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Why X-ray Astrophysical Polarimetry?

Polarization from celestial sources may derive from:
*Emission processes themselves:

cyclotron, synchrotron, non-thermal bremmstrahlung
(Westfold, 1959; Gnedin & Sunyaev, 1974; Rees, 1975

eScattering on aspherical accreting plasmas:
disks, blobs, columns.

(Rees, 1975; Sunyaev & Titarchuk, 1985; Mészaros, P. et al. 1988)

e\Vacuum polarization and birefringence through extreme magnetic
fields

(Gnedin et al., 1978; Ventura, 1979; Mészaros & Ventura, 1979)

Polarimetry would add to energy and time two further observable
guantities, the amount and the angle of polarization, constraining
any model and interpretation: a theoretical/observational
breakthrough.”

P. Meszaros et al. 1988
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Polarization from Supernova Remnants: the Crab case

Radio Infrared
(VLA) (Keck)
Optical
X-rays
(Palomar)
(Chandra)

Crab-Nebula shows the same degree and angle of polarization from
radio to X-rays and this is a signature of synchrotron emission.
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Polarimetry: The Missing Piece of the Puzzle

Imaging: Chandra Timing: RXTE

Spectroscopy: AstroE2, - .
Constellation-X, Chandra Polarimetry: AXP
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Photoelectric cross section

The photoelectric effect is very sensitive to photon polarization!
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Distribution in space of K-shell
photo-clectrons affer the absorption of
a polarized photon beam.

Simple analytical expression for
photoemission differential cross
section (k-shell photoelectron in non-
relativistic limit):
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Y axis (micron)

Basics of photoelectric effect In gases

Slowing down:
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Elastic scattering is responsible of a progressive randomization of
photoelectron direction; most of the information about photoemission
direction resides in the initial part of the track.
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Basics of photoelectric effect in gas 11
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5.0 keV photoelectrons tracks in
Ne (100% linearly polarized,
collimated photons beam).
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A precursor of full track imaging

P. Auger, 1926

30 keV photons in Ar

30 keV photons in H/N 90/10

45 keV photons in H/Ar 95/5
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A “modern cloud chamber”: the Micro Pattern Gas Detector

Auger
EleCtron e R e

I_”D_—L ADC

Polarization information is derived from the
tracks of the photoelectron, imaged by a
finely subdivided gas detector.
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A first prototype: the PCB approach

——

Gas electron Multiplier
% F -

* GEM pitch: 90 ?m

 GEM thickness 50 ?m

 GEM holes diameters: 45 ?m, 60 ?m
e Read out pitch: 260 ?m

e Absorption gap thickness: 6 mm

512 electronic channels from a few mm?2 active area
are individually read out by means of a multi-layer PCB fan out
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Polarimetric sensitivity

5.9 KeV unpolarized source 5.4 KeV polarized source
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The limits of the PCB approach

S ———
N ———

The fan-out which connects the
segmented anode (collecting the charge)
to the front end electronics is the real
bottleneck!
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e Technological constraints limit the maximum

number of independent electronics channels (~ ——
1000 @ ~ 200 ?m pitch).

e Crosstalk between adjacent channels (signals
traveling close to each other for several cm).

* Not negligible noise (high input capacitance to

S
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GO 08 LTI 080RRETRBO N

. the preamplifiers).
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A further technological step: the CMOS VLSI approach

IT the pixel size is small (below 100?m)
and the number of pixels is large (above
1000) it is virtually impossible to bring the
signal charge from the individual pixel to a
chain of external read-out electronics
even by using the advanced, fine-line,
multi-layer, PCB technology.

When it is not possible to bring out
the signal charge to external,
peripheral electronics than it is the
electronics that has to be brought in
to the individual pixel!

A CMOS full custom pixel array used directly as the charge collecting anode
of the GEM has been designed, produced and it is currently under test.

Advantages: asynchronous, fast, low noise, honeycomb array design, no
problems in the realization of the fan out to front-end electronics.
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The collecting anode/read-out chip

o f;ff’r/ A YA

« pixel electronics dimension:
80 ?m x 80 ?m in an exagonal
array, comprehensive of
preamplifier/shaper, S/H and
routing (serial read-out) for
each pixel

e number of pixels: 2101

e dimensions: ~4 mm X 4 mm
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PIXIE: the P1Xel Imager Experiment

— R e

Detector and associated electronics
are the same thing!
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Electronics conceptual design
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» ~3.5 microseconds shaping time

* 100 e ENC (very small detector
capacitance)

e dynamic range: 0.2-20 fC

e power consumption: around 100 ?watt/pixel

e external trigger (from the GEM) for
parallel S/H on all the channels

e« ADC after S/H: external , flash

* 400 ?s read-out time (with 5 MHz

system clock)
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Noise and gain measurement

\ Gain Uniformity |
m S e Measured gain: ~ 100 mV/fC
1400 — i . i
= e Gain uniformity across the
1200 channels: ~ 3% RMS
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o
2.5
Noise RMS: ~ 100 e ENC (electronics 2§
gain is ~ 100 mV/fC): sensitive to the 5P
single primary electron with a gas gain .
< 1000 (easily achievable with a single
GEM). e
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Internal calibration system and addressing capability
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Some events..with 90 ?m pitch GEM
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Tracks reconstruction

1) The track is recorded by the P1Xel Imager

2) Baricenter evaluation
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&mm)

3) Reconstruction of the principal
axis of the track: maximization of
the second moment of charge
distribution

o
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4) Reconstruction of the
conversion point: major second
moment (track length) + third
moment along the principal axis
(asymmetry of charge release)
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5) Reconstruction of emission
direction: pixels are weighted
according to the distance from
conversion point.
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A new 50 ?m pitch GEM
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First events with the 50 ?m pitch GEM
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e Generation (photoelectron
+ Auger)

* Propagation (SS_MOTT)

e Creation and diffusion of
primary ionization (Maxwell,
Garfield, Magboltz)

e Gas multiplication
 Digitization

 Pixel Representation
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Polarimetric sensitivity: modulation factor

Modulation factor as a function of the energy for different mixtures
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Std cuts = all the events

50% cuts = selection on the
“shape” of the tracks preserving
50% of the events.

Two possible different gas
mixtures for two energy ranges

Reconstruction algorithm to be
refined at high energies
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Polarimetric sensitivity: MDP

MDP for strong sources (Crab and Her-X1) with different gas mixtures and
different pressures, 1000 cm? mirror collecting area.

Her-X1 Minimum Detectable Polarization
Observation Time = 1 day

Crab Minimum Detectable Polarization
Observation Time = 1h

MDP(

IB'G O DL 20-80 (0.5 abm, lem) B.U :EF‘!}D"‘EZEU::.'::E atm, l'l:l'rl]
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14.0 // 6.0 "
12.0 7 = ~5.0 \
10.0 \ ) \ P s
8.0 \ A g 4.0 \ / /
4.0 ,W 2.0 e I
2.0 1.0
lh——— s — = — o 00+
¢ 1.2 ¥ % 8 & 7 B 92 80 W 0 1 2 3 4 5 6 7 8 9 10 11

Energy (keV) Energy (keV)

MDP(37?): CRAB MDP(37?): Her-X1 (- 100 mCrab)
CF4/DME, good at low energy ~ 2.1 % CF4/DME, good at low energy ~ 1.2 %
Ne/DME, 2cm, good at high energy ~ 3.5 % Ne/DME, 2cm, good at high energy ~ 1.4 %
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What matters ? The transverse diffusion...

N ———

6 keV polarized photons in CF4-DME 20-80, 0.5atm-like mixture
(same events, same gas properties with different diffusion coefficients)
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Transverse diffusion scale as 1/vP :
High pressure -> Low diffusion , short tracks

Low pressure -> Long tracks , high diffusion
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What matters ? The Read-out sampling

2 keV polarized photons in CF4-DME 20-80, 0.5atm
(same events, with different pixel pitch)

| T ) T
T 1L :
T ::
Coitch 280om itch 2502m
? 7?7 9% ? ?715%

The pixel pitch size is critical at low energies!
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Hexagonal vs Square Readout

3"'5’ Hexagonal pixel map with 50pm pitch .
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Future perspectives: new chip implementation
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Square matrix of maximum area :12x12 mm?2
Active area : 11x11 mm?2

8 sectors of 2.8k hexagonal pixels each

80 ?m pitch

8 parallel analog buses

10 MHz read-out frequency

280 ms (read-out time) frame rate

1 kHz source rate possible
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Summary: key features of the P1Xel Imager
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Conclusions

A system in which the GEM foil, the absorption gap and the entrance window are
assembled directly over a CMOS chip die has been developed. The ASIC itself becomes
at the same time, the charge collecting anode and the pixelized read-out of a
MicroPattern Gas Detector. The full electronics chain and the detector are completely
integrated.

At a gain of 1000 a high sensitivity to single primary electron detection is reached. No
problems found up to now in operating the system under HV and in gas environment.

Final design will have 16-32 k channels and 60-70 microns pixel size. This would open new
directions in gas detector read-out, bringing the field to the same level of integration of
solid state detectors.

The performance of the tested prototypes looks like a significant step forward,
compared with traditional X-ray polarimeters and promises a large increase in sensitivity.
Observations will measure energy fluxes and polarization of the flux as functions of
time/energy and will image the source.

In its final configuration the MPGD target performance is the detection of ~few%
polarization for few mCrabs sources (in the XEUS focal plane, for example). This
sensitivity will likely allow polarimetry measurements to be made on thousands of galactic
and extragalactic sources: a real breakthrough in X-ray astronomy.
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EXTRAS..
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The choice of gas mixture

-.--il:.r"E_-,E-:- -a-_-:-'...._.-___.L__; :

Leading criteria in the choice of the gas mixture:

Low K-edge (low Z materials)

Low electromagnetic scattering, favorable slowing down/scattering ratio (low Z materials)
Favorable range/pixel size ratio

High detection efficiency (high Z materials)

Small tranverse diffusion in the charge drift (organic quenchers)

Mixture Min. Diff. Efficiency (1cm) Efficiency (1cm) Electron Range Electron Range
m/cm”1/2 @ 6 keV @ 2 keV @ 6 keV (um @ 2 keV (um

CF4/DME 20/80, 1 atm 57 4.73% 70.34% 467 87
|CF4/DM E 20/80, 0.5 atm 81 2.39% 45.55% 934 175
CF4/DME 20/80, 0.25 atm 120 1.20% 26.19% 1870 350
DME, 1 am 61 3.00% 55.90% 552 103
DME, 0.5 atm 86 1.50% 33.60% 1104 207
Propane, 1 atm 136 1.80% 39.29% 577 108
Propane, 0.5 atm 192 0.90% 22.09% 1154 216
Propane, 2 atm 96 3.56% 63.14% 288 54
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Monte Carlo simulation: propagation of the photoelectron

Photoelectron transport code originally
developed by D. Joy for electron microscopy
(particularly accurate at low energies) -

adapted for the transport in gas mixtures. Eﬂ E preferred
s [ emission direction
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5.0 keV photoelectrons tracks in Ne

8

Basics of photoelectric effect ingas 111

(100% linearly polarized,
collimated photons beam).

¥ axis (micron)
g Z
li_.l (=]

-600[—

-B00—

=1000

Modulation factor, as evaluated from

r (%)

\

Modulation

3

S

charge released within a certain

distance from conversion point.

-1000
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MC simulation: electric field and

ECE R E e e
Aba, [ erens £ rralpn

Cell geometry, materials,
boundary conditions

Maxwell (ANSOFT)
a finite elements program to
compute three dimensional
field maps

R

z-Axis [em]

Ggx Me B TAIE D096, T= 200 K, o=

o

Gas £ /
mixture 2
| =

L

Magboltz (S.Biagi)
computation of electron
transport properties in
nearly arbitrary gas
mixtures

¥l

Transversal

3 —

electron transport in gas

. GEM

#1()  Cell: GEM
Gas: Ne B0%, DME 20%, T=300 K. p=1 atm
T T T T T T

& b kb & L - 8w e u o

-x Axis [cm]

Viewing plane; v=0

Garfield (R. Veehnof)
MC 3D-simulation of drifting
particles, including diffusion and
avalanches generation

1 drift, diffusion, gain and
attachment of electrons/ions vs E
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Tek HIgiR 20.0MS/s 12 Acgs
T T
[ I

The analog signal

Tek HITH 20.0MS/s
I
L

Analog output
(60000 electrons)

W | Analog output
MWWWWMM (1000 electrons)

Write signal

g | Analog output

(no Maxhold) M/M\M | (6000 electrons)

M Analog output

(60000 electrons)

Chi  100mva 2000V M2.50[s Chi F  76MV { Feb 2004
22:17:33
Tek Run; w-:lks.-'s[ sample  [EFG ) Ref3 50.0my

Hw

. Shaper output

e .

b=

Jﬂ oL

| | Maxhold signal

[FIEEE  =00mv 2 50
Siena - May 23, 2004

M S00ps ChD % —500mY § Fah 2004
17:48:51

S/H analog output

i [ ::.. e o _:__'
' . . . L . . 1
. . . . I . . ]
e e e T e e P
It . . . L |
| . . . . . ]

500my M 2.50us Chil .~ 76mVY 1 Feb 2004
2.50ps 18:15:16

Automatic search of the
maximum of the signal within a 10
?sec window after an
asyncronous external trigger
(from the TOP GEM)
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Angular reconstruction

Theoretical Emission Direction

—R—

Estries 9597
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250 300 350

o,= 36.27
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i
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nkl 1 | 1 [
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Tiraney

200 -150 100 -50 O

CF4-DME 20-80, 0.5 atm, 6 keV
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Basic algorithm

Second iteration
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~ ‘=rBconstructed

180 © error in angular reconstruction: the Auger

electron has been mistaken for the Bragg peak
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Entrcs or probability

MRS
Fiiiiiiy

arm- 4444

L location where electrons end up
Linder 1 i 4434, arvar

GEM pitch
GEM thickness - 25 ?m
Drift gap

Collection gap
80 % Ne-20% DME

-50 ?m

- 6mm
- 1 mm

Mas WG SR, RS 1T

Earire =1 -kKV/cm
E =1 kV/cm

coll

440/4444 e
~10%

* collection
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Garfield simulation results
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Angular accuracy vs. shape
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* reconstructed
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Angular reconstruction

Angular accuracy vs. M,

Angular response function

- |
DaitaPhi1-MomThird
;n—'-la ; —o,= 36.27
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CF4-DME 20-80, 0.5 atm, 6 keV
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Cuts efficiency

DeitaPhi2:Shape @I w= 052

o0 r
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96% of events
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CF4/DME 20-80 0.5 atm 6keV
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Polarimetric sensitivity: Figure of Merit

Figure of Merit

w— CF4 DME 20-80 (0.5 atm, lcm)
w—Ne DME 40-60 (1 atm, 2cm)

| ST
/N N\

// NN
/

p*Aeff~1/2
P

0 2 4 6 8 10 12
Energy (keV)

FoM ? 2 (A, )"?

The figure of merit isa measure of the intrinsic capability to measure polarization.
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Dependence of polar angle of photo-electron in Ne
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Rise time analysis in gaseous detectors

The rise-time of a signal of a proportional counter is related to the
photoelectron emission

A
s o -,
r - .
-1
o r'. ) -
 d -
Il "'L‘_
e
-
b |
df
.- -
-_,n'
] 61 &
Enuvcieri pulse gerergier rive time [Monmecang sl
Fig. 7. Pubse rise time disinbutions for polamzed 163 Ke¥ A-rays

Sanford et al., 1970
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angle with respect to the anode direction
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Fig. 4. Signal from the pre-amplifier of the Xe gas propoctional
counter sampled with the digital oscillbecope. Incident X-ray
energy is 40 ke V. We reduce the data of each signal pulse into
PH i{pulee height] and RT irize time).

0.5_.-..

R

03 [ S —

Modulation Coentrast

o1

U‘.C _||| 1 L1l L1111 | T | 1 1
Q 10 a0 an 40 a0

Ineiden X-ray Energy (ke

Fig. & Modulation contrast for the dee-time polaimeter de-
rived [rom our expeciment. M = [ﬁ(@‘ =9 - ﬁ(@ =07
WetiPoan, Whete  dar = /(8@ = 07) + 03 @ = W)L,
gt denotes the standard deviation of the rize time distribution,
RT isthe average rise time, and Py, isthe polarization degree
of the incident beam {Fig. 2).

Hayashida et al., 1999
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1D charge imaging with a Micro-Gap Chamber

Dirift cathode (B0 pm Aluminum)
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The cluster size is related to the photoelectron
emission angle with respect to the anode direction
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Dependence of mean cluster size on
detector orientation (with respect to
the polarization direction)

Soffitta al., 1995, 2001
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Full detector simulation

PhotoElectron

Siena - May 23, 2004
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Pixel Event read-out timing

Symbol| Parameter Min Typ Max [ Unit
Tpk Shaper peaking time 3 4 5 us
Tdh Delay between incoming event & rising edge of MaxHold 0 2 us
Tpd Peak detection mode duration 10 20 us
Analog data retention time for a drift during hold mode
listore lower than 0.1fC equivalent input charge) ! T2
Input ﬁ|
charge: | | ==
+ Tpk |
"_-f—':_‘“—-\.‘__\. _,-"'f_
Shaper ¥ Ty 7
output: i1 __;’
Tdh
MaxHold:
Tpd |
Track: o i
(internally generated) f ,
Track Peak detection Hold

As long as the MaxHold signal is low the shaped pulse of the selected pixel can
be observed at the analog output.
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Analog out timing characteristics

Trcki Trek0
Read: . |

EThn Tok0  Tekl  Tok

CK: _ﬂm _________ mm

Tokenln: |_| - |
TokenOQut: Tsué _ ——
Qut:
AGND | First 2nd 3rd L Last
level pixel ;pi){m gpixal : pixel

A pixel is selected by introducing a token into the shift register
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According to Nature.....

“ the work is highly significant for high
energy astrophysics and astronomy in
general. X-ray polarimetry is a unique probe
of particle acceleration in the universe. It
will provide a new tool for studying the
fascinating and poorly understood jet
sources. The instrumentation described
here will very likely revolutionize this area
of study .....”

Siena - May 23, 2004

letters to nature
TR e e ST ey

polarimeter for the study of
black holes and neutron stars

[Enrico Covta®, Paole Soffitia”, Ronabdo Bellazzini?,
Alessandro Brext, Richolas Lumbt & Glorfa Spamdrot

* Iatvture di Asrefivics Spasiale del CNR, Vie Faso del Cavaliiere 100, 100138,
Romee, Tealy -

1 Intituro Maziomsle df Fisica Nucleare-Sezione di Pisa, Vin Livormese 1251,
[-56010 S Piers & Grada, Pisa, Iraly

The study of objects using radia-

mmhummmﬁmqu— ‘Black holes.
accurate

and d'lh P o of the
abserved In comtrast to observations at ather wawe-
lengths, a back of sensitivity has provented X-ray astronomy”

making wse Yet such a technique could provide a

Figure 1 fasic Ingas. a, Folowing e photon

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

Themmldwﬂpof&wmuudmumaplbﬁnf

rﬂmmmmmmdnf&npnuumulﬁddoﬁm-lbhd&
hale bave probably been detected by iron line spectroscopy on the
Seyfert-1 galaxy MCG-6-30-15 (ret. 15) but this feature is nat
ubiquitous. in active galactic nuckei, of the X-ray
continuum provides & more general tool to explore the srecture
of emitting regions'™”, to wack instabilities and to derive direct
information on mass and gular momentum™ of supermassive

hmmuf&hwu]rhu[mmmhmmmbmoﬂf
Mmmuunﬁmuﬂkmmﬁw ‘Bragg techni-

Wmdwmm The Stellar X-ray
from [mlwmmgn{mmemm

methods based om Bragg dlﬂmmn and Themsen scattering.
However, Bragg dhp:rm- {uu angle at one
time) and very etry” is
imaging and band-limited [>5h¢'ﬂ 'nmiumhwmntypf
SXEF to & féw biright, galactic sources o
mpm:mnwmﬂwmﬂpﬂnﬂmm
electron is ejected from an [nner dhell with a kinetic energy which is
the difference between the photon energy and the binding enesgy.
The direction of emission is not uniform bz is around that
of the electric field of the photons (see Fig. 13). This photosectron

CAMVENEOn 17 the ga3, ct, Ll drection
that cany ol e the photos, Yhen e beem b
iraraily polarized the alactions &re ejected prelerentally sround the slectic fsld. The

mmam;—
ir ( ) 4T #eade)
E Uiy (1= sl
whes it mds, 7 te
EHMMMnJWdhwwWFWMMN
mmawmmwonmmmmw

ion in the §as and eolection en & plare
nw-dwamrnmummwmw-mm
ectiors of e atoens of the mediam, The ey loss incremses with dcressing ngt
ey Bethe lewlor ke enarpl.

[

W scamering cructslly depends on the smic numbes, Sowing down i cny
roderaisly dependent. The rimary londzations are thin projectsd ot the ssnss
plene. The charge denshy in pach pisl s proportiossl do the energy loss, and &
sharpiors ruiated to the eleciven kinstic enery. The fret pert of e phoiosleckon path
P 2 lower chais dangity, bul 1 i cioser to tha inlial drection of the phoioelecon
and 50 alsa closely related o the photon polarization direchon. The secand part fas 3
higher charge density but & ik andomized. The Auger electron track does et tring
Infgrmatisn 6n pelestmton.
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Noise measurement

RawPedsChs7
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A 4

Ny
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.
~
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.
e o L e LS L0 |

I 7001 _
Fran " * oovess Single channel analog output
e oo (few k random triggers)

Pedestal

1200
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Analog out (ADC teunts)

\\

~

Noise RMS: ~ 100 e ENC (electronics

gain is ~ 100 mV/TC): sensitive to the

single primary electron with a gas gain

< 1000 (easily achievable with a single
" GEM).
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Channel response uniformity and X-talk

\ Gain Uniformity |

[ Gain |
| Mean 1057 |

1400
1200
1000
800
600

400

* Measured gain: ~ 100 mV/fC

200" o Gain uniformity across the channels: ~ 3% RMS
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