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Hard X-ray polarimetry - Motivation

* A usefultoolin study of the most extreme Expected Measured
environments in Universe — neutron stars, polarization
accretion discs or gamma ray bursts (10-100 keV)

« Not many hard X-ray polarimetry (> 10 keV) BHXRB ~5 %
measurements in astrophysics AGN ~10 %

» Hard X-rays are created close to the X-ray pulsar  Low 10" % Crab pulsar ~22 %
compact sources in the strong Accret. pow. <30 %
gravitational and magnetic fields pulsar

e synchrotron, cyclotron and curvature radiation pylsarwind ~20-30 % Crab nebula ~17.4 %
are polarized e

* Polarization data would test and constrain solarflares ~35-50 % max. ~8-40 %

eXIStlng aStrOphySICal mOdelS Chattopadhyay, T. Hard X-ray polarimetry—an overview of the

method, science drivers, and recent findings. J. Astrophys. Astr.
(2021)
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Goals

* Characterize Timepix3 with 1 mm thick Si sensor as a Compton polarimeter

to detect linear polarization

* Perform Compton camera imaging using the same data set 2 Use the

geometry of Compton cones to improve polarization measurements
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Timepix3

256x256 pixel matrix, pixel pitch 55 pm

Measures simultaneously deposited
energy and time of arrival (ToA)

ToA precision 1.56 ns

Capability of 3D location
reconstruction

3D track of a muon with & ray
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Timepix3
with 1 mm thick

silicon sensor
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Xperll I len ) ! of Timepix3

direct X-rays ||
irradiating the|!
plastic target
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Spectrum of the X-ray tube at 75 kV voltage
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L
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* Detector: Timepix3 with 1-mm thick **“"| :
silicon sensor, bias voltage 400 V collimator | ead shiclding 5

|, 2
e X-ray tube at voltage 75 kV

 Photons from X-ray tube scatterin a
polyethylene target 2x2x2 cm3

30 20 50 60 70
Energy (keV)

* The scattered photons are polarized
—the plastic target is the source of
polarized photons

* Energy range of interest ~30-65 keV

 Measurements both with and
without plastic target (background)
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Compton polarimetry — How?

 The photon must interact two times in the sensor
— Compton scatering followed by photoabsorption

* The distribution f (@) of azimuth scattering angles
@ is modulated

f(@) 1+ pcos(2(p — @o))
where u is modulation factor and ¢ is at 90° to

the polarization plane

 Degree of polarization P is

p_ M

H100
where [490 iIS modulation created by 100 %

polarized radiation
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Data analysis

: . : : . incoming

* Looking for coincident pairs clusters that arrived within photon,

time window 65 ns energy E.
 Compton scattering equation:

=1 2 (2 . > —1
cosf=1—-—m,c — > —
¢ E]’, E, + E]’,
where EJ is the energy of photoelectron clusterand E,  jo.(;0n
is the energy of Compton electron cluster originally

at rest

* Calculate the azimuth scattering angle ¢ in sensor
plane

e Subtract background and random coincidences / Outgoini;i
histograms from the target histogram scattere
photon,

energy E.

IWORID 2024 Jindrich Jelinek 8



Example of modulation curves

* Energy sensitive polarimetry
* High modulation factor

* In the figure: modulation
factor 54 % at 32.5-37.5 keV,;
rising above 70 % at energies
>47.5 keV
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Simulation to get t4go

Detecting a photon double interaction, simulation

* Monoenergetic X-ray beams hitting uniformly the - o.1s0-

o
> o®
—

number of detected coincident pairs
number of photons hitting the sensor

sensor area, 100 % linear polarization cows| " | Compton  phetosiscian
* Simulated energies 30-220 keV £ ",
* We want to get the modulation factor i go.oso —

caused by 100 % polarized beam g 0.025 Tewge e
* U100 > 77 % in range 45-80 keV, then decreasing 20'022 e T modulation factor

to ~65 % at 200 keV Eowml gy

. . s |3
* Efficiency peaks above 0.14 % in range 45-50 keV = £ £
s

il Ilﬁ I

eff. =

by

25 50 75 100 125 150 175 200 225
Energy of primary photon (keV)
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Simulation of the setup

» X-ray beam (same spectrum as X-ray tube) hits a polyethylene target (white)
e Scattered photons are detected in 1-mm thick sensor (purple)

Run 0 (40 events, 40 kept)
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Comparison of simulation with experiment

Modulation factor of the scattered radiation

simulation

———————————————————————————————————————— ]

(%) 10128} UOIEINPO

in experiment compared to
simulation below 45 keV
to the data points, so that

e Consistent above 45 keV
they do not overlap)

 Modulation factor is lower
* (Small shiftin x-axis added

40 45 50 55 60 65

35

30

Photon energy bin (keV), binwidth 5 keV
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Comparison of simulation with experiment

Polarization degree of the scattered radiation

» Degree of polarization P is He0 - S ation

P = B % 110 - : : :

H100 ) | | i i i i i | i

where U490 IS modulation v i i i i i i i i i
created by 100 % polarized g 100 I N *}“ """ A

radiation _g B ERE I } 1 [

» We use Uiy from the = 20
simulations of 100 % linearly .N i i i i i i i i i
polarized beams o o

+ (Small shiftin x-axis addedto = _ | 1 | i b i bbb

the data points, so that they | | | | . | | |
do not overlap) 30 35 40 45 50 55 60 65
Photon energy bin (keV), binwidth 5 keV
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Hypothetical observation of Crab nebula

Detecting polarization from Crab, no background assumed
* 1-mm thick silicon Timepix3 in a focal plane

. . . 3000 - T ' : ' '
of NuSTAR X-ray mirror, observation time @ I number of photons
c I
1,000,000 s 52 5000 i
(lJ_O +
* Performance of polarimeter is quantified by E% oo |
minimum detectable polarization “3 I
429 % |Rgrc t+ Rbcg s 0 —
MDngo/ = = § MDP
" Ujo0R T 2
100f'src 3 60"
where R, is the source rate, Ry, is the °
. o 40
background rate and T is measurement 2 |
time S04 A R A A
& ; B SR i i :
* Assuming zero background rate R, = 0 30 35 40 45 50 55 60 65

Energy of primary photon (keV)
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Compton camera

5 cones projected on spherical surface

« Same data set as for Compton
polarimetry — Compton scattering
followed by photoabsorption

* We can calculate opening half-angle of

the cone where the photon must have %
come from 5
1 ) < 11 > 3
cos0 =1—m,c - — ;
E, E.,+E,

 We use pixel coordinates and ToA
difference to get the cone axis direction

—then we can project the cone 150 125 100 75 50 25
Azimuth (deg)
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Origin ensemble with resolution recovery

* We used origin ensemble with resolution recovery (OE-RR) for image
reconstruction

e Monte Carlo Markov chain method

* Each photon is assigned a random initial direction, those directions are then
updated one by one

 Change of initial direction is accepted or rejected based on likelihood
function

 This method takes into account measurement uncertainties

* Aforloop over all photons =1 sweep
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Compton camera images after 1500 sweeps

* Images of the plastic target in coordinate system connected to the detector

Number of sweeps 1500, rotation 0° Number of sweeps 1500, rotation 90°

— 1400 —~
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-1200 - :
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-1000 & ] %

O S 80 -800 &

800 S 5 100 S

o c -600 o

-600 < O c
o N 120 400 e
400 > &

B 140 g

200 S 200 ¢

e 160 ]

0 0
150 125 100 75 50 25 150 125 100 75 50 25
Azimuth (deg) Azimuth (deg)
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Image size with number of sweeps

Improving the image with OE-RR sweeps

* Standard deviation of the image 35 4 , u
. . 60 o —F— azimuth, 4000 cones, rot. angle 0
StabIlIZIng at O-I - 8 _1 O after 30 - - zenith, 4000 cones, rot. angle 0°
around 1500 sweeps _5 S —}— azimuth, 4000 cones, rot. angle 90 °
. . T _g 5 - zenith, 4000 cones, rot. angle 90°
* Angular radius of the plastic >=
target p = 4° - smearingis o5 20
o
Os = \/012 — pt =7°-9° (éqﬁ_ 15 -
] ] e O
* FWHM of the imaging method © |
estimated to be

FWHM = 2.3605 = 16°-21° D TS

Number of sweeps
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Conclusions

Timepix3 offers high modulation factor p,99 = simulations show above 77 %

in range 45-80 keV

Efficiency of coincident pair detection peaks above 0.14 % at 45-50 keV

Experiment with X-ray tube at voltage 75 kV — simulation and experiment are

consistent in range 45-65 keV

Compton camera imaging with OE-RR algorithm — we achieved FWHM 16°-

21° after more than 1500 sweeps

IWORID 2024 Jindrich Jelinek 19



Thank you for your attention
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Rotation around target-Timepix3 axis

 We want to confirm that the modulation curve is static in the laboratory frame
* Results are consistent

Polarization angle of the scattered radiation —~ 100 Modulation factor u of scattered radiation
' ' : : : : : Q
I 300kev ! i i i i = —J— 35keV  —— 50keV
o 1501 35.0 keV | | ; R S g0 40keV  —f— 55keV
3 I 40.0keV | | i i i O —F 45keV  —I— 60 keV
@ 1207 [ 45.0kev I"“I P 80 -
= I 500keV | i I I : : Is! : /
G 901 | 550keV | | e | | © : ]
5 60.0 keV | [ a s | | 3 707 P —
- — i 1 FEEE 1 1 1 1 L N
B %91 1 e50kev | 5 ; ; ; = '
£ ] R e i | | 5 607 ] - {
5 i P T i : i ! = [ I )
04 + loewen, | : : : : : © 50 -
: L ! : ! : : Q .
T L T L T L T L T L T L E T T T T T T
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Rotation of the Timepix3 detector (deq) Timepix3 rotation angle (deg)
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Polarization at different scattering angles

* We did measurements at scattering Polarization degree at different scattering angles
angles 90°, 60°, 45°, 30° to see how the _ 120 _— theory 1 45 keV -
degree of polarization decreases & 100 —F simulation I 50kev || J[

. S I 30kev I 55keV i -11% q

* Unpolarized photons of energy E,, =R 35 keV 60 keV ; [17] ;
scattering at angle 6 carry degree of £ 1 40kev 1 65kev § ;
polarization o %071 i [ i i i

in 0 - | i | | |
p = St 5 40 | ke | e ]
FE! F S i i i i i i
Y1 ZY 2@ S 204 | [ if ; : : :
E E! @ | . ! |
)4 )4 o | | i | i i
014 i E i E -
30 45 60 90

Scattering angle B to the Timepix3 detector (deq)
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Energy spectrum at different scattering angles

* Using the efficiency
from simulation, we
can reconstruct the
spectrum of photons
hitting the sensor

 Good agreement of
data with simulation
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Incident photons (min~1)
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Incident photons (min~1)
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Random coincidences histogram

Modulation curves for random coincidences

Energy 37.5—-42.5 keV,
p=1(0.0£0.4)%, @¢o=(-1%£0.0)°
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Americium-241 measurement

e Gamma peak: 59.54 keV
 Measured peak: 57.96 keV

* Measured peak 97.3 % of
the expected peak
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Americium-241 coincident pairs
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Cosines of scattering angles

Energy 35 keV, condition O Energy 40 keV, condition O
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6 reconstructions averaged, 1500 sweeps

Compton camera images

Rotation 30°
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Compton camera: off-axis source

Number of sweeps 1500, off-axis source

Zenith (deg)
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Uncertainty of height difference

Uncertainty of Az

1000 -

500

Az calculated from line fit (um)

~1000 —500 0 500 1000
Az calculated from time difference (um)
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Energy uncertainty

Empirical function for cluster energy uncertainty
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