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Photoelectric effect

Polarimetry based on photoelectric effect was tempted very long ago but it 1s now a
mature technology.

Heitler W., The Quantum Theory of Radiation
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By measuring the angular distribution of the
ejected photoelectrons (the modulation curve) it
is possible to derive the X-ray polarization.

An X-ray photon directed along the Z
axis with the electric vector along the Y
axis, is absorbed by an atom.

The photoelectron is ejected at an angle
0 (the polar angle) with respect the
incident photon direction and at an
azimuthal angle ¢ with respect to the
electric vector.

If the ejected electron is in ‘s’ state (as
for the K-shell) the differential cross
section depends on cos? (¢), therefore it
is preferentially emitted in the direction
of the electric field.

Being the cross section always null for

¢ = 90° the modulation factor p equals 1
for any polar angle.
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X-ray polarimetry with a Gas Pixel Detector

A photon cross a Beryllium window and it is absorbed in the gas gap, the
photoelectron produces a track. The track drifts toward the multiplication
stage that is the GEM (Gas Electron Multiplier) which is a kapton foil  ggM electric field
metallized on both side and perforated by microscopic holes (30 um diameter,
50 um pitch) and it is then collected by the pixellated anode plane that is the

upper layer of an ASIC chip. 1-cm drift, 1-bar. 1ﬂlflffl",‘_lu;j;_,: e k\ T
He-DME (20-80) 2-10 keV. / T A
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Costa et al., 2001, Bellazzini et al.2006, 2007 PCB

Polarization information is derived from the angular
distribution of the emission direction of the tracks produced A I
by the photoelectrons that brings memory of the X-rayr 20 ns

polarization. The detector has a very good imaging
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ASIC features 105600 pixels 50 um pitch

R < Peaking time: 310 s, externally adjustable;

* Full-scale linear range: 30000 electrons;
- ¢ Pixel noise: 50 electrons ENC;
| » Read-out mode: asynchronous or synchronous;
| » Trigger mode: internal, external or self-trigger;
. * Read-out clock: up to 10MHz;
y » Self-trigger threshold: 2200 electrons (10% FS);
' » Frame rate: up to 10 kHz in self-trigger mode
(event window);
 Parallel analog output buffers: 1, 8 or 16;
| » Access to pixel content: direct (single pixel) or serial
(8-16 clusters, full matrix, region of interest);
* Fill fraction (ratio of metal area to active area): 92%)

o The chip is self-triggered and low
noise. The top layer is the collection
plane. The bottom 4 layers are a
complete analogue chain for each pixel
with preamplifier/shaper/sample and
hold and serial readout.
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surrounds the track. The dead time
downloading an average of 1000 pixels
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A new prototype with an extended GEM for better drift field

uniformity
Mixture filling He 20% + DME 80% 1 bar b Electronics
Gas cell 1cm
thickness NEW e S
GEM 50 um pitch, 50 um thick, | \ Beryllium window
88 x 88 mm - ,

,J
= * Titanium Frame

400 g detector, 1.4 kg electronics and box
5 W power consumption

Same window, same ASIC with a larger
GEM plane (larger guard ring).
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Tracks analysis

—

E N 1) The track is collected by the ASIC
0.8
% N 2) Baricenter evaluation (using all the triggered
c0.6— .
S F pixels)
So.af
St 3) Reconstruction of the principal axis of the track:
> 0.2 / 80 maximization of the second moment of charge
C O distribution
0 Emiss. Direct. <— Baricenter
- 4) Reconstruction of the conversion point: third
021~ moment along the principal axis (asymmetry of
04 N charge distribution to select the lower density
r Conv. end) + second moment (length) to select the
0.6 :_ Point region for conversion point determination).
0.8— 5)Reconstruction of emission direction:
- (maximization of the second moment with
- :11_8' : [1I_6' ' 111_4' : '_11_2' = -'ol.sl ' :ol.s ' 101_4' ' 101_2' - respect to the conversion point ) but with pixels

X coordinate (mm) weighted according to the distance from it.

From the analysis of the track we reconstruct the original direction of the
photoelectron (blue line) and the impact point (blue cross).



|APS-Rome facility for the production of polarized X-rays.
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Facility at IASF-Rome/INAF
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Aluminum and Graphite crystals.

Spectrum of the orders of
diffraction from the Ti X-ray tube

and a PET crystal acquired with a
Si-PiN detector by Amptek

(Muleri et al., SPIE, 2008)



Experimental set-up for the measurements of
modulation factor and energy resolution.
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Filling date:

GPD En

4th November 2011
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Modulation curves and their analysis

2 keV 15t step 3.7 keV 2-step
(x,y)=(2.5,2.5)mm, 1st step - 2.0 keV, 2725 (x,y)=(0.0,0.0)mm, 2nd step - 3.7 keV, 2769
800 T : :
C 2/ ndf 98.74 1 97 1
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Modulation factor measurements
and simulations

Beam pasition 2.5; 2.5 mm {July 2014)

Beam pasition 0 mm; 0 mm {April 2012)
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Measurement of the level of absence of residual modulation

New Design 125 kcounts:
* Check on the control of absence of systematics Modulation factor:

with Fe>* source at the moment (5'9 keV). Residual modulation measured: ~0.54%
. . Residual polarization measured: ~1%
Many celestial source are expected to be highly MDP 99% with u=50% and 125 kc: ~ ~ 2.3%

polarized, however : 1400

1350

To measure 2 % of polarization (modulation of ~1%)
the systematics should be understood/eliminated at
level well below 1%.
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Imaging capabilities

2-step acquisition with the GPD

1-step beam scan with a slit and Si-Pin

X-ray polarisation - a window about to open?
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Beam scan with a slit and Si-PiN
2.3 keV (Mo X-ray tube)
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Images of collimated beams
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XIPE proposed as ESA SM1 AOO

e 2 X-ray Telescopes From the JET-X Program
* GPD detectors already sudied for XEUS and IXO Program
* The standard bus of IRIDIUM Program
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Instrument Chamber
and Clean Room

AR}

X-réy Source

PANTER X-ray test facility.

Frontier Research in Astrophysics Mondello
26 - 31 Marzo 2014



At our knowledge this was the first time that an
astronomical X-ray polarimeter was calibrated at the focus
of an X-ray optics

TRoPIC

Figure 2. Measurement set-up in the vacuum chamber at PANTER.
(A color version of this figure is available in the online journal.)
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Panter X-ray facility (MPE, Germany):

Spiga et al., 2013, Fabiani et al. 2014 JET-X (Telescope, same as Swift, ~1mm/arcmin)

IAPS/INAF laboratory : Focal Length (3.5 m)
Very narrow pencil beam. JET-X HEW (4.5 keV, 4.5 keV) : 18"
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PSF at 4.51 keV |
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2

-
S
[}

PSF fitting

o] et ]
10 _: ; {
107 | N1 .
0 20 40 60 80 100 120
r (arcsec)

Figure 6. Fit performed on the PSF at 4.51 keV with a Gaussian plus a King
function. The fit is performed on the radial coordinate # from 0 to 120 arcsec.
See Table 2 for the fit results at the energy of 2.98, 4.51, and 8.05 keV. Each fit
is performed on the radial coordinate 8 from 0 to 120 arcsec and the IPs density
distribution is normalized to the total number of counts.
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an angle of 10.4 arcmin from the image center to the corner along the diagonal.
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Figure 4. IP maps obtained for three different distances between the GPD and
the telescope optics. The plots are normalized to the number of counts for each
image. At the central position the image corresponding to the better angular
resolution is shown. A narrower PSF core (white spot) with respect to the other
images is present in this one.

(A color version of this figure is available in the online journal.)

Fabiani et al., 2014
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Figure 10. Off-axis HEW at 2.98, 4.51, and 8.05 ke V. Plotted values are listed in
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| Off axis PSF Impact Point Map at 2.98 keV
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Imaging allows for measuring gas
parameters

Imaging allow for making a diagnostic and measuring the attachment coefficient a (cm™).

Inclining the detector with respect to a narrow X-ray beam is possible to put in
correspondence the drift distance from the impact point with the X&Y coordinates in

- the readout plane
Q, ) ax Events close to
e(x) = Qoe the window
x| |drift Events close to

ImpactPointposition

INCIDENT RADIATION
\Be WINDOW
Q(x) :

GEM

The image of a narrow pencil
beam is a ‘strip’ on the GPD
readout plane :

z, =tan(0) * (L-x)

z, is the interaction height, 0 is the
inclination, L is the strip length, x is 20
the position along the ‘strip’




Relative PH (arbitrary units)

The larger is the attachment coefficient the more rapidly decreases the pulse height
with the drift distance. We measure this coefficient by fitting such decrement with
respect to the reconstructed drift distance.

1.2

0.2

0.8
0.6

0.4

Q(x) = Qpe™*

Drift plane

0.8 mm

GEM

A

Y

Scan‘

Readout pad

|

1 mmili
S, > ADC

Hill et al., 2013

Pencil beam
scan (D=200um)

In GEMS/TPC the drift is
scanned with a pencil beam to
measure a(cm™).

6 keV
We make one pencil beam and
we incline the detector using
imaging.

electrons attach to contaminants and do not reach the detection strips, thus
t allows the measurement of the electron capture coefficient, a.
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Energy resolution stability
GPD

GPD filled on 2011/11/04

2014/07/09

400 600
Time from filling (days)
201112731 ' i 2012?)3«01 ] . 2012,?5/01 ) ' 2012,?)7/01 i ] 2012/]03/31 ) i 2012/[10/31 ) . Measured GPD energy
fs E | | | resolution
% 0.3%—--- (FWHMI %)
;L 0.25;—
= , compared
015 Small- detector w|th ............. H0-a"x2+b x+o
- GEMS material a8 ot~ T to what has been
] ma erla ___________________________ b = 1.5323¢-04 +/- 7.6969¢-06
A S H,“ et--al ______ _2_9_13 AAAAAAAAAAAA T - 16995001 4/ 4.5563004 measured@GODDARD
of ik S S 4,0 S S = on a small detector using
Time since gas fill (days,
Hill J. et al. rescaling to flight model volume estimates 23 years in orbit the saTe.GlEMS
material.

We are not rescaling : this is the real detector.



Comparison of the Sensitivity of GPD vs TPC

Is so large the difference in sensitivity of the GPD with respect toa TPC ?

TPC : L=32cm; P=% Atm GPD :L=1cm; P=1Atm
A factor of 8 in efficiency that means a factor of 2.8 in sensitivity. Is it really like that ?:
065 T T T T T T T T v T T T T T T T T T T
0.5 E— :/"/ - )
E / "\
; :f. "\_.
> 0'45_ ! Hill et al, 2013
8 03F / “GEMS/TPC
Y E / "
o E ) =
“o2E
GFD Pure DME‘--\.,\_.
0.1F e
0.0E e —— _
0 2 4 4] 28 10
Energy (keV)
Dead layer The peak efficiencies ratios is only 2.7

Window —> HEE | : : GEMS/TPC
©  Kitaguchi et al., 2014

Four séts of GEM foils
X-ray entrance hole
ve e and readout strips

8/26/2014 with 75-umt Be window .
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Modulation Factor

Beam pasition 2.5; 2.5 mm {July 2014)
Beam pasition 0 mm; O mm {April 2012)

1—step algor. <— |2—step algor. —>
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The modulation factor of the GPD is larger with respect to the TPC in the energy range of
best sensitivity.

 Smaller average drift distance.
 Freedom in choosing the drift field by selecting the minimum transverse diffusion.



What if we place the GPD at the focus of the GEMS mirror ?

Mirror Area (cm?)

100
T

em™2 keV™

-1
cts s

1 GEMS Mlirror

Jahoda et al., 2014
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A Medium Energy X-ray

polarimeter

The GPD can work between 2 — 35 keV choosing a proper mixture/pressure

LEP

MEP

~
/
bt
-
-
L L i il T N |

Monte Carlo —_

—— He 20% DME 80%
1 atm 1 cm -
(LEP baseline)

— Ar 60% DME 407%_|
-7 3 atm 3 cm
(MEP baseline)

Measured u .

X He 20% DME 80%
1 atm 1 cm
(LEP baseline)

% pure DME 80%
Batm 1 cm —

O Ar 80% DME 20% -
2 atm 2 cm

1.0[
3 _ 0.8 _—
5 O i
A g i
L 306
5 i
o v S
O >
- 8 -
c o 041
g8 L
O -
S ow
'8 —
s 0.2

0.0L

1

in-hous
Monte Carlo
8/26/2014

10
Energy (keV)

X-ray polarisation - a window about to open?
Stockholm 25-28 August 2014

100

26



MEP - State of the art

Current prototype
Argon 70% DME 30% 2 cm, 2 bar

Goal
® Argon mixture @ 3 bar
® Gas cell thickness 3cm
® new ASIC (already being
manufactured)
€ Reduce the ROI
@ Increase the clock

2 cm thick
gas cell

Real tracks @ 22 keV
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Why X-ray Polarimetry ?

Acceleration phenomena:
e Pulsar wind nebulae Imaging
e Shell-like Supernovae

* naso

e Blazar and radiogalaxy

Emission in strong magnetic fields:

* Emission in strong magnetic fields: magnetic cataclysmic variables
e Emission in strong magnetic fields: accreting millisecond pulsars

* Emission in very strong magnetic fields: accreting X-ray pulsars

* Emission in ultra strong magnetic fields : magnetars.

Scattering in aspherical situations :
e X-ray binaries

* Radio-quiet AGN

e X-ray reflection nebulae

Fundamental Physics :

Matter in Extreme Magnetic Fields: QED effects
Matter in Extreme Gravitational Fields: GR effects
Quantum Gravity

Search for axion-like particles

X-ray polarisation - a window about to open?
8/26/2014 Stockholm 25-28 August 2014
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Solar flares

See talk of Valentina Zharkova on Thurday

Solar flares are believed to be triggered by magnetic reconnection at the top of magnetic loops
in the corona with an acceleration of charged particles down to the chromosphere.

o8 HESSI SPECTRUM Primary energy
¥ L ; release Soft x-rays
% Non-thermal Microwaves
10 3 electrons . o
: Corona Hard x-rays Evaporation
104
& Chromosphere
(]
o
§ .2
T 10 d X- : th I issi issi
o Har rays : non ermal emission In soft X-rays (< 10 keV) the emission
2 emitted mostly in footprints and in the .
2 _ is mostly thermal.
o0 coronal primary source.
2.5F)=3 y=7 E=30 keVif ' E=100 keV
The X-ray flux above EE-WXIN 3 ]
10 10-15 keV is expected to be 5 1.5
. (9]
polarized. P up to 40 % fora & 1of
T T W flare on the solar limb. S o5k
1 10 100 1000
Energy (keV) ¢ 8:8
&
Fig. 6. The RHESSI X-ray spectrum of the hard X-ray source observed - —0.1F
during the August 30, 2002 flare of class X 1.5 at 13:27:56-13:28:12 UT o]
(At =165). The spectrum is the sum of the thermal and non-thermal S —0.2F
components (Karlicky et al., 2004). "; ’
N
" —0.3F
=3
q angle between the 5

radiation direction (k) and 0O 50 100 150 0 50 100 150
the normal (p,) to the Sun on - 9, degrees 9, degrees
the onset-point. P<0=>E//(p,"k) Zharkova et al., 2010



The energy band of the GPD

thermal ™ : E covers a region where the flux is
¢ > GPD high and the non thermal
\ | " Non energy emission stars to overcome the
il | thermal band thermal emission.
3
z'o"- . .
, Geometrical area is small such as
ol the background is small
w2k
RHESSI lower energy limit for
e Compton Polarimetry
15-35 keV
8/26/2014 X-ray polarisation - a window about to open? 30
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Institute for Space Astrophysics and Planetology @ INFN .

Istituto di Astrofisica e Planetologia Spaziali ‘ "> "
gia op ¥

Solar Energetic Emission and
Particles Explorer (SEEPE)

Siming Liu
Purple Mountain Observatory
Paolo Soffitta, IAPS/INAF
Ronaldo Bellazzini, INFN-Pisa
Robert Wimmer-Schweingruber, CAU Kiel

Will provide light-curves, spectra, polarization of hard X-rays
and information on the transport of charge particles
in solar flares

8/26/2014 X-ray polarisation - a window about to open? Stockholm 31
25-28 August 2014



. . . (=
Scientific Payload Cesa
European Space Agency
0
la Slnstilule for Space Astrophysics and Planetology
&) Istituto di Astrofisica e Planetologia Spaziali

¢
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GAS PIXEL DETECTOR (GPD)

A solar flares X-ray polarimeter

S. Fabiani'3, R. Bellazzini2, F. Berrilli’, A. Brez2, E. Costa', F. Muleri',
M. Pinchera?, A. Rubini', P. Soffitta', and G. Spandre?

2
MDP — 429 \/R+B
u-R T

Flare Class MDP (%) Integration Time (s)

X10 0.6 748
X5.1 1.3 989
X1.2 4.8 239
M5.2 6.6 489
M1 46.4 128
LAB. BEE
X-ray Polarimeter (Polarization)
Weight 16 kg
Power 25 W
8/26/2014 Energy Range

10-35keV(for non-thermal bremsstrahlung) 32



Acceleration Mechanisms in Pulsar Wind Nebulae

Chandra image of the Crab showed that it has a complex structure that is typical of the so-called
pulsar wind nebulae. In order to understand the role of the magnetic field in the production the
observed emission it is necessary to perform imaging polarimetry of the nebula

Knot & « The morphology of the Crab Nebula

Pulsar

N N
(a) 2.6 keV 0 (b) 5.2 kev

q

4

30 930
30 -
24 424

418

SE Jet

Inner ring Outer ring Measurement made by OSO-8

 The morphology of PWNs are complex.

 The OSO-8 integrated measure of the position angle is tilted with respect to jets and torus
axis

* What is role of the magnetic field (turbulent or not ?) in accelerating particles and forming

structures ?

The measure of the pulsar polarization is facilitated.



Meas. 1996:

*
i v & 180 1 X on-axis, predicted
XI E 1 .. ] L O on-axis, measured

The X-ray Imaging Polarimetry Expl 160 Predicted 2012:
11 g —— on-axis
140 7+ —— 10 arcmin off-axis
AN > . —— 15 arcmin off-axis
<2 1204 I A On-3Xis
5 ] L il ok i Measured 2012:
5 1o o — 0 on-axis
2 100 <& o & 10 arcmin off-axis
¢ 1 A oA © 15 arcmin off-axis
5 80 a4
e ] |/ N
5 o] W\ A
| NN
40 g
] X
20 t \‘
1 —
0
RN L L L L L L e L L L LA LRl se e At e
1 2 3 4 5 6 7 8 9

Energy (keV)

JET-X effective area (1 optics) -

Region No. Odegree (70) Oangle (deg) MPD (%)

1 0.7 1.1 2.2
2 0.5 0.8 1.5
3 0.8 1.3 2.5
4 1.0 1.6 3.2
5 0.7 1.1 2.2
6 0.5 0.9 1.7
7 0.5 0.8 1.6
3 0.5 0.8 1.6
9 0.5 0.9 1.7
10 0.7 1.1 2.2
11 0.6 1.0 1.9
12 0.6 1.0 1.9
13 0.7 1.1 2.2

Polarization assumed 19%. Observing time 100 ks
(Fabiani et al., 2014).



How many PWNs we can observe ?

Meas. 1996:

180 - X on-axis, predicted
] \ O on-axis, measured
XIPE Y 160 7y § Predicted 2012:
The X-ray Imaging Polarimetry Explore 4 ] \ —— on-axis
< i 140 —— 10 arcmin off-axis
j _ 1 Ku/-*’*\ —— 15 arcmin off-axis
£ 120 _-Vh & o Measured 2012:
= 1o /_';\ o — T O on-axis
g 100 o A 10 arcmin off-axis
o . A A © 15 arcmin off-axis
s 80
L ] —
e raaanll a
» . \
] 4]
40 -] 1-mirror are-
] F o RN AT Ic
] IDLC &
20 XIPE 2 mirrors <>
] T~
0
1 1 aaean: T T 1 T T
1 2 3 4 5 6 7 8 9

Energy (keV)

(kpc)
2

Elka+11"] ] ¢ =Bl ISEEE

2 Crab 2

7 Jellyfish 5 4.5 3
13 Vela 0.29 0.1 1.2
41 G0.9/G0.87+0.08 10 2.2 0.8

48 MSH1162/G291.020.11 1 1.1 3.8
From Kargaltsev, O.,&Pavlov, G. G. 2008

mCrab PWNs can be observed in 500 ks in 5 regions with an error on the angle of 10°



indicates the presence of a non-thermal component.

It is synchrotron emission (polarized) ?

Imaging Polarimetry can probe the emission mechanism
in the energy range where lines are not present.

Flux (photons em”s! keV")

>
©

o

XIPE/GPD simulated image of Cas A (2-4) keV

Acceleration mechanisms in shell-like SuperNovae
Above 10 keV an extended power-law in the spectrum

2
)
~

Cas A
4-6 keV

Encrgy (keV)

. . / (WA
..channel energy (keV)

Bleeker et al., 2001.

Region No.  Ogegree (%)  Oangle (deg)  MPD (%)
1 2.4 6.6 7.7
2 2.7 8.3 8.8
3 2.1 5.9 67T =2 106 S
4 2.9 7.8 9.5
Fabiani et al., 2014 °* L9 30 6l
6 3.5 11.0 11.1
7 3.6 11.0 11.6

Since the power law is 22% of the total emission (4-6 keV angularly
averaged, XMM data, Bleeker et al., 2001). Assuming P = 50 % of the non-
thermal component, we expect P =11 % for the observed radiation.

The role of synchrotron can be investigated by polarimetry making clear the
role of the magnetic fields in generating the observed radiation.



How many Supernova Remnani
can we observe ?

30” HEW
2 f .iﬁ. L

.y

30” HEW

Field of view

8/26/2014

Effective Area (one telescope)

400F '
3005_ 4 m focal length _: Th ree Of thls
£ 15 shells (Ni—coating) ]
13.5 — 20 cm radius ] . .
. v 03 3 optics with
E 200 -
] 7)
: 5 30" HEW.
100 F =
O E L L L 1 L L I 1 L L n 1 n 1 L I L ]
0 2 4 &) 8 10
. keV
Weisskopf, M. et al 2013
MDP (4-6 keV) with T_,. =10°s
Name Flux (5 keV, ph/s/keV/cm?) | MDP (4-6 keV) || Angular size (Approx.>?)
Cas A 1.310°2 2.75% g
Kepler 5310* 13.5% 4
Kes 73 5.5107* 13.3% 2.5
W49 B 5.6 1071 13.3% 3
W66 1.5 104 25.7% 15
Tycho 3.310°° 5.5% 8’
IC 443 1.5 107 8.1% 15" x 20°
MSH 11-54 | 1.1 107? 9.39% 8
Kes 27 1.4 104 26.4% 20°
RCW 103 521074 13.7% 15

Cas A flux from Blecker 2001. Sizes from Seward, F. D., 1990.

X-ray polarisation - a window about to open?
Stockholm 25-28 August 2014

Example of meaningful observation when made angular resolved in 10°s but in 10 regions.
The power law is 22% of total emission (angularly averaged, Bleeker et al., 2001).

Non thermal emission (synchrotron or bremsstrahlung) with respect to thermal bremsstrahlung
The role and the morphology of the magnetic fields
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Sgr B2 and other molecular Clouds in the Galactic Center region

SgrB2 is a giant molecular cloud at  ~100pc See the talk of Frédéric Marin on Wednesday

projected distance from the Black Hole. Pure reflection spectrum
| (Sunyaev et aI 1993)

é ASCA/GIS ART-P INTEGRAL/IBIS

Galactic latitude

0.70° 0.65°
Galactic longitude

Chandra image.

vF,, photxkeV2/cm?/s/keV

But no bright enough
source is there!!!

Is SgrB2 echoing past emission Sgr A*
from the BH, which was B2 _~ ¢
therefore one million time more ~ @
active ~300 years ago ??? (e.g. i 0 l P =
Koyama et al. 1996)
Observer I’L - COS 0

If Sgr B2 is reflecting radiation coming from SgrA* the observed
radiation is polarized by scattering (Churazov 2002) pinpointing SgrA* and providing the real
8/26/2014 distance of the molecular clouds.



Eff area (cm?)

S0DE

300

200

100

400 F

SGR B2 in the 2-10 keV energy band is a dim extended source.

What about the background?

(A) One IrC (FL 2.1 m) telescape for HXMT
wo Au 5 m —X telescope
A (B) Two Au (FL 3.5 m) JET—X telescop
(C) One Au (FL 3.5 m) JET—X telescope

oE

llllllllllllllIIllllllllllllllllllllllll

pnifiin

XIPE Focal Rate
Crab rate 47 Length 1 Mirror
c/s (c/s)
(1 Mirror)
350 cm 4.1E-4
XILPE Focal Rate
Crab rate 95 Length 1 Mirror
c/s (c/s)
(1 Mirror)
210 cm 8.2E-4

SGRB2
Area

1.5 mm
Xx3.0mm

SGRB2
Area

0.92 mm
X 1.9 mm

*(**) Sgr B2

37.6 (80.5)

A => XILPE for the next ESA-CAS S-mission
B => XIPE proposed at 15 call for an ESA S-mission

Scattering
Angle

22.9% (94.2%)

Polarization for a single scattering from SgrB2
(*) Reid 2009, (**) Ryu 2013

Backg.
(Ne, c/s)
Optim.

4.0E-5

Backg.
(Ne, c/s)
Optim.

1.4E-5

Backg.
(CH4)
Pessim.

7.9E-4

Backg.
(CHA4, c/s)
Pessim.

2.8E-4

DI‘I2III4.II6IIIB 10
kel
SGRB2
2-10 keV

MDP
(2 106 s)
(Opt./Pess.)

18 31

18 21
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There are many molecular clouds around the galactic center !

117 arcmin; color code: 1-3 keV; 3-5 keV; 5-8 keV
< . , ‘ >

1E 1743.1-2813

'
‘ e ot 1E 1740.7-2942
s e PR o - Sagittarius C |
auinti A La i ; :
Clustar o 4 : \

uiwoie gg

DBOO-6

Scattering MDP (2-10 keV) MDP (6-35 keV)
Angle b {|43 NHXM
(T=2106s) (T=510°)
*(**) Sgr B2 37.6 (80.5) 22.9% (94.2%) 18.2 % 43 %
**Sgr 136.3;48.8, 31.3%; 12.0% 12.0%
C1,C2,C3 136.9 39.5%; 30.5%
***¥G0.11-0.11 124.2 52.0% 8.4 % 9.7 %
***Bridge 163.3 43 % 12.0% 10.2 %
*EXM1 166.5 2.8% 19.9 % 13.2 %
*EXM2 158.2 7.4 % 23.9% 18.4%
8/26/2014 X-ray polarisation - a window about to open? Stockholm 40
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Conclusions

The Gas Pixel Detector shows already performances suitable for
making sensitive astronomical X-ray polarimetry in space.

Very good energy resolution and modulation factor are already
stable in almost 3 years of ground operation.

The sensitivity is only 1.7 times worse than GEMS/TPC for
bright sources but it is not background limited even for the
faintest sources accessible to polarimetry.

Extension to higher energies allows for sensitive polarimetry of
solar flares.

Imaging allows for meaningful polarimetry of extended sources
and crowded fields :
PWNs, SNRs and MCs in the galactic center region.



8/26/2014

X-ray polarisation - a window about to
open? Stockholm 25-28 August 2014
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xpol_2752

Impact point map at 9.7 keV

imaging

X-ray polarization ‘seen’ by the GPD

Baricenter map at 9.7 keV - xpol_2752

1.5

1

X position (mm)

ImpactPointposition

43
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—1120

.
L1 1 | _ L1 1 1
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X position (mm)
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X-ray polarisation - a window about to
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GPD-GEM90 Prototype

« The GPD-GEM90 design consists of 3 sub-components:

v GPD-GEM90-Drift_assembly

adhesive
v GPD-GEM90-GEM_assembly
New GEM (P50L18R88)

section: :
v GPD-GEM90-ASIC_Board_assembly

The GPD consists of three different assemblies glued together. The ASIC is in
the KIOCERA ceramic package internally bonded. The KIOCERA is soldered
and fixed to the board.

P50
L18R88

X-ray polarisation - a window about to Active aren
open? Stockholm 25-28 August 2014
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QF GEMS ws XPOL

20

20

10

Quality Factor

What if we place the GPD at the focus of the (GEMS/TPC mirror) ?

| B 4.29 [ [(A(E) x &(E) x F(E) + [(Baif(E) + Bres(E)))dE
MDP = Ti(E) < A(E) x £(B) x F(B)dE  \ T
. QF is the scale factor of the MDP for a source

dominated polarimeter.

§‘R °

151

£ Jahoda et al., 2014 The peak QF of.GEMS/TPC is a factor 1.6 larger than
£ the corresponding GPD.
5 gr ] * The GPD has a better response at lower energy.
* The GEMS/TPC ha a better response at higher energies.
0 2 4 6 8 10
Bregy@®eV) PR
# . g GEMS Extrap. -
L. / GEMS Extrapd o ]
! i g e P -
./‘I: \\\E -;%}3 E
B Bt - e —
KV 8 74 8
1 1 1
MDP x = _

p - e MirrorArea - CrabSpectrum - QF 45



Sensitivity & Background

The sensitivity is a matter of photons but the ‘limit’ sensitivity could be a matter of
background if imaging is not possible.

For example, if we consider the residual background of Wisconsin experiment on-board OSO-8
(Neon filled proportional counter and Methane filled proportional counter) we have
the following :

Wisconsin experiment on board—050 8

107" E ] — ] 3

: e LEO 550 km ]

- 32.05° .

i 10721 H A Methan tilled -

2 : At ;

T - i -

% 1 0—3 3 —A o, gArgon—Xenon filled =

- A . = P = =

—I— : o g = m - - :

N i — ’

E 1 (’)_4 L —_—a— o Neon filled —
1 C'_S 1 1 T N A | 1 1 L1 a1l 1 1 PR B S A |

0.1 1.0 10.0 100.0

Energy (keV)
X-ray polarisation - a window about to

8/26/2014 open? Stockholm 25-28 August 2014
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MDP (T = 10° )

1.000

0.100

0.010

0.001

How the limit sensitivity
depends on background.

B

T llllllll

llllllll

Neon—filled OSO—-8 background
V| ¥ T & % =R T T R REE]

Optimistic

____ 2 GPDs + 2 GEMS/Mirrors

~
e 2 TPCs + 2 GEMS/Mirrors (Ne/0S0O—8 Background)

2 TPCs + 2 GEMS/Mirrors (Kitaguchi SPIE 2014)

| R S | R S S |

lIIlIIIl 1 L1 11111

I.‘/I 1 IIIII|

04

1.0 10.0 100.0
Flux {mCrab)

1000.0

MDP (T = 10° 5)

1.000

0.100

0.010

0.001

Methane—filled 0S0—8 background
v IERE X TR R EEE J TR R REEI

Pessimistic

_____ 2 GPDs + 2 GEMS/Mirrors

~.
_._._2 TPCs + 2 GEMS/Mirrors (CH4/0S0—8 Background) =
L ____2IPCs + 2 GEMS/Mirrors (Kitaguchi SPIE 2014)

| 1 Lol 1 |

1 11 11111

I/I IIlIII|

0.1

1.0 10.0 100.0
Flux (mCrab)

Residual background is larger if the sensitive area is larger :
GPD Area = 3.3 103 cm? (PSF= 30", 4.5 m Focal lenght)
TPC Area

= 1.5cmx31.2 cm =46.8 cm?

1000.0

A mistake of a factor 10-20 in the background counting rate jeopardizes the polarization

measurements below 5-10 mCrab for GEMS/TPC while GPD being imaging GPD is always
source dominated down Fluxes << 1 mcrab
s/26/20.What is the contribution to the modulation curve of the background ?
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Other pictures@
PANTER

|

1.0
e

I = ) 1
v

st

\ ¢

GPD in the PANTER chamber with
A high level of cleanness is required. a >*Fe calibration source.



X and gamma missions devoted to solar physics and capable to image solar flares showed
that the emission is localized in two foot-prints and in one loop top. This separation is
evident at higher energy (> 20 keV) while at lower energies the emission is distributed
along the fields lines.

Primary energy -~y Magnetic
release <

N Enlérgy
Y Release
\ 4 i Site
|
J

WIAN
- # 7 7 7—*Hard X-ra
Hard X-rays ety Sourcesy

Non-thermal Microwaves

electrons

Corona

Chromosphere ~ 'Soft X-ray Source

Yohkoh X-ray Image of a Solar Flare, Combined Image in Soft X-rays (left) and
Soft X-rays with Hard X-ray Contours (right). Jan 13, 1992

The morphology of a solar flare at hard X-rays is complex with a
top source and two foot-prints.

360 - 360
340

320+

g g
£ LA 18-22 keV
280 280 -aao 900 20 940 980 260 1000
r . e f' . The angular separation between foot-points is of about 20”.
's : ] 12-15 keV . :
- 12,1?(“3/ B ;‘3_180 Loy 1 Therefore, to make images, an angular resolution of at least
R T T 7;;] T w0 w0 Ti)o w m we  107-20" is needed to single out each source.
|arcsecs, larcsecs,
X-ray polarisation - a window about to
8/26/2014 yp 49
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Beams of electrons produce non-thermal Bremsstrahlung which is

polarized.
The X-ray flux above 10-15 keV is expected to be polarized providing a sensitive diagnostic of the electron

beams generated from the magnetic reconnection event.

2.5Fy=3 y=7 E=30 keVif E=100 ke
-? 2.0;— -»:‘ ]
= 1.5} -
9 F -
= 0.5} _
§ (M) OO I I 1 ] 1 1 I ] ]
3 0 0.0FR=— = R L ]
: & \\ NI “//’7 \q S /;
: g b\ S N
© E Ry ] e ]
-0 - N : \. e ] ~— 3
‘T —0.3F \\ / 1t
-0.2) s — /4/ E
o :. 1 PR T S SRR T U S T U S ST ST TN N T S T S S T
N ~y
o3 . , 0 S50 100 150 O 50 100 150
ok | 8, degrees 8, degrees
R 5 Zharkova et al., 2010 0 Is the angle between the
Bai and RR v 1978 radiation direction and
al'and Ramaty, normal to the sun on the
Degree of Polarization of primary hard X-rays due to accelerated electrons onset-point.
with a power-law energy distribution moving toward the photosphere with . o
velocity uniformly distributed in a cone with 30° aperture. Negative values The maximum polarization of
P is parallel to the normal plane or radiation plane (p, k). about 40 % is when the flare
g cation - a wi appears on the source limb.
8/26/2014 X-ray polarisation - a window about to 50
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Summary of polarization results for the flares studied

Flare number

(RHESSI) 2072301 3110221 4111002 5011710 5011911 5012005 5082502

Date July 23,2002 November 2, 2003 November 10, 2004 Januvary 17,2005 January 19,2005 January 20, 2005 August 25, 2005
Niot 7439 £+ 86 34723 + 186 3816 + 62 2142+ 46 5688 £ 75 43313 £ 208 6139+ 78

Nacc 2269 + 10 21427 + 31 506 £5 4735 783+ 6 26907 £ 35 602 £5

Nbg 1758 +42 513572 2047 £ 45 733+ 27 2784 =53 5808 £77 3717 £ 61

Nc¢ 3411 +£97 8160 £ 202 1262 + 77 937 £ 54 2121 £92 10598 + 225 1820 & 100
o0 (%) 33.0+1.6 32418 329+ 1.7 33419 316 1.5 344+£16 344+1.6

wp (%) 0.6 =45 9.1+39 11.7£ 8.6 94182 17.1 £6.5 72+£33 22+84

@ (deg) 151 =195 96 + 12 104 £24 71+29 170 £ 11 66+ 14 102 £ 104

I (%) 24+ 14 28+ 12 36 26 28 £ 25 54 +21 21+10 6+ 25

Note. jip is the observed modulation factor. IT is the polarization degree of the flare. and ¢ its polarization angle given in heliocentric coordinates.

Errorsare 10 E. Suarez-Garciaetal., 2006

RPN 20

SPR-N scattering polarimeter (with one Beryllium scatterer and 6 Csl(Na) absorbers) on-
board CORONAS-F satellite detected 90 solar flares from 2001 to 2005. For 25 events, an
upper limit between 8% and 40% was determined. For one flare 29 October 2003 a
polarization larger than 50 -70 % was detected (Zhitnik 2006) above 20 keV.

i S oof fl- "I Ii ©
1} /\___,/-\_\\“\ (a) g 80_ ) T - .".
é \\'\"--Ii—wkev 8‘ 70_ : ‘A ’ :
: 5 60 <, T - o 20-40 keV
= — 40-100 keV .Es 50 | " = 40-60 keV
e | | 1 | I I 1 I ] ovnt a 60-100 keV
20:40 2044 20148 20:52 2056 210 = 40 .
UT = " .
L B 30r - |
Zhitnik et al., 2006 2 20k |
5]
2 10 | Tece,
29 Oct 2003, X10 Flare &~ ool
20:40 20:44 20:48 20:52 20:56 21:0

UT



An example for X-ray polarimetry to probe the absolute positions
of the molecular clouds in the Sgr A complex and solve the Sgr A*

light-curve.

Sgr B2 is wide about 3’ smaller than NHXM
and Athena+ field of view.

Sgr C Complexis 15’x 12’ wide smaller than the
XIPE field of view. It can be observed with a
single pointing.

Sgr A complex is wide about
8'x8” smaller than XIPE field of view. It can be
observed with a single pointing

Absolute position taken from : (*) Reid 2009, (**) Ryu 2013, (***) Ponti 2012

Scattering MDP (2-10 keV) MDP (6-35 keV)
Angle XIPE NHXM
(T=210°s) (T=510°)

*(**) Sgr B2

**Sgr
C1,C2,C3

*#*G0.11-0.11
***Bridge
EEIVEL

*HK ]2

37.6 (80.5)

136.3;48.8,

136.9

124.2
163.3
166.5
158.2

22.9% (94.2%) 18.2 % 43 %
31.3%; 12.0% 12.0%
39.5%; 30.5%
52.0 % 8.4% 9.7 %
43 % 12.0% 10.2 %
2.8% 199 % 13.2 %
74 % 23.9% 18.4 % 52



[ ImpactPointposition |

Y position (mm)

=)

ImpactPointMap

[ Angular Distribution - iteration 1 |

Theta1
Entries 17152

17152

Mean -0.04081

1.18
2.551
5.076

350

A 300
250
200
OLD DESIGN. 5
Walls close to

the ASIC

50

4 6
X position (mm)

RMS 1.817

2

3
Phi (rad)

Environ. background spatial distribution of a GPD Modulation curve of the background that suggests

2-cm; 2-bar filled with an ArDME gas mixture.

ProjectionY of binx=[120,219]

NEW DESIGN. Walls far from the ASIC edge.

ImpactPointMap_py
Entries 21196

Number of Entries

Mean  -0.1418
| RMS 4.137

<

40

20

4 6
Y position (mm)

Projection on Y of a
slice excluding Fe>>.

8/26/2014

ImpactPointMap

[ ImpactPointposition | L ]
ntries

Projection on
X of a slice
excluding Fe>.

>

Y position (mm)

X position (mm)

He-DME filled GPD with the new design. The
Fe>> collimated source on the corner allows for
preventing time-out of the electronics.

X-ray polarisation - a window about to
open? Stockholm 25-28 August 2014

that most of the background comes from the walls.

ImpactPointMap_px
Entries 20717

Mean  -0.4073

RMS 4.046

ProjectionX of biny=[122,221]

Number of Entries
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20
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Size
Weight
Power

Temporal
Resolution

362%349%x172.5mm
20.5 kg
20w

Energy Range >10keV
Energy Resolution 3%@662keV

1s(quiescent),32ms

(flare-mode)

Light-curves/Spectra

8/26/2014

MPO/China

The payload

Mass 2.5 kg

Power SW

Energy Electrons: 20 keV - 30 MeV
Range Protons: 20 keV — 100 MeV

Heavy ions: ~10 MeV/nuc
~200 MeV/nuc (species dependent)

Time 10s (species dependent)
Resolution

Particle transport
Cau Kiel/Germany

X-ray polarisation - a window about to

open? Stockholm 25-28 August 2014 24



GEMS/TPC

—L-'_‘ 105 S D B IR LA I B ""'E
g 10
Background .‘
g 2L -
O ‘]OOO LB LR R | T LR R | T L lllllE oA 10% \"’ﬁ. %
] Z 10F o - / 3
b 3 E Cosmic ¢ N, 3
: 5 1 Cosmic e d .
i i' 1 E Cosmice” E
3 10 -:=- Cosmic p \ E
i y Z 102 Albedo v 3
Diffuse X—ray Background ) 2 E e Albedoe” 3
~ i [/l " Albedoe” :
50 E -3
Q ° I Albedon -3
X & 10°F Trapped p 3
N . 10° 10t 107 107 10! 1 10 10°
n i Energy (GeV)
N | Figure 6. Orbit-averaged energy spectra of cosmic radia-
g :don input to the polarimeter background simulation.
m .-' - T TT I T T TT 1T TT I T TT LI I LI I 7T TT I T TT
. : v = Z a2 .
~ 0001 O - : \. Campana 02.013 : % 10%p — Cosmicy  ees Albedoy
_g_ ! \ Albedo (0° incl.) : R — Cosmice  =w= Albedoe™
- i B ? L == Cosmice  =*=*Albedoe -
: ; : 'g’ -, = Cosmicp === Albedon -
| ) ) S e Trappedp
” - - L
L Kitaguchi 2014 '
j Albedo (30° incl.)
!
0_0001 i L AT | i saaal i 4 1 1 0019

10 100 1000 1000
keV

s d s by by s by g by g s by Ly

2 3 4 5 6 7 8 9 10
Energy (keV)

Kitaguchi et al., 2014

X-ray polarisation - a window about to

8/26/2014 open? Stockholm 25-28 August 2014

55



Was the GC an AGN a few hundreds years ago?

X-ray polarimetry can definitively proof or reject this hypothesis.

SgrB2 should be highly polarized with the electric vector perpendicular to the
line connecting the two sources.

0.8-—
9 The polarization direction of  the

scattered radiation is perpendicular
" to the scattering plane.

0.6 —

o8

0.4 -—
Observer

02 -

0 1 I 1 1 I 1 1 I 1 1 ] 1 1 | 1
0 30 60 90 120 150 180

0 (degrees)

The degree of polarization would measure the angle and provide a

ray polarisation - a win ou

full’3-d representation of the’ clouds (Churazov et al. 2002) "



QF GEMS ws XPOL

20

20

10

Quality Factor

What if we place the GPD at the focus of the (GEMS/TPC mirror) ?

| B 4.29 [ [(A(E) x &(E) x F(E) + [(Baif(E) + Bres(E)))dE
MDP = Ti(E) < A(E) x £(B) x F(B)dE  \ T
. QF is the scale factor of the MDP for a source

dominated polarimeter.

§‘R °

151

£ Jahoda et al., 2014 The peak QF of.GEMS/TPC is a factor 1.6 larger than
£ the corresponding GPD.
5 gr ] * The GPD has a better response at lower energy.
* The GEMS/TPC ha a better response at higher energies.
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