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Parameter Value

Number of mirror modules 3

Number of shells per mirror 24

module

MMA Mass 93 kg (three together)

Focal length 4 m

Total shell length 600 mm

Range of shell diameters 162-272 mm

Range of shell thicknesses 0.16—0.25 mm

Shell material Electroformed nickel—cobalt
alloy

Effective area per mirror 163 cm? (@ 2.3 keV); >192 cm?

module (3—6 keV)

Angular resolution (HPD) ~25 arcsec (MMA alone)

Field of view (detector limited) 12.9 arcmin square

Outer

Housing
Tube

Front Spider ~
Assembly

Rear Spider
Assembly

X-ray Mirror
Shells

Central
Support
Tube
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Composite Image of: 4 MMA PSFs at 3 energies

MMAL1 PSF: HPD = 19.0”

DN

I =

IXPE MMA Angular Resolutions: HPD [arcsec]

| MMAL | MMA2 | a3 | Mad

2.3 keV 19.0 25.0 27.6 20.0

om? [ arcsec?

4.5 keV 19.9 26.0 28.0 20.8
§5
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estimated photons per image
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= PSF of flight spare MMAA4
(HPD =20") measured with
facility CCD camera and
flight spare DU-FM1

- 25

- 20

= On-axis PSF:

* Essentially convolves MMA
PSF with DU spatial resolution
PSFonDU | MMA4 + DU-

[HPD, um] FM1
X [mm]
HPD [arcsec]
2.3 474.6 22.1 Composite image of on- and off-axis
4.5 513.2 23.8 telescope PSF measurements across

detector plane

6.4 528.0 24.1
§7
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e MG TELESCOPE ANGULAR RESOLUTION
o
QAL polermety HALF POWER DIAMETER
GPD angular resolution g 50 itiuin | )
- intrinsic spatial resolution (pixels, e \
blurring due to diffusion, algorithm) E\ .
- inclined penetration B S
. MMA PSF (only MMA)

0.2

0 ——

HPD On Axis \ T B e

- Refined analysis within 8mm of
diameter and PSF fit

Detector Detector .
X-ray Tube “Il-llgn: JEVE] Defocusing Derived Measured

. Telescope Telescope
Resolution Effects
(arcsec) (arcsec) HPD (arcsec) | HPD (arcsec)

2.3 keV 20.0 5.6 6.0 21.6 22.2

(Line) (arcsec)

4.5 keV 20.8 6.3 7.0 22.8 23.8

5.9 keV 20.1 7.4 7.2 22.6 24.1 §8
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& 150- " N
Derivation of MMA Effective § I .
Area in Telescope configuration § 1251 .
(using Detector QE) matches 2 gt e MMAL conk. +
. ‘8’ +  MMA2 cont.
direct measurement of MMA £ +  MMA3 cont. g
with facility detectors g 751 + MMA4cont. ¥
s e MMAL monochr. :
50 ® MMA2 monochr. +
e MMA3 monochr.
® MMA4 monochr. b "
251 T MMA4 with DU-FM1
I MMA4 with DU-FM1 - QE scaled to exp. calib. points
3 3 P : : 7 5 5
Energy [keV]
Derived Measured
Mean Energy | Measured MMA DU .
. Telescope Telescope Effective
Ko+ Kg (keV) [or Effective Area guantum .
L-lines for Mo] (cm?) efficienc AU Area
y (cm?) (cm?)
2.30 167.7 0.155 26.02 25.38
4.63 196.3 0.038 7.56 7.37 69

6.58 176.3 0.015 2.68 2.67
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» Dithering adopted for flight to average
over low level detector systematic
effects

= And used to reduce calibration time
* Fewer measurements needed

e Two dither radii measured to match
anticipated flight pattern and

* Deep field (and wider) detector calibration
taken in ltaly

X [mm)

Dither pattern in progress on DU

" Measured in 100m beamline with
polarized source

§10
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Telescope (MMA4 | Telescope (MMA4
DU-FM1 alone + DU-FM1) + DU-FM1)

modulation factor | Modulation Factor | Modulation Factor
(r=1.86mm) (r=3.72mm)

2.7keV  (29.87 +/-0.12) % (29.69+/- 0.20) % (29.77 +/-0.13) %

45keV  (46.04+/-0.14)%  (45.43+/-033)%  (46.18 +/-0.21) %

6.4 keV  (56.59 +/-0.09) % (57.08 +/-0.42) % (56.26 +/-0.23) %

* Modulation factors with and w/o optics agree

* Presence of MMA optics does not affect
Polarization performance of detector

§11
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= Proposal submitted recently to NASA

= Evaluated over the next several months

" |f accepted, AO will be out late summer — autumn 2023

* Observations to start Jan 2024 (after completion of
nominal 2-year baseline mission)

§12
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So far: A PWN

3 SNR

Accreting BH
e > 27 detections of polarization 15 Acc NS

e 74 observations of 46 distinct sources

PWN and radio pulsars 3 M a g n eta rS

SNR
Accreting stellar-mass BH

5 | RQAGN
SGR A
Complex
11 | Blazars & RG

1 GRB

-60°

GX9+9
®51826-238

°
-15 sgr A confBlex
)
IC 4329A MCG-5-23-16
1RXS J170849 L4
) R Vela X-1
1630-472 L]
[ ]
Vela Pulsar
a5 ."-"\SngﬁZ
-45° 4U 1626-67 o
X 3012 @ @ Tep X3

cinus galaxy

-60°

§13

-75° LTP updated on January 22, 2022



Imaging X-ray Polarimetry
Explorer — IXPE

Mission Status — Detectors

John Rankin
Italian National Institute for Astrophysics — INAF/IAPS

on behalf of the IXPE team

15th IACHEC meeting, 23-27 April 2023 — Seeblick Pelham



The detectors on-board IXPE
expands on other missions by
detecting two additional
observables:

* Polarization degree
* Polarization angle

Polarimetry gives info on

« Geometry (even of sources too small to be
resolved with current X-ray telescopes)

e Emission mechanisms

unpolarized partially linearly polarized electron
incident light reflected light low-energy X-ray — >
hoton
magnetic field x-ray

- Il N
P -~ alumiran Images credit: NASA,

Wikimedia Commons, Horvat+ 2019
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&M How IXPE Measures Polarization

Using the Gas Pixel Detectors, PhotoclectronTrack incident Xeray
based on the photoelectric effect

Initial

* The distribution in angle of oot
ejected photoelectrons is peaked
around the polarization’s direction =~ ™"

'Signals

iout {1 rme

z direction Ai Incoming photon

Photon Photon
polarization polarization

Anr?ulgr distribu;tion on
the detector plane
X— /

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

x direction photon beam

0

Ejected photo-electron

->»
y direction

Costa+ 2001
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&M How IXPE Measures Polarization

Incident X-ray
Photoelectron Track V.

Using the Gas Pixel Detectors,
based on the photoelectric effect

Initial

* The incident X-ray extracts a Absorptios
photoelectron that produces a --
lonization track in the gas Pixel Anode

'Signals

iout {1 rme

* The track is amplified and read

* A histogram of the directions of all tracks is produced

Unpolarized Radiation Polarized Radiation
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&M How IXPE Measures Polarization

Using the Gas Pixel Detectors,
based on the photoelectric effect

* For each X-ray it detects
* Photoelectric track direction
* Energy
* Position

e Time of arrival

Incident X-ray
Photoelectron Track V.

Initial
Absorption

GEM

Pixel Anode

'Signals

iout {1 rme

mmmmm



Calibrations of IXPE



&M Calibration Sources

e Crab Nebula: only source with previous
X-ray polarization measurements

Variable over time: cannot be used

|

« Calibration using ground calibration
sources

|

* |n-flight monitoring using on-board
calibration sources




-

i
i

i On-Board Calibration Sources

4 Calibration sources

3 unpolarized and 1 polarized

e Based on °°Fe radioactive nuclides

Filter and calibration wheel
Ferrazzoli+ 2020 hOUS'ﬂg the SOUFCeS



& Producing Polarized Radiation

Plane of the crystal

Bragg diffraction close to 45° on 3

a graphite crystal e e TN
WIS N

Two lines are scattered: et ™ |

Diffracted
Polarized
Radiation

Normal to the plane
of the crystal

e 55Fe radioactive source at
5.89 keV

Silver foil

e Photons from the %°Fe source
absorbed by silver foil and
reemitted at 2.9 keV

collimator [l @l

CalA source

Ferrazzoli+ 2020
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@ Producing Unpolarized Radiation

CalC source

CalB source 5.89 keV over entire
5.89 keV in a spot
surface

55Fe radioactive source at 5.89 keV

CalD source
1.7 keV over entire
surface

Radiation from °5Fe

source reemitted by a
silicon crystalas a 1.7
keV fluorescence line

Ferrazzoli+ 2020



Energy Calibration



&8 In-flight energy calibration

* As is common for gas detectors, energy varies due to temperature,
charging effects, ...

» Calibration sources at two energies (CalC and CalD) can be used to
perform a linear energy calibration

* 10x10 calibration maps interpolated over time

» Calibration sources observed alternatively once per day, during

6.0 1.65
—— detl CalC —}— detl CalD
594 —}— det2 CalC —}— det2 CalD
—}— det3 CalC —}— det3 CalD
1.60 4
5.8 1
%‘ 57 %‘
< 2 1,55
> 5.6 >
o4
9]
C C
w 55 4 L
1.50 4
5.4 4
5.3 1 1.45 -
5-2 T T L] T
22-01-13 10 22-04-15 03 22-07-15 19 22-01-23 16 22-04-20 18 22-07-16 19

Time [YY-MM-DD HH] Time [YY-MM-DD HH] Example CalC calibration map



D In-flight energy calibration

After calibration the energy reconstruction is correct to ~1%

 (Good value compared to the energy resolution of ~20%

* Working on cross-normalization with other observatories using
simultaneous observations

5.950
5.925 1

5.900 -

Y 5.875 1
5.850 1

5.825 ~

*+
RN R ; 7 T
4 ’ A
,ﬁH W}}‘.‘# ® f'ﬁ;,# ol 't
¢ ¢ detl
¢ det2
¢ det3

5.800
3.08

]

E [keV]

i

$  detl

{1 ¢ det2

t det3

%

L

I

|
T

(TN

i

2.98

27-01-26 21  22-04-17 22 22-07-07 23  22-09-26 23  22-12-16 23  23-03-07 23

Time [YY-MM-DD HH]

Efficacy of energy calibration
over time, with CalA on-
board calibration source
(one of the sources not used
for energy calibration)
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) Crab Nebula Observation

Not used as a standard candle but to check mutual calibration of the detectors

A simple model: Tbabs x powerlaw x pollin

|
102 0.8 Q Parameters defined:
4 DU2 0.7 1/ Model constant<1>*TBabs<2>*powerlaw<3>*pollin<4> Source No.: 1 Active/On
101 4 Model Model Component Parameter Unit Value
+ DU3 0.6 - par comp
Data group: 1
T 100 T 054" T 1 1 constant factor 1.00000 frozen
2 2 2 2 2 TBabs nH 1022 _0. 48728 +/- 9.63210E-03
~ * 0.4 - ~ 3 3 powerlaw PhoIndex +/- 2.83502E-03
 10-14 " th 4 3 powerlaw norm U-3669 +/- 4.47073E-02
) Y 0.3 4] 5 4  pollin Al ©.178552 +/- 3.11115E-@3
S S = 6 4 pollin Aslope 6.34104E-03 +/- 1.16486E-03
8 10-2 S 0.2 S 7 - poll}n psil deg -28.6451 +/- ©0.454061
8 4 pollin psislope -2.14514 +/- 0.164114
0.1 - Data group: 2
10-31 ’ 9 1 constant factor 0.947187 +/- 5.59843E-04
0.0 +--- 10 2 TBabs nH 10122 0.487281 = p2
’ 11 3 powerlaw PhoIndex 2.25200 = p3
_ _ _ 12 3 powerlaw norm 10.3669 = p4
107 0.1 14 13 4 pollin Al ©.178552 = p5
S o S s S 5 14 4 pollin Aslope 6.34104E-03 = p6
s 11 t vt T S t 5 15 4 pollin psil deg -28.6451 = p7
= ﬁ *W‘ 1 ¢ ﬂ = * * = * 16 4 pollin psislope -2.14514 = p8
2 d1i it .*ﬂ; l:‘ﬁ&ﬂl | 9 0-4* i il AM% S o Huidy + Data group: 3
© ’m#ﬂﬂ R * o } .# : W‘ o i i ) 17 1 constant factor 0.912789 +/- 5.39999E-04
- +ﬁ. } A it - it t - T 18 2 TBabs nH 10022 0.487281 = p2
S A gt ™ £ _5 e 5 19 3 powerlaw PhoIndex 2.25200 = p3
T 2 4 6 g Iz 2 a 6 g T 2 a 6 8 20 3 powe;law norm 10.3669 = p4
= 21 4 pollin Al ©.178552 = p5
Energy (keV) Energy (keV) Energy (keV) ‘ 22 4 pollin Aslope 6.34104E-03 = p6
23 4  pollin psil deg -28.6451 = p7
24 4  pollin psislope -2.14514 = p8

 Different residuals for different telescopes

e Polarimetric response good!



102 Parameters defined:
~+ DUl Model constant<1>*TBabs<2>*bknpower<3>*pollin<4> Source No.: 1  Active/On
101 -+ DU2 Model Model Component Parameter Unit Value
E . par comp
1 Du3 Data group: 1
1 1 constant factor 1.00000 frozen
1 1009 4 1 T 2 2  TBabs nH 10722 0.302047 +/- 1.82508E-02
2 2 2 3 3 bknpower PhoIndxl 2.20502 +/-  5.64022E-03
~ ~ ~ 4 3  bknpower BreakE keV 5.96234 +/- 4.65551E-02
7 1 7 7 5 3 bknpower  PhoIndx2 3.17511 +/- 5.55432E-02
" 10771 & o 6 3 bknpower norm 9.62439 +/-  8.10594E-02
£ £ £ 7 4 pollin Al 0.174061 +/- 3.20304E-03
=] =] =] 8 4  pollin Aslope 8.42536E-03 +/- 1.20647E-03
S 1024 S S 9 4 pollin psil deg -28.5726 +/-  0.461672
10 4 pollin psislope -2.17965 +/- 0.167514
Data group: 2
10-3 4 11 1 constant factor ©0.950960 +/- 3.02378E-03
12 2 TBabs nH 10722 0.302047 = p2
13 3  bknpower PhoIndxl 2.20502 = p3
14 3  bknpower BreakE keV 5.96234 = p4
104 T T -0.1 T T 15 3  bknpower PhoIndx2 3.17511 = p5
5 5 5 16 3  bknpower norm 9.62439 = p6
£ 5 £ 5 = 5 17 4 pollin Al 0.174061 = p7
gi gi * gi 18 4 pollin Aslope 8.42536E-03 = p8
= H b - r = . w{ . 19 4 pollin psil deg -28.5726 = p9
T 04 ‘ T - A T 0 3 4 20 4  pollin psislope -2.17965 = ple
g # : g * g g L Data group: 3
; ! : + . +f§ 21 1 constant factor 0.913724 +/-  2.64159E-03
g 5 }g 5 % 5 22 2 TBabs nH 10722  ©.302047 = p2
S ’ . S ’ . S A . 23 3 bknpower PhoIndxl 2.20502 = p3
= 2 4 6 8 = 2 4 6 8 = 2 4 6 8 24 3 bknpower BreakE kev 5.96234 = p4
Energy (keV) Energy (keV) Energy (keV) 25 3 bknpower PhoIndx2 3.17511 = p5
26 3  bknpower norm 9.62439 = p6
27 4  pollin Al 0.174061 = p7
28 4 pollin Aslope 8.42536E-03 = p8
29 4 pollin psil deg -28.5726 = p9
e Spectral break at 5-6 keV 3 4 pollin  psislope 2.17965 - po
 Cross-normalization among the three telescopes: Response paraneters defined: .
Source No.: 1
Rpar Spectrum Rmodel Rpar_name Unit Value
d det1 . 1 -O, det2. 0.95, det3. 0.91 1 2 gain slope 1.00382 - 7.66325E-04
2 2 gain offset -1.16966E-02 {/- 4.18351E-03
3 3 gain slope 1.01830 - 7.91108E-04
L 3 gain offset -3.71765E-02 - 3.97899E-03

e Gain adjustment:

L det1 : O, det2: 0_5%, det3: <2% T:lsj;c.ls;c\;:)iirtuiegi; ;23&:8:?;?; of 1.23e-01 with 222.é:greesuZingrzzéozms‘




Polarimetric Response



B® Monitoring of the IXPE instrument

Rate Time [days]
_ Sep 2022 May Sep 2023 May
118 : — : : : :
Corrected for 55Fe £ 16 . — *
calibration source decay % 114- é 5 ‘ ‘+ ++++# s hd ,
S 112 g T
- The detectors on board 5.
IXPE present secular 7 1450
pressure variations, so S, |
some decrease is S
5 140.0 ©
expected 2
© 137.5
« Observed to be 7 145.0
<1 .5% S 142.5 % N
S 14004 4 §
- Small or no effect on 2 1375- g
sensitivity 5 135.0 — . | .
1.4 1.5 1.6 1.7 1.8 1.9 2.0

Time MET [s] 1le8

» Arf (and mrf) to be
updated
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M Monitoring of the IXPE instrument

The combined variations in
the detectors are fit by a

model described in Luca
Baldini+ 2021

* Double exponential fit of
track length, gain and rate
IS good

e det2 shown on the right
as example

Gain [ADC counts/eV] Track length [mm]

te [Hz]

Source ra

800 -

750 1

700 1

650 -

600 -

o
<

o
o
L

o
ul

15.0

12.5

10.0

7.5 A
5.0 1

2.5

240

220 1

200

180

160

Filled on 2019-05-28

GPD 34|
71: 30.0 + 5.1 days
61: 88.6 = 2.9 mbar
72: 508 + 19 days
62: 130.2 +£ 1.7 mbar
Asymptotic pressure: 581.2 + 2.6 mbar
12 244.4 /130
Scale: 1.0047 + 0.0039 J
2.
1] y* 162.8 /52 Ry s - “:M‘
¥
°
Y i
‘,,,
°
Scale: 2.534 + 0.058 L
{12 74.9/43 oo
e ® ..
- . .
7
Y
Scale: 0.2767 + 0.0013
. 6.7/27
Jan Jan Jan Jan Jan
2019 2020 2021 2022 2023

Date and time
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M Monitoring of the IXPE instrument

Modulation factor

The modulation factor encapsulates the response of the detector to

polarization

Monitored using the
polarized source
(Cal A) at two energies

 Small increase,
expected from
secular pressure

variations

Polarization =

0.50

mod for DU1, calA

0.45

Amplitude of modulation

Modulation factor

Time [days]
Apr Jul Oct2023Apr

0.49 -
0.48 -
0.47 -
0.46 -

® 5.9keV

< 0.20
= ¢ 3.0kev {
© L U o
2 ® , T 7 |
e H{ \ ‘\U/
L 0.16 «H:“
ge /3
g H

0.14 .

1.6 1.8 2.0

Time MET [s] 1e8

Time [days]
Apr Jul Oct2023Apr

:‘#‘*€+

mod for DU2, calA

® 5.9keVv

mod for DU2, calA

3.0 keV

1.6 1.8 2.0

Time MET [s] 1e8

Time [days]
Apr Jul Oct2023Apr

_g;“t

mod for DU3, calA

® 5.9keVv

}

mod for DU3, calA

1.6 1.8 2.0

Time MET [s] 1e8



IR Cross-calibration with the Crab Nebula

For the Crab Nebula the statistical uncertainties on measurement
and calibration are comparable

* The three detectors are in agreement and so correctly calibrated

2023
-15
| P=16% $ det]
W+ det2 -
—16- / F4  det3
_ P=17% @ tot
e - 2022
— —17 -
=)

P 18%

—18-
P= 19%
/
—19

Q/l [%]
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 |[XPE was launched in December 2021,
opening this X-ray polarimetry window

 Many detections of X-ray
polarization

 Some systematic effects in the spectra
seen with high statistics

* Detectors cross normalization
* Energy calibration good to ~1%
* No effect on polarization
e Polarimetric response monitored to ~1%

* Pre-launch response matrices will
be updated soon
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