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IXPE
Imaging X-ray Polarimetry Explorer

The Imaging X-Ray Polarimetry Explorer
Cheatsheet

B Part of the NASA SMall EXplorer
program
B Partnership between NASA and

ASI
B Selected in January 2017
B Launched on December 2021

B First imaging polarimeter ever in
the 1–10 keV energy band

B Three identical telescopes
B X-ray optics + detector unit

B Extensible boom provides the
4 m focal length

B Gas Pixel Detector one of the
key enabling elements
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IXPE
Imaging X-ray Polarimetry Explorer

Outline
Lots of things to cover in two hours

B Detection principle
B Physical processes contributing to the measurement
B Identify the relevant performance metrics

B Implementation
B Identify/develop the key hardware components
B Make the detection principle work in the lab
B Build a solid case for a mission proposal

B Mission proposal
B Flow down of Science requirements
B Size, mass and power budget
B Optimize of the instrument configuration

B Engineering and mission development
B Identify and define all the mission components
B Set up a reliable production process
B Define a detailed verification process

B Qualification
B Can the system can survive launch and operate in space?

B Calibration
B Constrain the instrument response
B Setup all the data product necessary to analyze the flight data
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—Detection Principle
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Statement of the problem
Unsolicited advice: do not try and solve non-existing problems :-)

B How do you measure X-ray polarization in the classical 2–8 keV
energy band?
B Classical as in: fluxes of celestial sources are relatively large. . .
B . . . and X-ray optics are relatively efficient

B Photoelectric polarimetry is the way to go!
B Process with the largest cross section
B Direction of emission of the photoelectron is 100% modulated for

S orbitals
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Photoelectric Effect
Angular distribution

B Dominant interaction process at low energy (< 10 keV).
B Distribution of the direction of emission of a K-shell photoelectron

100% modulated for linearly polarized radiation:

dσK
C

dΩ
∝ Z 5E−

7
2

sin2 θ cos2 φ

(1 + β cos θ)4

B In principle this is the perfect polarization analyzer, but. . .
B Need to reconstruct the direction of emission of the photoelectron,

i.e., a granularity significantly smaller than the typical range
B The range for a 5 keV photoelectron is a few µm in a solid—main

driver for choosing a gaseous detection medium
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Detection Principle
The Gas Pixel Detector in a nutshell

B Basic components
B gas-filled absorption gap acting as detection medium
B Gas Electron Multiplier (GEM) providing gas amplification
B finely pixelized readout anode for signal collection

B Sensitive down to very low energy (∼ 1 keV)
B Fully two-dimensional (imaging)
B Highly azimuthally symmetric (no need of rotation)
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Photoelectric Effect
Relaxation and all that

B Photoelectric effect as in: a photon is absobed by an atom and
and a (photo)-electron is emitted
B Inner electrons are favored (forbidden process for free electrons)

B Atom relaxation proceeds via one of two mechanisms:
B Emission of an Auger electron
B Emission of a fluorescence photon
B Yield depends on the atomic number

B This is crucial for our application!
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Creation of the primary ionization
One of the main drivers for the choice of the gas mixture

B A fast charged particle will ionize the gas molecules
B Average energy Wi to create an electron-ion pair is 20–30 eV
B This is an order of magnitude larger than solid-state detectors!

〈n〉 =
E

Wi
(200 at 5.9 keV)

σn =
√

F 〈n〉 Ever heard about the Fano factor?

σn

〈n〉
∼

√
F
〈n〉

or ∼ 9% FWHM (not the limiting factor)

B Stochastic process driven by two competing
B Stopping power dE/dx ∝ Z2

B Scattering ∝ Z
B This is the first stage in the measurement process—if we don’t get

this right, there is nothing we can do dowstream!
B We want long, straight tracks (i.e., light gas mixtures?)
B But always keep an eye on the quantum effciency!
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Drift of Primary charge

B Electrons are drifted toward the readout electrode
B Random walk in three dimensions

B Transverse diffusion cause a blurring of the track
B σxy (z) = σtrans

√
z

B σtrans ∼ 100 µm cm−
1
2 at 1 atm

B σtrans ∝ 1√
P

B Non trivial dependence on the electric field
B Transverse diffusion is the main limiting factor for the thickness of

the gas cell
B And a thin active volume means a low detection efficiency

B Drift velocity determines the signa formation
B 1 cm µs−1 is a typical value

B Longitudinal diffusion adds a time jitter on the signal formation
B Negligible for our application

B Preserving the track morphology through the drift of the primary
ionization is key
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Multiplication
The Gas Electron Multiplier

B Remember: Wi is much larger in gas than in solid-state detectors
B Need an additional gain stage to multiply the primary charge

B High-enough electric field provides avalanche multiplication

p(G) =
1

G0
e
− G

G0 , with 〈G〉 = G0 and σG = G0

B Basic statistics of secondary electrons

〈ns〉 = G0 〈n〉 and
σns

〈ns〉
=

√
F
〈n〉 ⊕

√
1
〈n〉 ∼ 17% for 〈n〉 = 200

B The multiplication process drives the energy resolution
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Interlude
The choice of the gas mixture

B Complex trade-off involving several different aspects of detector
operation and performance
B Quantum efficiency→ heavy elements
B Modulation factor→ light elements (straight tracks)

B Need to work above the K -edge (photo-absorption on S orbitals)
B H (13.6 eV), He (24.6 eV), C (283.8 eV), O (532.0 eV), Ne (866.9 eV)
B Need a K -edge lower than the lowest energy of interest
B And in fact much smaller: we have the (isotropic) Auger electron
B This cuts out all the noble gases, include Ne

B Other desirable properties
B Good quenching properties (resilience to sparks and discharges)
B Small transverse diffusion (limit the track blurring)

B Pure DME, or(CH3)2O, at 800 mbar chosen as a good compromise
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Performance Metrics
Modulation Factor and Minimum Detectable Polarization
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B Any polarimeter ultimately measures an azimuthal modulation
around the polarization angle φ0 of the incident photon beam:

R(φ) = A + B cos2(φ− φ0)

B Modulation factor: response to 100% polarized radiation:

µ =
Rmax − Rmin

Rmax + Rmin
=

B
B + 2A

B Minimum Detectable Polarization (MDP)1 with no background:

MDP =
4.29
µ
√

N
(99%CL)

1Need 184,000 photons to reach a MDP of 1% even for µ = 1!
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The Role of the Event Reconstruction
Real 5.9 keV photoelectron track, colors indicate the pulse height
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B Analysis is done event-by-event.
B Track reconstruction:

B First pass: baricenter, basic moments analysis, skewness of the
longitudinal projection to identify the Bragg peak

B Second pass: determination of the absorption point and weighted
moments analysis for a refined estimate of the direction of emission

B Rich morphological information available
B Detector performance depends on the reconstruction!
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XPOL: The Readout ASIC

15× 15 mm active area

300× 352 pixels

3–10 µs peaking time

50 electrons ENC

Self-trigger (2200 e− thr.)

1, 8 or 16 output buffers

Full frame/event window

Up to 10 kHz frame rate
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The Gas Electron Multiplier

B Fine pitch (50 µm) matching the readout ASIC
B Pushing the manufacturing technology in all key areas

B Mask alignment
B Hole drilling

B Yet the GEMs are responsible for most of the complexity in
operating the GPD
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The GPD Assembly

B Sandwitch of several different components
B Ti Mechanical interface
B GPD board
B Ceramic spacers
B Be window
B Ti top frame

B Leak tight at the 10−10 mbar l−1 s−1

B We have no gas system, need to guarantee
years of operation

B Withstand the launch/space environment
B Vibrational loads
B Operation in vacuum, thermal gradients
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GPD assembly
GPD board preparation
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GPD assembly
Placement of the GEM
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GPD assembly
Final assembly
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Performance Metrics
Energy Resolution

B Energy resolution is 17% at 5.9 keV
B In line with expectations

B Low-energy tail due to conversion in the passive materials
B (Be window and GEM copper)
B Interesting implications for polarization analysis
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Performance Metrics
Azimuthal response

B Modulation factor increases with energy
B Makes sense: longer tracks are easier to reconstruct

B More on the response to unpolarized radiation tomorrow morning
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Outline
Lots of things to cover in two hours

B Detection principle
B Physical processes contributing to the measurement
B Identify the relevant performance metrics

B Implementation
B Identify/develop the key hardware components
B Make the detection principle work in the lab
B Build a solid case for a mission proposal

B Mission design
B Flow down of Science requirements
B Size, mass and power budget
B Optimize of the instrument configuration

B Engineering and mission development
B Identify and define all the mission components
B Set up a reliable production process
B Define a detailed verification process

B Qualification
B Can the system can survive launch and operate in space?

B Calibration
B Constrain the instrument response
B Setup all the data product necessary to analyze the flight data
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IXPE
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The requirement flow-down
How does one go about designing an experiment?

B A space mission is all about science
B When you go and ask money you will be asked

1. What do you want to measure (and why is that important)?
2. How are you going to measure it (and are you sure you can do it)?

B Normal flow down of requirements is from science to the
instrument
B Several different levels, from the very top to the single sub-systems

B Requirement flow-up is not uncommon, too :-)
B I happen to have this neat detector—what can I do with it?

B In practice the mission design is a complex, iterative process
B Completely different perspective with respect to operating a

detector in the lab
B Need to consider all the different aspects of the system
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Level-1 IXPE polarization requirement
The parent of all the requirements

IXPE shall provide a MDP (99% confidence) smaller than
5.5% for a point source with E−2 photon spectrum and a 2–8
keV flux of 10−11 erg cm−2 s−1 for a 10 day integration.

B The single most important criterion based on which the
continuation of the mission is decided at each development step
B Hundreds of lower-level requirements flowing down from this

B Note this is mixing up the science and the detectors:
B A source with a flux 10−11 erg cm−2 s−1 in 2–8 keV is interesting
B 5.5% is a sensible polarization level to aim to
B And the telescope should measure it in a reasonable time
B The sensitivity estimate involves all aspects of the instrument design
B (And everything should fit within the allocated budgets)

B Why exactly 5.5%? Why 10−11 erg cm−2 s−1?
B This allows to assemble an observing program and put it in context

B Usually the selection of a mission is competitive process
B Striking the right balance in the proposal is highly non trivial
B You want to demonstrate that you can do interesting Science
B You want to be sure you can deliver an instrument within specs
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An optimization example
How about track containment? Data volume? Systematic effects?

→ Short tracks, high efficiencyLong tracks, low efficiency←

Large trans. diffusion
High efficiency

Small trans. diffusion
Low efficiency
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Mission budgets
Cost, size, mass, power and all that

B A mission opportunity come with well-defined envelopes
B Cost

B For a NASA SMEX the cost cap is ∼ 200 M$
B Size and mass

B Mainly determined by the launch vehicle (Pegasus in our case)
B 350 kg
B ∼ 1 m across

B This was a big deal for us—we needed a 4 m focal length
B Solution: deployable boom (through aerospace engineers hate

mechanisms)

B Power
B ∼ 300 W
B Incredibly complex interplay between the instrument and bus design
B IXPE is the first SMEX with three telescopes

B And we seriously risked to loose one along the way!

B Data throughput
B 2 Mbps downlink (you only have so many contacts during the day)
B Requires aggressive on-board data compression
B Large dynamics in the source rate—producing a viable observing

plan is less than trivial
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Another twist to the story
As in: NASA should really think about how they select launch vehicles

Falcon 1 (now archeology)

Pegasus XL. . .

. . . and fellow airplane

Space X Falcon 9

B IXPE was develped based on the assumption of a Pegasus launch
B On July 8, 2019, NASA announced the selection of a Falcon 9

B OMG—what do we do with it?
B OMG—did we suffer in vain?
B More about this when taling about qualification
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High-level polarization sensitivity

B Frozen detector configuration→ high-level sensitivity
B This involves all the telescope response functions
B Effective area as a function of the energy

B In turn involving both the mirrors and the focal-plane detectors

B Modulation factor as a fuction of the energy
B (And, to a lesser extent, energy dispersion, PSF, vignetting)
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A word of caution
Things will change from proposal to launch

B Response best estimate change through mission development
B Instrument design evolves (e.g., need to add material)
B Input from calibrations (e.g., measured effective area < expectations)
B Analysis methods change
B Surprises? (More about this in a second.)
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Starting from the end
How did we get there?
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Time-dependent gain variations
Statement of the problem

B GEM holes are not perfect
B Note: deliberately bad example shown in the pic

B Charge produced in thh avalanche deposits on the dielectic
B Change of the electric field
B Change of the gain

B Hardly new, but the fine pitch of our GEMs exhacerbate the effect
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Time dependent gain variations
Does it matter?

B Absolutely Yes!
B Evaluate the effective area at the wrong energy→ wrong flux
B If the effect is time-dependent, you will see fake variability
B Evaluate the modulation factor at the wrong energy→ wrong

polarization

B Complex effect, depending on the source flux!
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Time dependent gain variations
Correcting for the effect

B Effect easy enough to model at first order

dq(t)

dt
=

charge︷ ︸︸ ︷
R(t)αc

(
1− q(t)

qmax

)
−

discharge︷ ︸︸ ︷
q(t)

τd
, (1)
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Spurious modulation
Note it took ∼ 2 weeks of data taking to produce the figure

B Ops—GPD response to unpolarized radiation not flat after all
B Effect is largest at low energy
B Variations (at least) down to the PSF scale

B Serious threat to the mission goals if not calibrated
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Dithering the observatory
Sometimes the solution should be searched at a system level
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B Dithering not uncommon in X-ray missions
B Broaden the source footprint in detector coordinates
B Preserve the intrinsic angulare resolution (you know where you point)

B Average non uniformity and allow for an effective calibration
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Secular pressure variations
Identifying a subtle issue

B First hint: change of the gain with time
B Initially unexplained
B (But considered relatively harmless)
B No change in energy resolution

B Second hint: ∼ 10% deficit in the
absolute quantum efficiency
B Absolute measurements difficult
B Current X-ray observatories only

cross-calibrated to ∼ 5% or more
B How do we convince ourselves?

B Track length
B Relative rate measurements

B Vigorous research program (in parallel
with nominal mission development)
B > 30 GPD-year worth of data

B Clear adsoption within the detector
B Effect can be accurately modeled
B Effect satutates—good, we can

argue we can move ahead

B Note longer tracks mean higher
modulation factor—good
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Secular pressure variations
The smoking gun

B Does the inferred pressure variation correlate with something that
we can measure directly?
B Possibly: the deflection of the center of the Be window
B Effect is a few tens of µm—small but measurable
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Qualification for space

B Must demonstrate that the observatory can withstand the launch
and space environment
B Vibrational tests
B Thermo-vacuum tests
B Electro-Magnetic Interference (EMI)
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The IXPE Detector Unit
Basic focal-plane unit to be qualified

B Basic components
B The Gas Pixel Detector
B Back-end electronics
B Thermal control system
B Filter and calibration wheel
B Stray-light collimator
B Housing
B Harness

B Vertically arranged stack
B Due to the limited space on the top

deck of the bus
B Worst possible configuration from a

vibrational standpoint
B Enormous design effort
B And then we got the launcher

chanded after the fact. . .
B Qualification strategy

B Use space-qualified components
B Proto-qualification of GPD

engineering models
B Full qualification of the 3+1 DUs
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DU qualification
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Launch, finally
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IXPE
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Mirror Module Assembly
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