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HIGH ENERGY UNIVERSE
Information on celestial sources are mostly provided by electromagnetic radiation 

X-rays provide info about the high-energy universe

X-rays are produced in:

events like explosions and high-speed collisions

by the most extreme and mysterious objects: supernova remnants, supermassive black 
holes at the center of galaxies, pulsars…
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magnetized white dwarfs and neutron stars; the geometrical parameters of the magnetosphere in magnetars, 
crucial to understand the mechanisms that trigger their powerful outbursts. Most fascinating of all, however, 
is the possibility to observe vacuum birefringence in highly magnetized neutron stars, a QED effect predicted 
80 years ago but yet to be unambiguously verified.  

Scattering in aspherical 
geometries also produces 
high level of polarization. A 
case of peculiar interest is that 
of the molecular clouds 
around the supermassive black 
hole in the centre of our 
Galaxy. The polarization 
degree and angle will 
determine whether these X-
ray bright clouds shine 
because they reflect the past 
activity of the presently quiet 
black hole at the Galactic 
centre, and therefore provide 
the ultimate proof that a few 
hundred years ago the centre 
of our Galaxy was millions 
times more active than now. 
The geometry of the X-ray 
emitting corona in Active 
Galactic Nuclei (AGN) and 
Galactic black holes can also 
be determined by XIPE. Broad 
band spectral measurements 
by NuSTAR provide the 
coronal physical parameters 
(temperature, optical depth) 
but their geometries, which 
are key to understand their 

nature and origin (disk perturbations, aborted jet, …), are virtually unknown. In Galactic Black Hole systems, 
when in soft state, a continuous change with energy of the polarization angle of the Comptonized disk thermal 
emission due to General Relativity (GR) effects is expected. The amplitude of the effect depends on the spin 
of the black hole, which can therefore be measured.  

The above mentioned QED and GR effects are not the only examples of the use of X-ray polarimetry to probe 
fundamental physics. In fact, X-ray polarimetry provides a tool to test theories predicting birefringence 
effects as a function of energy and cosmic distance. Such effects are predicted by some Quantum Gravity 
theories and can be tested by observing distant polarized sources like blazars. This kind of observations, and 
even more the search for polarization in otherwise unpolarized sources like Clusters of Galaxies, will also 
enable the search for Axion-like Particles, one of the most elusive, even if least exotic, candidates to be the 
dark matter particle. While these measurements are admittedly challenging, they are potentially very rewarding 
and, at least partly, are by-products of observations that will be made for different purposes. 

Although XIPE has been conceived and designed to address the specific scientific goals outlined above, it is   
well possible – indeed likely - that many breakthroughs will arrive from unexpected quarters. This is a general 
feature of many ambitious space projects, but even more so in the case of XIPE: as the first mission to survey 
the polarimetric properties of hundreds of targets belonging to all classes of X-ray sources, it has inevitably 
also an exploratory nature, with a great potential for discoveries and surprises. The nominal mission duration 
is three years, although the extension of the planned operations will not be limited by any technical payload or 
spacecraft constraint except extremely modest propellant volume. Given that the exposure time per target will 

 

Figure 1-1 XIPE will provide a large number of polarization measurements 
for many classes of X-ray sources. At present, only the spatially averaged 
X-ray polarization measurement of the Crab nebula is available, together 
with a tight upper limit to the polarization of the accreting neutron star Sco 
X-1. 
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X-RAY POLARIMETRY
Four basic observables to study properties of astrophysical sources: 

 

Significant linear polarization expected in a variety of astrophysical X-ray sources
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Radiative transfer in strong 
gravitational / magnetic field

Geometrical Asymmetries 
e.g. accretion disk, jets, columns, blobs, etc...

Non-Thermal emission processes: 
e.g. synchrotron 

§ 2

TECHNIQUE                OBSERVABLE    INFORMATION

● Imaging: Position    Morphology

● Spectroscopy: Energy   Composition, processes

● Timing: Arrival time   Variability

● POLARIMETRY: 1) Polarization Degree   Processes / asymmetry 
2) Polarization Angle    Geometry / B Field

Polarization 
arises when 

there is a 
preferred 
direction

INTRODUCTION

X-RAY POLARIMETRY

Credit to R. Ferrazzoli
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Before 2000: X-ray polarimetry was still undeveloped 

Only 1 significant measurement in 1978:                                                                   
20σ measurement of Crab Nebula from a Bragg polarimeter on-board                       
OSO-8 → P = (19.2 ± 1.0)%, phase=(156.4 ± 1.4)° [Weisskopf et al. 1978]

Since 2000s: new detector concept allowed us to improve polarization 
sensitivity by 2 orders of magnitude wrt OSO-8 polarimeter

Nature Astronomy 2020 - TRL 9 (flight proven)

X-RAY POLARIMETRY HISTORY

9
Nature 2001 - TRL 4 (functional verification)



THE X-RAY POLARIMETRY EXPLORER (IXPE) MISSION

IXPE
Imaging X-ray Polarimetry Explorer

The IXPE collaboration

Alberto Manfreda (INFN) 16 ottobre 2019 Page 3/18
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NASA SMEX (SMall EXplorer) mission

Goal: X-ray imaging and polarimetry (2–8 keV) 

Mission characteristics:
Launched on Dec. 9, 2021 on a SpaceX Falcon 9 
rocket from NASA’s Kennedy Space Center
2-year mission (baseline) + GO phase beyond

Equatorial circular orbit at ~600 km altitude 

https://www.youtube.com/watch?v=JGij0x0PA_Q


THE IXPE SATELLITE

11

3 identical telescopes → redundancy, mitigation of systematics, larger acceptance

Conventional Wolter Type I grazing–incidence optics

Extensible boom to save space during launch 

New imaging and polarization-sensitive detector: Gas Pixel Detector

Solar array

Boom w/ thermal 
Sock deployed

Mirror Module Assembly 
(x3) (Wolter I)

X-ray Shields 
(x3) deployed

Forward star 
tracker

Detector Unit 
(x3)



THE IXPE SATELLITE
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Detector  
Unit



OUTLINE

X-ray polarimetry and astrophysical context

IXPE

Gas Pixel Detector (GPD)

Track reconstruction algorithm

Scientific results

X-ray Calibration Facility (XCF) for R&D of future X-ray detectors
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GAS PIXEL DETECTOR (GPD)

14

Exploits photo-electric effect
X-ray absorption in a gas gap + photoelectron emission

Signal amplification via a Gas Electron Multiplier (GEM)

Finely pixelized ASIC as readout anode

Full two-dimensional imaging and spectroscopy
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GAS PIXEL DETECTOR (GPD)



MEASUREMENT PRINCIPLE

16

The photo-electron (phe) is ejected in a direction, which preferably lies on the oscillation plane 
of the X-ray electric field (i.e. the polarization direction). 

Polarization recovered on a statistical basis, from azimuthal distrib. of phe emission directions 

Distribution of the emission directions of a K-shell phe 100% linearly polarized radiation: 
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The photo-electron (phe) is ejected in a direction, which preferably lies on the oscillation plane 
of the X-ray electric field (i.e. the polarization direction). 

Polarization recovered on a statistical basis, from azimuthal distrib. of phe emission directions 

Distribution of the emission directions of a K-shell phe 100% linearly polarized radiation: 

IXPE  

 Mirror based on grazing incidence reflection 
• Total collecting area: >700 cm2 at 3 keV 

 Photoelectric polarimeter based on GPD design 
• Include a Filter & Calibration wheel with 
– Filters for specific observations (very bright sources, background) 
– Calibrations sources (polarized and unpolarized, gain) 

 

Real modulation curve derived from the measurement 
of the emission direction of the photoelectron.  Residual modulation for unpolarized photons. 
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TRACK RECONSTRUCTION

19

GOAL: accurately reconstruct the direction of emission of the phe

Accurate sampling of the phe track requires adequate detector granularity; 
typical track lengths at keV energy are:  

a few μm in a solid

a few hundreds μm in a gas → gas is preferred

Challenging reconstruction because of:

Electron scattering at large angle can smear out                                                               
the emission direction information 

Highest ionization density at the end of the track                                                        
(Bragg peak) → feature used in track reconstruction



Current algorithm used for track reconstruction is analytic:

it is based on the calculation of the momenta of the charge distribution.

first it detects the impact point, then the emission angle

20

Track reconstruction

Algorithm developed by IXPE collaboration: Moment Analysis 
Analytic reconstruction of the track parameters

5

1. Barycenter and second moment 
of the charge distribution

2. Identification of the initial part 
of the track

3. Reconstruction of the impact 
point

4. Reconstruction of the emission 
direction

ASTROINFORMATICS 06/10/2023  

ANALYTIC ALGORITHM



The reconstruction of the emission angle depends on the quality of the impact point 
reconstruction

The analytic method works but with some limitations → the potential of ML techniques, 
in particular Convolutional Neural Networks CNN, has been explored (Kitaguchi et al. 2019, 
Moriakov et al. 2020, Peirson et al. 2021) 
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Examples

5

Reconstructed 
emission direction

True emission 
direction

The reconstruction of the emission angle φ depends on 
the quality of the impact point reconstruction

FROM AN ANALYTIC TO A MACHINE-LEARNING APPROACH



HYBRID ALGORITHM
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PHE track image

First convolutional block, it includes 
the hexagonal convolution

DenseNet-121 standard structure

DenseBlock DenseBlock DenseBlock DenseBlock

Transition Block Transition Block Transition Block

Fully connected layer

(x,y)

Hybrid algorithm: joining CNN and moment analysis

We developed a network specifically for the impact point reconstruction
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impact point
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MODULATION FACTOR: the response to a 100% polarized source, 
i.e. the fraction of modulation recovered by the algorithm

HYBRID ALGORITHM
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Fig. 7. Comparison of the IP position reconstruction between our
sharpened-image CNN (red line), an unsharpened-image CNN (orange
line), and the moment analysis (black line). In the top panel, the mean
distance between the true IP position and the predicted one is reported.
The dashed black line represents the distance between the true IP and
the barycenter of the track. In the middle and bottom panel we reported
the percentage of events for which the distance between the true and the
predicted IP position is lower than one and two pixels, respectively.

distance between the predicted IPs and the true ones is reported
in the top panel; the percentage of events for which the distance
between the true IP position and the predicted one is smaller
than one pixel (middle panel, % < 1 pixel) and two pixels (bot-
tom panel, % < 2 pixel) are reported. The unit “pixel” we report
in these figures of merit indicates the standard pixel dimension,
not the sharpened one, for both the moment analysis and the two
CNNs.

Firstly, the sharpening process allowed the CNN to reach a
higher precision in the prediction of the IP location, as the mean
distance for the sharpened CNN is lower than the one for the
standard CNN in almost the entire energy range, while the per-
centage of events for which the distance is lower than one or two
pixels is higher. For example, at 3 keV (6 keV) the % < 1 pixel
is up by →11% (16%) and the % < 2 pixel is up by →6% (2%).
It should be noted that the standard CNN overcomes the per-
formance of the sharpened one at very high energy, and this is
probably due to a higher number of very long tracks that are
cropped with the sharpening process. This could be solved by
extending the frame dimension, but it would result in slowing
down the algorithm. As IXPE’s effective area is very low at
very high energies, we have given priority to speeding up the
algorithm. However, if this needs to be used in other similar
applications, this aspect might need further care.

Moreover, the performance of the sharpened CNN is signif-
icantly better compared to the moment analysis for the entire
energy range and according to all three figures of merit. For
example, at 3 keV (6 keV) the % < 1 pixel is up by →3% (29%)
and the % < 2 pixel is up by →13% (12%). It is interesting to

Fig. 8. Modulation factor as a function of energy for the standard
moment analysis (black) and for our hybrid algorithm (red).

notice how the % < 2 pixel for the CNN is consistently higher
than 80%, showing how the network is also accurate in the iden-
tification of the IP position when the tracks become longer. This
feature is key in order to reduce the radial modulation induced
by the polarization leakage effect.

In the top panel, the mean distance between the barycenter of
the track and the true IP position is reported too. In the very low
energy tracks, the true IP is very close to the barycenter, while
the predictions of the moment analysis are likely to determine
the IP position in a peripheral area of the track. Therefore, in the
standard moment analysis, the prediction of the IP position could
be manually substituted by the barycenter position to improve the
precision at low energies. However, when handling data without
MC information, it is not trivial to select the energy threshold
from where the barycenter should be employed as the predicted
IP, and it is not applied in the standard analysis. The CNN, on
the other hand, automatically follows the trend of the barycenter
for low energies.

We conducted an analysis of the three simulated unpolarized
point sources to determine if the improved detection of the IP
could result in a reduction of the point spread function (PSF) of
the instrument. By considering only the contributions to the PSF
from the GPD, we found that the new CNN-predicted IP resulted
in a half-power diameter (HPD), that is to say the diameter within
which half of the collected X-rays are enclosed, that was approx-
imately 30% lower than the standard method (Weisskopf et al.
2022). However, the dominant contributors to the total PSF of
IXPE are the mirror modules, and HPD is at least approximately
three times higher than the GPD one. If we take all the contribu-
tors into account, the overall improvement in the HPD employing
the CNN-predicted IP was limited to only 1–2%.

5. Polarization results and discussion

The CNN-predicted IP was then passed to the moment analysis
and introduced in Eq. (1) to predict the polarization of our testing
samples and to evaluate the modulation factor as a function of
energy. We report the results in Fig. 8.

Despite the substantially improved precision in the IP recon-
struction at low energies (E < 3.5 keV), the enhancement in
the modulation factor value is marginal, around 1%. At higher

A107, page 6 of 10



OUTLINE

X-ray polarimetry and astrophysical context

IXPE

Gas Pixel Detector (GPD)

Track reconstruction algorithm

Scientific results

X-ray Calibration Facility (XCF) for R&D of future X-ray detectors
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IXPE CAPABILITIES

25

Sensitivity to polarization
(Minimum Detectable Polarization)

MDP99%< 5.5%, 
0.5 mCrab, 10 days

Angular resolution < 30”

Field of view (FOV) 12.8’ x 12.8’

Energy resolution ≈ 17% @ 5.9 keV

Timing accuracy ≈ 20 μs

Unique and powerful X-ray polarization capabilities → crucial insights into our 
understanding of X-ray production and the geometry of multiple classes of objectsIXPE TARGET CLASSES

THE COMPLETE PICTURE

Magnetars

AGNs and the 
Galactic center

Blazars and radiogalaxies

Accreting 
Neutron stars

Accreting Black Holes

IXPE

Pulsar Wind Nebulae

Supernova 
remnants



FIRST IXPE SCIENCE TARGET: SNR CASSIOPEIA A

Overall polarization degree (PD) = 1.8±0.3% (5σ) in the 3-6 keV energy range, by 
summing over a large region and assuming circular symmetry for polarization vectors

polarization angle corresponds to a radially-oriented magnetic field, similarly to radio obs. results; 

polarization degree is lower than in the radio band (∼ 5%). 

The polarization vectors suggest an overall radial magnetic-field orientation 

26

• IXPE data
• Chandra X-Ray Observatory data

Vink et al. 2022 ApJ



BLAZARS AND RADIO GALAXIES

Unique insights into particle acceleration in AGN 
jets → when combined with MWL observations, we can 
break degeneracies - impossible without polarization data

~ 20 blazars and radio galaxies observed with IXPE

27

Name Type Obs # Total Exposure 
 (ks)

Polarizatio
n Detected?

Mrk 501 HSP 6 595 Y

Cen A Radio Gal 1 100 N

Mrk 421 HSP 8 893 Y

BL Lac HSP 4 1222 Y*

3C 273 LSP 1 95 N

3C 279 LSP 1 265 N

3C 454.3 LSP 2 99 N

S5 0716+714 LSP 1 359 N

1ES 0229+200 HSP 2 401 Y

PG 1553+113 HSP 2 130 Y

1ES 1959+650 HSP 2 254 Y

PKS 2155-304 HSP 1 476 Y

S4 0954+65 LSP 1 505 N



FIRST BLAZAR RESULT PUBLISHED: MRK 501

1st observation: PD of 10% and PA in line with the radio jet 
axis (Liodakis et al 2022, Nature)

Mostly steady behavior from subsequent observations, 
except for a PD of 17% in the 6th observation (Chen et al 
2024). 

28

PD higher in X-ray than in optical and radio



MWL simultaneous observations: 
pol. degree higher in X-ray than in optical and radio

consistent with energy-stratified emission model:
X-rays are produced by electrons accelerated in ordered B 
fields just after the shock, 

optical and radio ph are generated further downstream in 
regions with more turbulent B fields. 

FIRST BLAZAR RESULT PUBLISHED: MRK 501

29

Similar behavior for the majority of HSP’s 



BLAZARS MRK 421

PD ~ 10%

Discovery of PA rotating at rate 80°/day
No similar rotation at longer λ → X-ray emitting site 
not completely overlapped wrt radio, IR and optical one

Explained with a helical magnetic structure in 
jet, illuminated by shock propagating along the helix.

30Di Gesu et al. 2022, ApJL; Di Gesu et al. 2023, Nat. Astr.



SGR A*

GC hosts a BH of ~ 4 106 MSUN, quiescent at present, with a luminosity << ordinary AGN:

Local sources fail to explain the bright X-ray emission observed in molecular clouds near GC

Possible explanation: reflection of past hard X-ray flares by dense gas in the GC region 
→ reflected X-ray emission should be highly polarized and the PA should point back to GC

IXPE observed polarized X-ray emission in the direction of molecular clouds in GC:

PA = - 48° ± 11° → consistent with Sgr A*
PD = 31% ± 11% → 200 years ago Sgr A* briefly had                                                                    
X-ray luminosity comparable to Seyfert galaxy

31

WAS THE GALACTIC CENTER MORE ACTIVE IN THE PAST?
LET’S ASK IXPE...
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challenging exercise. Current IXPE data demonstrate that this goal is 
within the reach of IXPE, paving a way for future, even longer obser-
vations that will enable more detailed analysis, including spatially 
resolved polarization, to verify the single-flare scenario, and the deter-
mination of the intrinsic polarization of the flares to probe the origin 
of the radiation and constraints on the multiple-flare scenarios.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
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and U spectra. We used the reflection continuum model in polar coordinates 
with radius equal to the polarization fraction (PF) and the azimuthal angle 
showing the position angle of the electric field vector (φ). The minimal  
value of the statistic χ min

2  corresponds to the best-fitting values φ = −48°  
and P = 31% (marked as green crosses), and the contours show 68, 90 and  
99% confidence levels. The hypothesis that Sgr A* is the primary source of 
illuminating X-ray flux implies the polarization angle φ = −42° for the centre 
of the region used for extraction of the Q and U spectra, as marked with the 
red dashed line. The circles on this line depict expected polarization degrees 
for the scattering angle changing from 0(180) to 30(150), 45(135), 60(120) and 
90 degrees.
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SGR A*

GC hosts a BH of ~ 4 106 MSUN, quiescent at present, with a luminosity << ordinary AGN:

Local sources fail to explain the bright X-ray emission observed in molecular clouds near GC

Possible explanation: reflection of past hard X-ray flares by dense gas in the GC region 
→ reflected X-ray emission should be highly polarized and the PA should point back to GC

IXPE observed polarized X-ray emission in the direction of molecular clouds in GC:

PA = - 48° ± 11° → consistent with Sgr A*
PD = 31% ± 11% → 200 years ago Sgr A* briefly had                                                                    
X-ray luminosity comparable to Seyfert galaxy
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challenging exercise. Current IXPE data demonstrate that this goal is 
within the reach of IXPE, paving a way for future, even longer obser-
vations that will enable more detailed analysis, including spatially 
resolved polarization, to verify the single-flare scenario, and the deter-
mination of the intrinsic polarization of the flares to probe the origin 
of the radiation and constraints on the multiple-flare scenarios.
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2  statistic for the fit of the Stokes parameters Q 

and U spectra. We used the reflection continuum model in polar coordinates 
with radius equal to the polarization fraction (PF) and the azimuthal angle 
showing the position angle of the electric field vector (φ). The minimal  
value of the statistic χ min

2  corresponds to the best-fitting values φ = −48°  
and P = 31% (marked as green crosses), and the contours show 68, 90 and  
99% confidence levels. The hypothesis that Sgr A* is the primary source of 
illuminating X-ray flux implies the polarization angle φ = −42° for the centre 
of the region used for extraction of the Q and U spectra, as marked with the 
red dashed line. The circles on this line depict expected polarization degrees 
for the scattering angle changing from 0(180) to 30(150), 45(135), 60(120) and 
90 degrees.
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X-ray Calibration Facility (XCF) for R&D of future X-ray detectors
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X-RAY CALIBRATION FACILITY (XCF) @ UNIV. OF TURIN
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Towards the X-ray Calibration Facility

IXPE

Physics Department 
Turin (ITA)

4 GPD Spares

3 GPDs (DUs)

8IXPE GPD test and characterization with the XCF16/05/2025 Stefano Tugliani

GPDs Only space-qualified detectors currently used 
for X-ray polarization

Systematic testing and 
monitoring on GPD spares

Space

Ground

Essential in view of future 
X-ray polarimeters

We need a facility that provides photon beams with various 
spatial and energy configurations and offering both 

unpolarized and linearly polarized beams

XCF
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XCF: UNPOLARIZED BEAM LINE

10IXPE GPD test and characterization with the XCF16/05/2025

The X-ray Calibration Facility

Stefano Tugliani

X-ray tube: 
radiation source

GPD

CMOS 
camera

SDD

Handling system

Unpolarized 
beam line

X-RAY BEAMS MONITORS

Silicon Drift Detector: 
Resolution: 2% FWHM 
@ 5.9 keV ⟹ Spectrum

CMOS ASI ZWO camera:
2822x4144  4 𝜇m pixel array 
⟹ Spectrum and charge map

Mo L𝛼 Mo Lβ

Mo escape 
peak   
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Bragg diffraction:

XCF: POLARIZED BEAM LINE

16IXPE GPD test and characterization with the XCF

The X-ray Calibration Facility

Stefano Tugliani

Polarized 
beam line

GPD

CMOS 
camera

SDD

X-ray tube: 
radiation source

Polarizing crystal

Handling system

2xMo L𝛼

3xMo L𝛼
4xMo L𝛼

In L𝛼1
Sb L𝛽

Mo L𝛼 Mo Lβ

Mo escape 
peak   

Polarized spectrum with SDD

𝐸 =
𝑛ℎ𝑐

2𝑑 sin 𝜃
• peaks at integer multiples of E
• fluorescence lines of the crystal

Tugliani et al. (2024b)

15/05/2025

11IXPE GPD test and characterization with the XCF16/05/2025

The X-ray Calibration Facility

Stefano Tugliani

Polarized 
beam line

GPD

CMOS 
camera

SDD

X-ray tube: 
radiation source

⊥

Diffracted polarized
radiation

Unpolarized
incident 

radiation

Polarizing crystal

⊥

Handling system

𝐸 =
𝑛ℎ𝑐

2𝑑 sin 𝜃

𝑃 =
1 − 𝑘
1 + 𝑘 𝑘 =

𝑅𝐸
∥

𝑅𝐸⊥

Bragg diffraction
Polarizing the beam:

Polarization:

For a totally polarized 
radiation: 
k=0 e 𝜃=𝜃𝐵𝑟𝑎𝑔𝑔=45°.

      

Polarization degree is: , k is ratio       
of the integrated reflectivities of the 2 components
For k = 0, i.e.  → 100% pol. radiation

E = hc
2dsinθBragg

P = (1 − k)/(1 + k)

θ = θBragg = 45∘



XCF PRESENT AND FUTURE
XCF has been conceived to:

qualify Gas Pixel Detectors developed for astrophysical missions of present (i.e. 
IXPE) and future generation

support R&D programs of innovative                                                            
position-, energy- and polarization-sensitive                                                                   
X-ray detectors
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Caratterizzazione dei Gas Pixel 
Detector della missione IXPE 

tramite la X-ray Calibration Facility
S. Tugliani

IXPE, Imaging X-ray 
Polarimetry Explorer, 
è una missione spaziale 
(collaborazione NASA ed ASI)

• Lancio: 9 Dicembre 2021. 
• Orbita: 600 km, equatoriale (inclinazione 0°).
• Ottiche: 3 mirror module assembly (Wolter I)
• Detector: 3 Detector Units (DU), ognuna delle 

quali è provvista di un Gas Pixel Detector

Scopo: studiare e misurare la polarizzazione dei raggi X da 
sorgenti astro!siche dai buchi neri alle SNR, dalle Magnetar 
agli AGN.

Schema 
GPD

Funzionamento 
GPD

Sensibilità alla 
Polarizzazione

!"#!!%< 5.5%, 
0.5 mCrab, 10 

giorni
Risoluzione 
angolare

< 30 arcsec

Campo di 
vista (FOV)

≈10 arcmin 

Banda 
energetica e 
risoluzione

2 – 8 keV, ≈ 20%
@ 5.9 keV

Timing 
accuracy ≈ 20 %s 

FeNi

Ti

Pd
Rh

Mo

Filamento

La sorgente di radiazione è un tubo a raggi X (McPherson Mod. 642), con doppia uscita. 
Un multi-anodo permette di generare fasci di diversa energia nel range 2-10 keV (oltre alla 
componente di Bremsstrahlung, fino a 10 keV).

Il fascio di raggi X che esce in verticale rappresenta la sorgente non polarizzata del setup, 
mentre il fascio orizzontale viene polarizzato tramite diffrazione di Bragg su opportuni 
cristalli scelti in base all’energia dei fotoni primari.

Il grado di polarizzazione della 
radiazione diffratta è ! = &'(

&)( con 

# = *!"
*!#

rapporto fra le riflettività 
integrate della componente parallela 
e perpendicolare al piano di 
incidenza.
Radiazione totalmente polarizzata: 
k=0 e !=!!"#$$=45°. 

$ = %ℎ'
2) sin -

Anodo Energia [keV] Cristallo + Bragg
Molibdeno Mo 2.293     L, InSb 111 46.28 °
Rodio Rh 2.697     L, Ge 111 44.87 °
Palladio Pd 2.839     L, Si 111 44.12 °
Titanio Ti 4.511     K, Si 220 45.71 °
Ferro Fe 6.40      K, Si 400 45.6 °
Nichel Ni 7.478 K, Ge 422 45.86 °

Silicon Drift Detector:
Risoluzione: 122 eV FWHM a 5.9 keV

Sensibilità di un polarimetro:
• efficienza quantica ".
• fattore di modulazione #: risposta ad una 

radiazione 100% polarizzata linearmente. 

10 
mm

0.7 
mm

-2800 V

-400 V

-870 V

50$m 
(+50nm Al)

Readout pitch = 50 !m
V ASIC ~0 V

Area attiva = 
15x15 ##!

Camera CMOS ASI ZWO 
(nata per astrofotografia), array di 2822x4144 pixel di 4 #m 

(modificata togliendo il vetro protettivo):

Sorgente: Rodio (E=2.697 keV) polarizzato tramite di"razione di Bragg con il cristallo di Ge 111.
Sezione d'urto di"erenziale dell'e"etto fotoelettrico per radiazione polarizzata:

-.
-/ = r01α2Z3 4%5&

6

'
& 2 1789&:;<=(>

&'?5@7: )
L'angolo azimutale $ identi!ca la direzione di emissione del fotoelettrone rispetto a quella di 
polarizzazione. Il numero di eventi integrato risulta essere modulato secondo la legge 

Con la camera CMOS è possibile 
visualizzare il fascio di raggi X.
Esempio: immagine dell'hot spot 
del fascio non polarizzato 
(collimatore da 0.8 mm)

Secondo test: 
Sorgente: anodo di 
Ferro (6.40 keV) del 
tubo a raggi X.
Il GPD viene 
posizionato sotto 
l'uscita verticale del 
tubo (fascio non 
polarizzato). 

Primo test: 
Sorgente: ##AB,E ≃ 5.9 keV

Stefano Tugliani
stefano.tugliani@unito.it
stefano.tugliani@to.infn.it

SORGENTE DI RAGGI X in laboratorio

E: energia de fotone 
d: distanza reticolare 
n: ordine 
!: angolo di incidenza

IXPE: Imaging X-ray Polarimetry Explorer

Mo 2.293 keV Rh 2.697 keV Pd 2.839 keV
Ti 4.511 keV Fe 6.40 keV Ni 7.478 keV

GAS PIXEL DETECTOR
Il cuore della Detector Unit di IXPE è il Gas Pixel Detector.

STUDIO DEL FASCIO DI RAGGI X

MISURA FASCIO POLARIZZATO CON GPDMISURA FASCIO NON POLARIZZATO CON GPD

Minimum Detectable Polarization: minimo grado 
di polarizzazione che può essere rivelato entro un 
certo livello di confidenza:

12! ∝ &
D E 12!FF% ≃ 2.1F

D I

L’Imaging X-ray Polarimetry Explorer, IXPE, è una missione lanciata il 9 dicembre 2021 (NASA – ASI) dedicata alla polarimetria dei raggi X astro!sici: essa misura la polarizzazione lineare di di"erenti sorgenti astro!siche nel range di energia 2-8 keV. 
Il cuore della Detector Unit di IXPE e di future missioni indirizzate alla polarimetria dei raggi X è il Gas Pixel Detector (GPD), che può essere calibrato e caratterizzato tramite la X-ray Calibration Facility (XCF), disponibile presso il Dipartimento di Fisica 
dell’Università di Torino. La XCF o"re la possibilità̀ di studiare fasci di fotoni X a diverse energie con di"erenti con!gurazioni spaziali e di polarizzazione. 
Inizialmente pensata come facility per caratterizzare e quali!care i GPD, supporterà anche programmi di ricerca e sviluppo di innovativi detector per misurare energia, posizione e polarizzazione dei raggi X con elevata sensibilità. 

Fattore di modulazione
µ = B

2A + B ~28%@ 2.7 keV

Bibliogra!a

M. Aglietta, R. Bonino, N. Cibrario, 
L. Latronico, S. Maldera  

1) I fotoni entrano nel volume del detector tramite la finestra di Berillio e vengono 
quindi assorbiti nel gas, Dimetil Etere,( 56% &7, 800 mbar) interagendo tramite 
effetto fotoelettrico.

2) All’interno del gap di gas, un campo 
elettrico ortogonale al piano del 
detector permette il drift degli 
elettroni della ionizzazione primaria 
verso il Gas Electron Multiplier 
(GEM), lo stadio di guadagno.

3) La carica generatasi è raccolta 
sull’ASIC di readout, 
che agisce come anodo (array di 
pixel). 

Esempio di spettri 
(componente di 

Bremsstrahlung + 
linee caratteristiche): 

Fe 6.40 keV, Rh 
2.697 keV

Spettri in energia per i 6 anodi del tubo 
radiogeno:

Illuminando la 
camera CMOS con 
il fascio polarizzato 

si può vedere 
chiaramente l'arco 

di Bragg.
Muovendo il 

cristallo è possibile 
spostare l'arco di 

Bragg sul rivelatore.

Picco Ferro 
E=6.40 keV

Componente di 
Bremsstrahlung

angolo di polarizzazione

8 9 = : + ;<=>'(9 − 9()

Dopo l'interazione con il 
cristallo polarizzatore, la 
radiazione è completamente 
polarizzata e sopravvivono solo 
i fotoni con energia che 
soddisfa la condizione di Bragg

La polarizzazione fornisce 
informazioni riguardanti la 
geometria sia della materia che 
emette la radiazione X rivelata, sia 
dei campi gravitazionali e 
magnetici. Il grado di 
polarizzazione è influenzato dal tipo 
di simmetria e dal livello di ordine 
del sistema, mentre l’angolo è 
legato all’orientazione.

L’informazione sulla polarizzazione è 
ricavata su base statistica a partire dalla 
distribuzione azimutale delle direzioni di emissione 
del fotoelettrone, ricostruite analizzando le 
proiezioni delle tracce sul piano di readout.

Diffrazione di Bragg

Tubo radiogeno 
(Mc Pherson Mod. 642)

575 mm

625 mmMovimentazione

GPD

Linea di fascio 
ordinaria

Cristallo 
polarizzatore

Linea di fascio 
polarizzato

Flangia 
valvola da 
vuoto

Essa dispone di:
• Sorgente raggi X
• Sistema da vuoto 

(~2×10)*mbar)
• Movimentazioni
• Cristalli polarizzatori abbinati 

agli anodi del tubo radiogeno

Polarizzazione di 
Mrk 421 

(HSP Blazar)

La X-ray Calibration Facility, 
XCF, è concepita per testare, 
caratterizzare e qualificare: 
1) rivelatori come i Gas Pixel 

Detectors di IXPE 
2) rivelatori per misurare energia, 

direzione di arrivo, posizione e 
polarizzazione dei raggi X con 
elevata sensibilità 
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Bremsstrahlung

angolo di polarizzazione
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Dopo l'interazione con il 
cristallo polarizzatore, la 
radiazione è completamente 
polarizzata e sopravvivono solo 
i fotoni con energia che 
soddisfa la condizione di Bragg

La polarizzazione fornisce 
informazioni riguardanti la 
geometria sia della materia che 
emette la radiazione X rivelata, sia 
dei campi gravitazionali e 
magnetici. Il grado di 
polarizzazione è influenzato dal tipo 
di simmetria e dal livello di ordine 
del sistema, mentre l’angolo è 
legato all’orientazione.

L’informazione sulla polarizzazione è 
ricavata su base statistica a partire dalla 
distribuzione azimutale delle direzioni di emissione 
del fotoelettrone, ricostruite analizzando le 
proiezioni delle tracce sul piano di readout.

Diffrazione di Bragg

Tubo radiogeno 
(Mc Pherson Mod. 642)

575 mm

625 mmMovimentazione

GPD

Linea di fascio 
ordinaria

Cristallo 
polarizzatore

Linea di fascio 
polarizzato

Flangia 
valvola da 
vuoto

Essa dispone di:
• Sorgente raggi X
• Sistema da vuoto 

(~2×10)*mbar)
• Movimentazioni
• Cristalli polarizzatori abbinati 

agli anodi del tubo radiogeno

Polarizzazione di 
Mrk 421 

(HSP Blazar)

La X-ray Calibration Facility, 
XCF, è concepita per testare, 
caratterizzare e qualificare: 
1) rivelatori come i Gas Pixel 

Detectors di IXPE 
2) rivelatori per misurare energia, 

direzione di arrivo, posizione e 
polarizzazione dei raggi X con 
elevata sensibilità 

X-RAY CALIBRATION FACILITY

Picco##AB
E≃ 5.9 keV

Rodio 
E=2.697 keV 
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Caratterizzazione dei Gas Pixel 
Detector della missione IXPE 

tramite la X-ray Calibration Facility
S. Tugliani

IXPE, Imaging X-ray 
Polarimetry Explorer, 
è una missione spaziale 
(collaborazione NASA ed ASI)

• Lancio: 9 Dicembre 2021. 
• Orbita: 600 km, equatoriale (inclinazione 0°).
• Ottiche: 3 mirror module assembly (Wolter I)
• Detector: 3 Detector Units (DU), ognuna delle 

quali è provvista di un Gas Pixel Detector

Scopo: studiare e misurare la polarizzazione dei raggi X da 
sorgenti astro!siche dai buchi neri alle SNR, dalle Magnetar 
agli AGN.

Schema 
GPD

Funzionamento 
GPD

Sensibilità alla 
Polarizzazione

!"#!!%< 5.5%, 
0.5 mCrab, 10 

giorni
Risoluzione 
angolare

< 30 arcsec

Campo di 
vista (FOV)

≈10 arcmin 

Banda 
energetica e 
risoluzione

2 – 8 keV, ≈ 20%
@ 5.9 keV

Timing 
accuracy ≈ 20 %s 

FeNi

Ti

Pd
Rh

Mo

Filamento

La sorgente di radiazione è un tubo a raggi X (McPherson Mod. 642), con doppia uscita. 
Un multi-anodo permette di generare fasci di diversa energia nel range 2-10 keV (oltre alla 
componente di Bremsstrahlung, fino a 10 keV).

Il fascio di raggi X che esce in verticale rappresenta la sorgente non polarizzata del setup, 
mentre il fascio orizzontale viene polarizzato tramite diffrazione di Bragg su opportuni 
cristalli scelti in base all’energia dei fotoni primari.

Il grado di polarizzazione della 
radiazione diffratta è ! = &'(

&)( con 

# = *!"
*!#

rapporto fra le riflettività 
integrate della componente parallela 
e perpendicolare al piano di 
incidenza.
Radiazione totalmente polarizzata: 
k=0 e !=!!"#$$=45°. 

$ = %ℎ'
2) sin -

Anodo Energia [keV] Cristallo + Bragg
Molibdeno Mo 2.293     L, InSb 111 46.28 °
Rodio Rh 2.697     L, Ge 111 44.87 °
Palladio Pd 2.839     L, Si 111 44.12 °
Titanio Ti 4.511     K, Si 220 45.71 °
Ferro Fe 6.40      K, Si 400 45.6 °
Nichel Ni 7.478 K, Ge 422 45.86 °

Silicon Drift Detector:
Risoluzione: 122 eV FWHM a 5.9 keV

Sensibilità di un polarimetro:
• efficienza quantica ".
• fattore di modulazione #: risposta ad una 

radiazione 100% polarizzata linearmente. 

10 
mm

0.7 
mm

-2800 V

-400 V

-870 V

50$m 
(+50nm Al)

Readout pitch = 50 !m
V ASIC ~0 V

Area attiva = 
15x15 ##!

Camera CMOS ASI ZWO 
(nata per astrofotografia), array di 2822x4144 pixel di 4 #m 

(modificata togliendo il vetro protettivo):

Sorgente: Rodio (E=2.697 keV) polarizzato tramite di"razione di Bragg con il cristallo di Ge 111.
Sezione d'urto di"erenziale dell'e"etto fotoelettrico per radiazione polarizzata:

-.
-/ = r01α2Z3 4%5&

6

'
& 2 1789&:;<=(>

&'?5@7: )
L'angolo azimutale $ identi!ca la direzione di emissione del fotoelettrone rispetto a quella di 
polarizzazione. Il numero di eventi integrato risulta essere modulato secondo la legge 

Con la camera CMOS è possibile 
visualizzare il fascio di raggi X.
Esempio: immagine dell'hot spot 
del fascio non polarizzato 
(collimatore da 0.8 mm)

Secondo test: 
Sorgente: anodo di 
Ferro (6.40 keV) del 
tubo a raggi X.
Il GPD viene 
posizionato sotto 
l'uscita verticale del 
tubo (fascio non 
polarizzato). 

Primo test: 
Sorgente: ##AB,E ≃ 5.9 keV

Stefano Tugliani
stefano.tugliani@unito.it
stefano.tugliani@to.infn.it

SORGENTE DI RAGGI X in laboratorio

E: energia de fotone 
d: distanza reticolare 
n: ordine 
!: angolo di incidenza

IXPE: Imaging X-ray Polarimetry Explorer

Mo 2.293 keV Rh 2.697 keV Pd 2.839 keV
Ti 4.511 keV Fe 6.40 keV Ni 7.478 keV

GAS PIXEL DETECTOR
Il cuore della Detector Unit di IXPE è il Gas Pixel Detector.

STUDIO DEL FASCIO DI RAGGI X

MISURA FASCIO POLARIZZATO CON GPDMISURA FASCIO NON POLARIZZATO CON GPD

Minimum Detectable Polarization: minimo grado 
di polarizzazione che può essere rivelato entro un 
certo livello di confidenza:

12! ∝ &
D E 12!FF% ≃ 2.1F

D I

L’Imaging X-ray Polarimetry Explorer, IXPE, è una missione lanciata il 9 dicembre 2021 (NASA – ASI) dedicata alla polarimetria dei raggi X astro!sici: essa misura la polarizzazione lineare di di"erenti sorgenti astro!siche nel range di energia 2-8 keV. 
Il cuore della Detector Unit di IXPE e di future missioni indirizzate alla polarimetria dei raggi X è il Gas Pixel Detector (GPD), che può essere calibrato e caratterizzato tramite la X-ray Calibration Facility (XCF), disponibile presso il Dipartimento di Fisica 
dell’Università di Torino. La XCF o"re la possibilità̀ di studiare fasci di fotoni X a diverse energie con di"erenti con!gurazioni spaziali e di polarizzazione. 
Inizialmente pensata come facility per caratterizzare e quali!care i GPD, supporterà anche programmi di ricerca e sviluppo di innovativi detector per misurare energia, posizione e polarizzazione dei raggi X con elevata sensibilità. 

Fattore di modulazione
µ = B

2A + B ~28%@ 2.7 keV
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1) I fotoni entrano nel volume del detector tramite la finestra di Berillio e vengono 
quindi assorbiti nel gas, Dimetil Etere,( 56% &7, 800 mbar) interagendo tramite 
effetto fotoelettrico.

2) All’interno del gap di gas, un campo 
elettrico ortogonale al piano del 
detector permette il drift degli 
elettroni della ionizzazione primaria 
verso il Gas Electron Multiplier 
(GEM), lo stadio di guadagno.

3) La carica generatasi è raccolta 
sull’ASIC di readout, 
che agisce come anodo (array di 
pixel). 

Esempio di spettri 
(componente di 

Bremsstrahlung + 
linee caratteristiche): 

Fe 6.40 keV, Rh 
2.697 keV

Spettri in energia per i 6 anodi del tubo 
radiogeno:

Illuminando la 
camera CMOS con 
il fascio polarizzato 

si può vedere 
chiaramente l'arco 

di Bragg.
Muovendo il 

cristallo è possibile 
spostare l'arco di 

Bragg sul rivelatore.

Picco Ferro 
E=6.40 keV

Componente di 
Bremsstrahlung

angolo di polarizzazione
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Dopo l'interazione con il 
cristallo polarizzatore, la 
radiazione è completamente 
polarizzata e sopravvivono solo 
i fotoni con energia che 
soddisfa la condizione di Bragg

La polarizzazione fornisce 
informazioni riguardanti la 
geometria sia della materia che 
emette la radiazione X rivelata, sia 
dei campi gravitazionali e 
magnetici. Il grado di 
polarizzazione è influenzato dal tipo 
di simmetria e dal livello di ordine 
del sistema, mentre l’angolo è 
legato all’orientazione.

L’informazione sulla polarizzazione è 
ricavata su base statistica a partire dalla 
distribuzione azimutale delle direzioni di emissione 
del fotoelettrone, ricostruite analizzando le 
proiezioni delle tracce sul piano di readout.

Diffrazione di Bragg

Tubo radiogeno 
(Mc Pherson Mod. 642)

575 mm

625 mmMovimentazione

GPD

Linea di fascio 
ordinaria

Cristallo 
polarizzatore

Linea di fascio 
polarizzato

Flangia 
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vuoto

Essa dispone di:
• Sorgente raggi X
• Sistema da vuoto 

(~2×10)*mbar)
• Movimentazioni
• Cristalli polarizzatori abbinati 

agli anodi del tubo radiogeno

Polarizzazione di 
Mrk 421 

(HSP Blazar)

La X-ray Calibration Facility, 
XCF, è concepita per testare, 
caratterizzare e qualificare: 
1) rivelatori come i Gas Pixel 

Detectors di IXPE 
2) rivelatori per misurare energia, 

direzione di arrivo, posizione e 
polarizzazione dei raggi X con 
elevata sensibilità 
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CONCLUSIONS

IXPE has produced (and will continue to produce) outstanding science:

simultaneous imaging, spectral, timing, and polarization data for 2-8 keV X-rays

unique and powerful X-ray polarization capabilities and has been providing crucial insights into 
our understanding of X-ray production and the geometry of multiple classes of objects.

Baseline 2-year mission completed, now in General Observer (GO) program phase

First 2 calls for GO proposals released in summer 2023 and 2024, pre-proposal workshop in 
preparation for the 3rd cycle

General Observer Facility at GSFC to administer IXPE GO Program

HEASOFT analysis tools and documentation (including quick start guide) at GSFC GOF

IXPE Mission Partners execute and process observations, archive to HEASARC

NASA policy: no exclusive-use period (can request 6 months exclusive use)

39

https://heasarc.gsfc.nasa.gov/docs/ixpe/analysis/
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