X-RAY TELESCOPES AND
DETECTORS

MATTEO GUAINAZZ
ESEEC/ESA, NOORBDWIIK (NEERERLANDS)



Matteo Guainazzi, “X-ray detection”, X-VISION 2023, NWU 6/2/2023

WHY SATELLITES?

10079 -

SO
0%

Atmospheric
Opacity

0% I | i i I I | i I 1 | 1 1 |
Dinm 1 nm 10nm 100mm 1 um 10pm 100pm 1T mm fem 10cm 1m 10m 1000 m 1 km
Wavelength
R
t'.‘l.l' .0 'I

Most of the - .
Long-wavelength

‘\t'fv;:&l& Lyght Infrared spectrum Redio Waves obsansable Radio Wavos
Gamma Rays, X-Rays and Ultraviolet observable absorbed by from Earth ha.\m- :&1 2%
Light blocked by the upper atmosphere from Earth, atmospharic glossec.
(bast obsarved from space) vilhsome gasses (bast

aimosphanc observed

distoriion from spaca).

—

d -

[... and why so many?]



Matteo Guainazzi, “X-ray detection”, X-VISION 2023, NWU 6/2/2023

OUTLINE

e How do we “focus” X-rays?
e How do we detect X-rays?

« Which quantities characterise the instrument
performances (and must be calibrated)?

[No “gratings” in this lecture. More in the lecture by A.lbarra tomorrow]
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OUTLINE

e How do we “focus” X-rays?
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CAN WE FOCUS ABOVE 10 KEV?

- Multiple layers of reflecting, high density contrast materials can act as a
crystal lattice and yield constructive interference, enhancing reflectivity
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OUTLINE

e« How do we detect X-rays?
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Visualisation of ion chamber operation
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Cylindrical Cathode
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Entrance window
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High voltage

detector gas Anode wire

where A: amplification factor (typically: A = 10%...10°).

Solution: amplify charge
Close to Anodewire:

E(r)=V/(rin(b/a) (10)

(b radius of cathode, a radius of

anode)

—> Strong acceleration of ionized
particles

—> Collisional ionization of gas

—> cascade!

Measured voltage:

eN
AU =———. A 11
U C (11)

Since A ~ const.: Voltage pulse o< /N, and therefore Voltage pulse o< detected X-ray energy!

and therefore: “proportional counter”
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CCDS

e Array of electrostatically-linked (“coupled”) capacitors

» Photons interacts in a semiconductor (Si) layer via photoelectric
absorption, and produce an electron-hole pair “cloud”

temperature dependence

e {number of e-}:’/{X-ray photon energy}/3.7 (eV/e)

e Electrons are collected in pixels through an electric field

 Pixels can transfer charge to a neighbouring pixels via
modulated potential

o The transferred “cloud” is eventually read by an amplifier

We know how to create an e- cloud. Problem: how to prevent it
from recombining immediately with the corresponding holes?
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PN JUNCTION

o Charge formed

In the p-type region there are holes from the in the depletion
acceptor impurities and in the n-type region layer cannot

there are extra electrons. difues Further

« A "reverse bias”
increases the

When a p-n junction 1s formed, some of the
electrons from the n-region which have reached
the conduction band are free to diffuse across

the junction and combine with holes. oo

potential gap
and size

Filling a hole makes a negative 1on and leaves
behind a positive 10n on the n-side. A space T
charge builds up, creating a depletion region
which inhibits any further electron transfer

p-n junction

» this “"depletion
layeris whereall

. ol Negative ion from Positive ion from '_the aCtion" QCCU-FS
@ Electron O ole filling of p-type removal of electron (the e- Clbud -
vacancy. from n-type impurity. ST

~ (material extracted from http: //hyperphysics.phy-astr.gsu.edu)



Gate Structure

~0.5 um
(deadlayer)

Depletion
Region:

50-75 pm

Field-free
Region:

40-200 pm

A

Y
A

*Little lateral diffusion
*Good charge collection;
*Accurate spectroscopy.

*Significant lateral diffusion
*Poor charge collection
*Poor spectroscopy

*Good "anti-coincidence"
layer for charged-particle
rejection

Low-energy I
events typically
suffer lltg
diffusion

High-ener

events typlgcyally

suffer larger

lateral diffusion, require
mulit-pixel summation



http://heasarc.gsfc.nasa.gov/docs/xrayschool-2007/grant_ccds.pdf
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http://cxc.cfa.harvard.edu/proposer/POG/
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Seminal papers on pile-up:
Ballet, 1999, A&AS, 135, 371
Davis, 2001, ApJ, 562, 575

| Peak of the intrinsic
- monochromatic

[ spectrum \

Detection of more than one event-
during a read-out cycle. Effects: -
a) spectral distorsion |

b) spectral hardening -

c) image distorsion

Piled-up events

\\

Energy (ke

No pile-up

(Jethwa et al., 2015, A&A, )



M.Kirsch & M.Guainazzi, “EPIC calibration status”, 14th SAS Workshop, 3™ June 2014 esa

PN operating modes

Full Frame/Ext. FF. Large Window Small Window

Time Res: 6 ms

Time Res: 0.03 ms Time Res: 7 us
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NUSTAR DETECTORS

solid-state, optimised
for the detection of
high(er) energy.
photons

o Array of Cadmium-
Zinc-Telluride crystals

e 4 detectors, 1024
pixels each

(Rana et al., 2016, SPIE, 7435 743503-1)
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OUTLINE

e Which quantities characterise the instrument
performances (and must be calibrated)?
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POINT SPREAD FUNCTION (PSF)
Chandra - PSF HEW =0.5" ; XMM-Newton : PSF

Suzaku - PSF
HEW 120*

Cassiopea A SNR

(Chandra: Page et al., 2011, Ph.Rev.Lett, 106, 081101; Suzaku: Maeda et al., 2009, PASJ, 61, 1217; XMM-Newton: from the image gallery)
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http://xmm.esac.esa.int/external/xmm_user_support/documentation/uhb/XMM_UHB.html
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ENERGY RESOLUTION

e The energy resolution (AE) is the width - in energy space
- of an input monochromatic signal

» Primarily driven by the Poissonian statistics (N discrete

electron-ion or electron-hole pairs!) = AE /N & ,/E

 Slight correlation due to amplitying discharge yields a
smaller variance than Poissonian = Fano Factor (F)

Energy required to create a pair

=

AE W (F + A)

e |n gas detectors: f“’f’( B )1/2 F~0.2, AE(6 keV)~14%

3.65eV. - F

. InCCDs: - #9°®" 0.1, AE(6 keV)~3% -
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VIGNETTING
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http://xmm.esac.esa.int/external/xmm_user_support/documentation/uhb/XMM_UHB.html
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SUMMARY

« Chandra: ACIS (CCD), [LHIHETG (gratings), HRC (MCP)
e INTEGRAL: JEM-X (PC),

« MAXI: GSC (PC), SSC (CCD)

« NUSTAR (focusing optics >10 keV, CdZnTe )

o Swift: XRT (CCD), BAT (CdZn Te)

e Suzaku: XIS (CCD), HXD (Phoswitch - sCintiIIator)

« XMM-Newton: EPIC (CCD), RGS (gratings)



