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IXPE Il telescopio IXPE

Imaging X-ray Polarimetry Explorer Rappresentazione artistica

Mirror Module Assembly (3x),
(5F3.2)

s Thermal Sock

(SF.3.4)

Deployable Shield

Deployable Boom Tip/Tilt/Rotate
(§F.3.4) i (3%)(5F3.3)

Mechanism
(§F3.3)

Detector Assembly (3x)
(§F3.5,5F.3.6)

> Tre ftelescopi identici interamente dedicati alla polarimetria X:

> Ridondanza totale;
> Riduzione di effetti sistematici residui.

> Lunghezza focale: 4 m (boom estensibile).
> Orbita circolare equatoriale:

> Altezza nominale di 540 km
> Inclinazione di 0°
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IXPE Effetto fotoelettrico e polarimetria X

Imaging X-ray Polarimetry Explorer Principio di funzionamento

z direction Incoming photon

Photon Photon

Angular distribution on
the detector plane Y
X

Distribution in space of K-shell
photoelectrons after the
absorption of a polarized

x direction photon beam

> Processo di interazione dominante a bassa energia (< 10 keV).

> Distribuzione di emissione dei fotoelettroni in K-shell modulata al
100% per radiazione polarizzata linearmente:
do¥ o FE sin 6 cos? ¢
aq (1+ Bcosh)
> Necessitd di ricostruire la direzione di emissione del fotoelettrone.
> La fraccia tipica di un fotoelettrone da 5 keV & ~ umin un solido:
> Necessario ufilizzare un mezzo gassoso.
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IXPE Il Gas Pixel Detector (GPD) come polarimetro

Imaging X-ray Polarimetry Explorer

Drift plane

Auger electron track

Pixel anode

> Componenti di base:

> Finestra di ingresso di Berillio (60 pm);

> Cella di assorbimento riempita di gas (He-DME);

> Gas Electron Multiplier (GEM) per amplificazione del segnale;
> Matrice di pixel esagonali per la raccolta delle cariche (ASIC).

> Sensibile fino a energia molto bassa (~ 1 keV).
> Buona capacitd di imaging per sorgenti estese.
> Risultato di circa 20 anni di attivita di R&D.
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[XPE

Imaging X-ray Polarimetry Explorer

letters to nature
—

An efficient photoelectric X-ray
polarimeter for the study of
black holes and neutron stars

Sofftta*, Ronakdo Bell
Alossandro Brez, Nicholas Lumb nm.sp-n
i i sofn Szl el CNR, Vi Fosdl Cevlie 10, 1:0133,

v st Vel FcaNudeae e Pisa, Via Livomese 1291,
156010 San Piero a Grado, Pisa, I

‘The study of astronomical objects using clectromagnetic radia-
tion involves four basic observational approaches: imaging, spec-
troscopy, photometry (accurate counting of the photons received)
and polarimetry (measurement of the polarizations of the
observed photons). In contrast to observations at other wave-
lengths, a lack of sens

‘making use of polarimetry. Yet such a technique could provide a

presenceofa

e

instrument that makes X-ray polarimetry possible. The factor of
100 improvement in sensitivity that we have achieved will allow
direct exploration of the most dramatic objects of the X-ray sky.

‘The main advantage of the proposed polarimeter isits capability
of investigating active galactic nuclei (quasars, blazars and Seyfert
galaxies) for which polarization measurements have been suggested,
crucial to understand the geometry and physics of emitting regons.
We can separate synchrotron X-rays from from the emission
scattered by the disk corona or by a thick torus. The effects of
relativistic motions and of the gravitational field of a central black.
hole have probably been detected by iron line spectroscopy on the
Seyfert-1 galaxy MCG-6-30-15 (ref. 15) but this feature is not
ubiquitous in active galactic nuclei. Polarimetry of the X-ray
continuum provides a more general tool to explore the structure
of emitting regions'*”, to track instabilities and to derive direct
information on mass and angular momentum ® of supermassive
black holes.

In spite of this wealth of expectations, the important but only
positive result until now is the measurement, by the Bragg techni-
que, of the polarization of the Crab nebula™". The Stellar X-ray
Polarimeter™ (SXRP) represents the state of the art for conventional
methods based on Bragg difffaction and Thomson scattering.
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Pixel precision for gas detectors

[ 105k, 0.18 um, self-triggering |
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eventi (dimensione tipica della finestra < 1 k pixels).
> Lettura multipla per la sottrazione dei piedistalli evento per evento.

> Definizione inferna della regione di inferesse per la leftura dedli

Imaging X-ray Polarimetry Explorer
> Capacita di auto
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IXPE Andlisi a livello di evento

Imaging X-ray Polarimetry Explorer

Traccia reale di un fotoelettrone da 5.9 keV

Principal axis|

Fival direcion
To

Ellipsoid of inertia

> L'analisi avviene evento per evento.
> Ricostruzione delle tracce:
> Primo passo: baricentro, analisi dei momenti, uso della skewness delle
proiezioni longitudinali per identificare il picco di Bragg.
> Secondo passo: determinazione del punto di assorbimento e analisi

dei momenti pesata per una stima piu accurata della direzione di
emissione.

> La morfologia degli eventi é riccal
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IXPE Formalismo di base

Imaging X-ray Polarimetry Explorer Come funziona un polarimetro?

100% polarized radiatio Unpolarized radiation
25000 25000
)\ /
20000 : 20000
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3 15000 :B 3 15000
= : / 7 % =
H
10000 10000
2N AN
5000 :A 5000
o A o
¢ [rad] ¢ [rad]

> Ogni polarimetro misura la modulazione azimutale attorno
all’'angolo di polarizzazione ¢y del fascio di fotoni incidente:

R(¢) = A+ Bcos’(¢ — ¢o)
> Fattore di modulazione: risposta alla radiazione 100% polarizzata:

Rmax - I?min B

"= Rmax+/?min B B+2A
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IXPE Performance del GPD come polarimetro

Imaging X-ray Polarimetry Explorer

939687

21 not 95.96/97 1242281
Flat term 768+5.2
Modulated term o
Angle 0.02312 £ 0.

3 o
Phi (rad) = 2

> Fattore di modulazione: 0.2 (0.7) a 2 (8) keV.

> Stabilitd su ~ 3 anni dimostrata con un rivelatore sigillato;
> Modulazione residua per radiazione non polarizzata ~ 0.1%.

> Risoluzione spaziale: ~ 90 um a 5.9 keV (« traccia).

> Buona per un telescopio araggi X con ~ 4 m di lunghezza focale e
~ 20 arcsec di risoluzione angolare.

> Risoluzione energetica (FWHM): ~ 15% a 5.9 keV.

> Abbastanza per fare polarimetria spettralmente risolta (in pochi bin di
energia), quando la stafistica lo permette.

> Risoluzione temporale: ~ us.
> Piu che adeguata per le scale di fempo di interesse.
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IXPE o Parte 2
Imaging X-ray Polarimetry Explorer

Reconstruction Alogorithm
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IXPE Thresholding

Imaging X-ray Polarimetry Explorer

XPOL reference frame y (mm]

52 B4 B 52 57

g 58 50
XPOL reference frame x (mm]

> The numbers within each pixels are the signal ADC counts, the
typical noise floor being 2-4 ADC counts

> All the pixels below a fixed threshold (~ 2 — 3¢ noise typically) are
suppressed

Alberto Manfreda (INFN) 0 maggio 2018 Page 11/26




IXPE . Clustering
Imaging X-ray Polarimetry Explorer

-24

Baricenter

—2.55-250-2.45-2.40-2.35-2.30-2.25-2.20

> Group together all the contiguous pixels above threshold

> The cluster with the highest total pulse height is considered the
main cluster (following steps ignore all the other clusters)

> The barycenter of the main cluster is computed
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IXPE Clustering in details

Imaging X-ray Polarimetry Explorer

> Clustering is done with the DBSCAN algorithm

> One parameter can be tuned: the pixel density which defines the
core of the cluster (number of neighbours over threshold)

> Default (optimal?) value is 4, to remove the tails
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IXPE Moment analysis - First Pass

Imaging X-ray Polarimetry Explorer

Principal axis
Baricenter,

Ellipsoid of inertia

> Diagonalize the inertia tensor of the two-dimensional charge distribution
around the barycenter to found principal axis

> \/M;"“g and \/l\/lgrarls are the semiaxes of the ellipsoid of inertia

> M;‘mg/ Mirans is a proxy for the elongation of the frack
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[XPE Longitudinal Track Profile

Imaging X-ray Polarimetry Explorer

Pulse height [ADC counts]

5 -04 -03 -02 -01 00 0.1
Projection along the principal axis [mm]

> One-dimensional projection of the charge distribution along the
principal axis of the cluster

> Calculate the third moment My of the distribution

long

> Skewness: 1 = —3—
(M)

> The sign of v indicates the side of the distribution with the lowest
ionization, i.e., the initial part of the frack.
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IXPE Search region for the absorption point
Imaging X-ray Polarimetry Explorer

Principal axis

T2 =3.5x M

Absorption point}

> The first estimate of the absorption point is the barycenter of all
the pixel in the non-shaded region

> The sign of the skweness is used to pick the correct half of the
circle (i.e. the one eclosing to the beginning of the frack)
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IXPE Moment analysis - Second Pass

Imaging X-ray Polarimetry Explorer

> Run asecond-pass moments analysis weighting the pixels according to
their distance d to the first estimate of the interaction point
_da
wi=e D dy=50um
> The weighted barycenter is the new estimate of the interaction point
> The principal axis from this second step is the final frack direction
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IXPE Future developments

Imaging X-ray Polarimetry Explorer

> Selection cuts optimization in the current scheme for maximizing
the modulation factor

> Background rejection via tfrack shape discrimination

> Use of machine learning algorithms (CT, Neural net) for improved
estimation of relevant physical quantities (impact point, principal
axis, direction...)
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[XPE

Imaging X-ray Polarimetry Explorer

IXPE software
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IXPE IXPE software (scheme)

Imaging X-ray Polarimetry Explorer

> LvIO Data received from the satellite

> Lv1 Data after telemetry parsing and corrections

> Lvla Data affer calibration and event reconstruction (sfill in the
detecor coordinate system)

> Lv2 Data projected into sky coordinates. Compliant with ds9 and
xspec
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[XPE

Imaging X-ray Polarimetry Explorer

> ixperecon lives inside the gpdsw package

> gpdsw hosts other related pieces of software:
> ixpedisplay
> ixpesim
> ixpedaq, ixpemonitor (in development)

> and all the code these applications share (e.g. detector
geometry)

> Currently gpdsw is a private repository, development often driven
by hardware/calibration needs

> Will become a (bunch of) FTOOLS

> Observation simulation tool (xpobsim) developed separately - see
Niccold’s lesson.
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[XPE gpdsw wiki

Imaging X-ray Polarimetry Explorer

IXPE GPD ground software

This meant to be the basic entry point for the Imaging X-ray Polarimetry Explorer (IXPE) software related to the Gas Pixel Detector (GPD).

Overview

‘The gpdsw package covers a number of diverse and yet related areas, including:

« detector geometry;
« detector calibration;
« event reconstruction;

« detector simulation;

« data acquisition;

« data quality monitor;

+ data analysis;

« support for for legacy data.

The framework is conceived as a set of C++ classes and applications with Python wrappers built through SWIG. Part of the software is implemented in pure
Python and the entry point for the corresponding documentation is here.

New to gpdsw? Look at the installation notes.
Anxious to read data and do something with them? Go ahead and do itin Python.

See also our Release notes.

the IXPE GPD Doxygen 1.8.13 on Mon Feb 26 2018 16:18:18

http://bigfoot.iaps.inaf.it/gpdsw/
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[XPE gpdsw bundle

Imaging X-ray Polarimetry Explorer

> gpdext: collection of external libraries (a separate package)

> cfitsio and boost are required for ixperecon
> Qt5 for graphical products (GUI, event display)
> GEANT4 for detector simulation

> gpdswpy (inside gpdsw): collection of python code
> wrapping of most of the gpdsw modules (SWIG)
> utilities for data analysis (binning, fitting, plotting etfc...)
> festing
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IXPE Lv1a FITS file

Imaging X-ray Polarimetry Explorer

Table Browser for 1: 001_0002453 data_recon.fits
NUM_Cl TRKSN_[TRK SIZE..| TRK_PHA| TRK ABSX| TR TRK_BARY

346,83, 247 54 1,26227 | -4,78624 | 1,14252 02738
381,54 221 2,83215 | 3,82747 | 277251 [ 0.62217
392,47 15 [ 5.02864 | -0,6707
309, 25
384, 255
351, 1%
59, 201
428, 153
384,90 205 [ [ -1,88221
33,08 185 111663
350,03 120

12 374,45 213
0. o
o, 104
378, 210]..|
397, a
410, 7
245, 0
272, 2
L7 7 .
2%, 21
410, 231 ||
215, 152

232
153, 151
405, 174
391, 209
379, 157
365, 209
177, 1s
188, 143
287, 180
150, 194
33, 1s
357, 209
375,84 199 610467 | -1,43473
424,80, [ 185 .[1,54955 | -1,62263 | 2,48974 | 3,08406
oI I

Lvia EVENT table
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IXPE Lv2 FITS file

Imaging X-ray Polarimetry Explorer

EVENT table

> X: Event X position (SKY frame)

> Y: Event Y position (SKY frame)

> PHI: Photoelectron emission angle in radians (SKY frame)
> PHE_U: Sin(2*PHI)

> PHE_Q: Cos(2*PHI)
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