment approach, comprising the following key steps:

1. Orient +Z star tracker orthogonal to MMSS; orient -Z star tracker orthogonal to back of Spacecraft Top Deck.

2. Orient each MMA optical axis parallel to +Z star tracker; position each MMA node at its nominal coordinates;
precisely measure the MM A-node coordinates.

3. Orient each DU orthogonal to Top Deck; precisely position each DU such that the DU-node triangle is congruent
to the MMA-node triangle.

4. In orbit, use Tip/Tilt/Rotate (TTR, §3.1.3) mechanism to align DU-node triangle to MMA-node triangle along
+Z star tracker LOS, such that the MMA-DU lines of sight are parallel to the +Z star tracker LOS.

I «— Observatory LOS

+————+Z Star Tracker

MMA Optical
Node

MMALOS

I~~~ MMA Optical Node

Telescope LOS
.~

I
I
I
|
|

4001mm ) Deployed Boom-TTR
Focal JiBRS LOS = Line of Sight
Length A MMA = Mirror Module Assembly
DU = Detector Unit
* = average of the 3 telescope LOS

™~ DU Node

|_-Z Star Tracker LOS

Each MMA-DU pair creates a telescope for a total of 3 telescopes.
MMA 1 LOS is aligned to STA_+Z LOS, which is aligned to MMSS Datum A. MMA 2 LOS and MMA 3 LOS are aligned with STA_+Z LOS.
Each DU is aligned to each MMA such that all 3 telescope LOS are parallel to one another and aligned with the STA_+Z LOS.

There is only knowledge, not alignment, of STA_-Z to STA_+Z.

Figure 11. Alignment approach, utilizing mechanical metrology of components and laser metrology with surface-mounted
reflectors to establish coordinates, and referencing alignment cubes to measure orientation.
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3.2. Spacecraft

Figure 12 shows the IXPE Spacecraft and some of its components. These support typical subsystems: Mechanical;
Structural; Thermal; Power; Harness & Electrical; Telecommunications; Command & Data Handling; Attitude
Determination & Control; and Flight Software. Note that there is no Propulsion subsystem.

Solar Array

v . Spacecraft components

Solar array restrain
and release system

Spacecraft top deck

Spacecraft
components

Payload
Assembly

Spacecraft
components

Spacecraft Bus

Spacecraft top deck Assembly

(-Z side shown)

Spacecraft
structure

Figure 12. IXPE Spacecraft—the bus—with Spacecraft components labeled and Payload components ghosted.

These subsystems provide the functionality to operate the bus as a Spacecraft and to support operation of the Payload as a
telescope system. This section focuses on those subsystems that are specifically tailored to the needs of the IXPE
Observatory—Command & Data Handling (§3.2.1) and Attitude Determination & Control (§3.2.2).

3.2.1. Command & Data Handling Subsystem (CDHS)

Through its Integrated Avionics Unit (IAU), the CDHS supplies computational services, memory management, data
handling, telemetry management, and time messaging both for the Spacecraft and for the Payload. The CDHS monitors
and controls the ADCS, Telecommunications, Electrical Power, and Thermal subsystems. The CDHS also communicates
directly with the Instrument’s (§3.1.2) Detectors Service Unit (DSU), forwarding commands and receiving and packaging
science and housekeeping data from the DSU for transmission to the ground station (§4.3), along with the other telemetered
data.

3.2.2. Attitude Determination & Control Subsystem (ADCS)

The ADCS provides 3-axis stabilized pointing—enabling slewing, acquiring, and staring at selected celestial targets—to
an expected (a priori) accuracy of about 25 arcseconds (99% circular error probability, CEPy). Using the Global
Positioning System (GPS) to obtain precision time and position, it supports accurate time-tagging of science and
housekeeping data throughout the Observatory. The ADCS performs momentum management using magnetic torquers to
unload the reaction wheels against the earth’s magnetic field, obviating the need for a propulsion subsystem.

Figure 12 depicts Spacecraft components, several of which support the ADCS functions: Fore (+Z) and aft (-Z) star trackers
(2 optical heads with a shared electronics unit); coarse sun sensors (12 sensors, distributed for omnidirectional coverage);
magnetometer (3-axis); torque rods (3 magnetic torquers, orthogonally oriented); reaction wheels (3 assemblies,
orthogonally oriented); and GPS (1 receiver with 2 antennae). A recent design iteration moved the magnetometer from
within the Spacecraft bus to under the MMSS, to minimize the effect of magnetic torquers on magnetometer measurements.
Finally, to accommodate a new requirement to dither the Observatory (§2.1, §3.1.4.1) during Science observations, the
ADCS will incorporate flight software to execute the dither function.
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4. GROUND SYSTEM

Figure 13 delineates the IXPE ground system, which has three principal branches—science operations (§4.1), mission
operations (§4.2), and telecommunications (§4.3).
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Figure 13. IXPE ground system.

4.1. Science Operations

The Science Operations Center (SOC) at MSFC, with support from the ASI Space Science Data Center (SSDC), is
responsible for IXPE science operations. The SOC is charged with design, implementation, and execution of the software
tools for observation planning and for science data processing of IXPE observations.

The SOC interfaces with the Mission Operations Center (§4.2) in two roles. First, using input from the IXPE Science
Collaboration, the SOC formulates an observing program that it sends to the MOC for detailed scheduling of mission
events. Second, the SOC receives from the MOC all Observatory data (science, housekeeping, engineering, and ancillary)
needed to generate the science data products for each observation. Within a week of an IXPE observation, the SOC
transmits all science data products for that observation to NASA’s High-Energy Astrophysics Science Archive Research
Center (HEASARC) at GSFC, for public release. ASI’s Space Science Data Center will mirror the IXPE data archived at
the HEASARC.

4.2. Mission Operations

Ball Aerospace oversees IXPE activities at the Mission Operations Center (MOC), run by the Laboratory for Atmospheric
and Space Physics (LASP) at the University of Colorado (CU). Ball engineers support mission operations in monitoring
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and assessing technical performance of the Observatory. Besides interacting closely with Ball, the MOC interfaces with
the SOC (§4.1) and telecommunicates with the Observatory through the ground stations (§4.3).

The MOC formulates the detailed timeline of science observations (including calibrations) and Spacecraft events (slews,
telecommunications, etc.) into a command load, considering various operational constraints. Command loads are
transmitted to the Observatory through one of two ground stations. Upon receiving downlinked telemetry, the MOC
processes and distributes those data to the SOC and the housekeeping and engineering data to the Ball technical team.

4.3. Telecommunications

For IXPE’s near-equatorial orbit, the primary ground station is Malindi (3° S, ASI-contributed) and the secondary,
Singapore (1° N, commercial, on NASA’s Near-Earth Network). Nominally, commanding passes will occur one day a
week; telemetry downlinking passes will be scheduled by the MOC based upon anticipated data volume. Figure 13
illustrates the connectivity between the MOC and the ground stations using existing networks. In addition, NASA’s
Tracking and Data Relay Satellite System (TDRSS) can provide real-time downlinks during commissioning or anomalies.

5. CONCLUSION

As the first x-ray astronomy mission dedicated to polarimetry, IXPE will provide a unique tool in the study of exotic
astrophysical sources—neutron stars, blackhole systems, active galactic nuclei, and supernova remnants. The IXPE
Technical Team is working toward mission milestones (Figure 14) leading to Science operations commencing in 2021
Spring for a baseline two-year mission. If approved by NASA, IXPE operations will continue thereafter, serving the
astrophysics community through a General Observer program.

2015 August Phase-A selection Selection by Science Mission Directorate (SMD) for Concept Study Report (1 of 3)
2017 January Phase-B selection Down-selection by Science Mission Directorate (SMD) for mission formulation
2017 September  M-SRR Mission System Requirements Review

2018 June M-PDR Mission Preliminary Design Review

2018 November  KDP-C Key Decision Point — C (Confirmation Review)

2019 March GS-PDR Ground System Preliminary Design Review

2019 June M-CDR Mission Critical Design Review

2019 November  GS-CDR Ground System Critical Design Review

2020 April M-SIR Mission System Integration Review

2020 May KDP-D Key Decision Point — D

2021 March ORR and MRR Operational Readiness Review and Mission Readiness Review

2021 April Launch Launch on SpaceX Falcon 9, from Kennedy Space Center (KSC) pad 39A

2021 May Phase-E start Start of operational phase, to last at least 2 years

Figure 14. IXPE mission milestones.
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