
X-ray Detectors 



1000 eV = 1 keV 
1000 keV = 1 MeV 
1000 MeV = 1 GeV 

E(eV) =hc/λ(µm)  
    ≈ 1.24/λ(µm)  

The electromagnetic spectrum. I.  

E= hν 
E=energy 

frequency 

h-=Planck constant 



X-ray + γ-ray bands 

The electromagnetic spectrum. II. 
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E > 10 GeV (Very High Energy γ-rays): interaction of with the atmosphere producing 
Cherenkov radiation (observable from the ground) 

The electromagnetic spectrum. III. 



Rocket experiment (Aerobee):  
Giacconi et al. (1962), Physical Review Letter 9, 439 

 2-6 keV data 

Counts > 0 from all  directions è diffuse background radiation 

Sco X-1 

•  First X-ray detected source: Sco X-1 
•  Discovery of the X-ray background 

The dawn of X-ray Astronomy 



The	  ideal	  detector	  for	  satellite-‐borne	  X-‐ray	  astronomy	  
It would possess high spatial resolution, with a large useful area, excellent 
temporal resolution with the ability to handle large count rates, good 
energy resolution with unit quantum efficiency over a large bandwidth.  
 
Its output would be stable on timescales of years and its internal 
background of spurious signals would be negligibly low.  
 
It would be immune to damage by the in-orbit radiation environment and 
would require no consumables.  
 
It would be simple, rugged, and cheap to construct, light in weight and 
have a minimal power consumption.  
 
It would have no moving parts and a low output data rate.   
 
(X-ray Detectors in Astronomy by G. W. Fraser) 



Orion: ROSAT HRI (47 ks) Orion: Chandra ACIS (13.7 ks) 

Angular resolution 



• The 0.1-300 keV band 
provided by BeppoSAX has 

been unique to provide a 
broad-band view of the 

sources 

Canonical 
X-ray band 

• Observations in the 
“canonical” 2-10 keV band is 

not optimal to provide a 
complete characterization of 

the source properties and 
emission mechanisms at work 

Bandwidth 



Mkn 3 (Sey 2): ≈ 3C 273 a E > 10 keV (NH ~1024 atoms cm-2) 
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Bandwidth + high photon statistics 



MAIN PROCESSES:  
•  Photoelectric absorption 
•  Elastic scattering (Thomson, Rayleigh) and inelastic scattering (Compton)  
•  Pair production 

 
At different energies and for different materials, the probability of a particular 

process of interaction changes. This probability is given by the cross 
section 

Radiation-matter interaction. I  





Photoelectric absorption or photoionization: 
Atomic electrons are removed from their nuclei.  
Dominant below 100 keV 
 
Compton scattering: 
Electrons are hit by photons and absorb part of the energy.  
Dominant in the 0.1 - 4 MeV region 
 
Pair creation: 
In the presence of nuclei, gamma rays can produce pairs of particles and antiparticles 

Radiation-matter interaction. II. 
Absorption processes  



Radiation-matter interaction. III  
The interaction between the radiation (photons) and the 
material of the detector may provide the following information: 
 
•  Energy of the incoming radiation 
•  Sky position 
•  Arrival time 
•  Polarization 
 
These are needed to provide spectra, imaging, light curves for 
source variability, … 



Radiation-matter interaction. IV.  
The photoelectric effect   

Photon-atom interaction: a photon is completely absorbed and its energy is 
transferred to one of the electrons of the atom. This electron becomes free and is 
emitted by the atom (the so-called photo-electron) or, alternatively, can go to a 
more external shell.  
The kinetic energy of the electron is given by the difference between the energy of 
the incoming photon and the bounding energy of the electron.  
 
About 80% of the absorptions in the X-ray band happen in the innermost K shell, 
with the emission of an electron of that shell.  

Nobel prize to Einstein in 1921 photo-electron 

High-energy photon 

origin of the iron Kα line 



Radiation-matter interaction. V.  
The photoelectric effect   

Photon-atom interaction: a photon is completely absorbed and its energy is 
transferred to one of the electrons of the atom. This electron becomes free and is 
emitted by the atom (the so-called photo-electron) or, alternatively, can go to a 
more external shell.  
The kinetic energy of the electron is given by the difference between the energy of 
the incoming photon and the bounding energy of the electron.  
 
About 80% of the absorptions in the X-ray band happen in the innermost K shell, 
with the emission of an electron of that shell.  

    

€ 

Ee− = hν − Eb

kinetic energy of the photo-electron 
energy of the incoming (absorbed) photon 

binding energy of the electron 

higher Z elements are preferred 
to maximize this effect 

photoelectric cross section  

µph / Z4.5E�3.5



X-ray 

Radiation-matter interaction. VI.  
The photoelectric effect   

As a consequence of the interaction, the atom is an excited state → electrons 
rearrange from the external shells and either 
•  an X-ray photon (fluorescence), typically Kα emission, is emitted. Its energy is the 

difference in energy between the two involved shells. Or 
•  An electron from an external shell (Auger electron) is emitted. Its energy is equal 

to the difference between the energy of the two shells and the ionization energy of 
the Auger electron.  

The probability is given by the fluorescence yield:  
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nvK
← number of K-shell X-ray  
     photons emitted 
← number of primary vacancies 



Silicon

Germanium

CdTe

Tungsten

Radiation-matter interaction. VII  
Photoelectric absorption is the main process at low (< few tens of keV) 

energies  
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Radiation-matter interaction. VIII. 
Cross section and attenuation coefficient  

The cross section σ is the area which is “offered” by the material to the 
photon for the interaction, and represents the probability of occurrence of a 
given interaction 

µ=linear attenuation coefficient [cm-1] 
=σ×n (n: density of the material [cm-3]) 
 
probability of interaction of the photon 
with the material  
 
Free mean path: λ=1/µ=mean path of 
the photon before interaction 

I = I
0

e�µx

I0=incident flux 
I=output flux  
x: thickness of the material 

Beer-Lambert law 



Radiation-matter interaction. IX. 
Cross section and attenuation coefficient  

•  µ/ρ=mass attenuation coefficient [cm2/g]:  capability of a 
material of absorbing/scattering photons of a given energy per 
mass unit 

µ = µ
ph

+ µ
compt

+ µ
pair

The attenuation coefficient (linear, mass) of a 
material is the sum of the probabilities of the 
attenuation coefficients of the three possible 

mechanisms of interaction 
(see http://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html) 



Z=14 Z=81 

Radiation-matter interaction. X. 
Cross section and attenuation coefficient  

absorption edge: 
discontinuity in the spectrum 
observed when E (incident 

photon) = E (electronic transition 
in the atom) 

pair production scattering 

photoelectric  
absorption black=total	  



•  Low-medium energies (E=1−20 keV) 
•  Proportional counters: sort of “evolution” of Geiger counters 
•  Microchannel plates (Chandra): high angular resolution 
•  Microcalorimeters (Hitomi, Athena): very good spectral resolution (ΔE/E) 
•  CCDs (XMM-Newton and Chandra): most suitable for imaging and moderate-

resolution spectroscopy, low background 

•  Intermediate energies (E=15 keV − MeV) 
•  Scintillators: high efficiency, moderate spectral resolution 
•  Semiconductors (NuSTAR): high efficiency, modest ΔE/E, cooling problem, 

but Silicon properties are well known  

•  High Energies (MeV – GeV) 
•  Converters/Trackers: based on the usage of semiconductors (AGILE, Fermi) 

A quick look at X-ray and γ-ray detectors 

Choice of the detector motivated by the science goals 



Photodetector: the detection process begins when a photon entering a 
crystal of a semiconductor is absorbed by freeing an electron from its 

bonds, allowing it to move freely through the detector volume 
Electrons   è electric current  

Valence band: low-lying band representing the bound energy states 
Conduction band: high-lying band where the electrons are unbound and their 
motions (under external electric field) are responsible for conducting currents 
Both electrons and holes contribute to the conduction 

Band gap ΔE>>kT 

Signal	  detec>on.	  Materials.	  I	  



Doped (extrinsic) semiconductors  
(these materials are helped to “conduct” current) 

Boron injected into silicon. B has valence shell 
energy slightly above the upper bound of the 
valence band of silicon. Thermal fluctuations 
can now easily inject a silicon valence band 

electron into this shell. Dopant acts as an 
acceptor of an electron. Negative charge fixed 
to boron, main current carriers are holes in 

the valence band of the silicon (p-type 
semiconductor) 

ΔE 

ΔE1 

Phosphourus (P) injected in a silicon crystal 
(1/106) − doping. Phosphorous has a valence shell 
energy very close to the lower energy of the 
conduction band of silicon. ΔE1<<ΔE, so at room 
temperature P valence electrons can easily get 
excited to the conduction band of silicon è free 
electrons (carriers of the current, holes stuck in 
the P atom), the dopant acts as a donor of 
electrons (n-type semiconductor) 

gives an electron 

takes an electron 

Signal	  detec>on.	  Materials.	  II	  

valence shell of P 

valence shell of B 
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Intrinsic photoconductors 
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n-type 

p-type 

Signal	  detec>on.	  Materials.	  III	  

The material is ”forced” to act in a 
particular way with the doping (extrinsic 

photoconductors) 



Building block of modern electronics 

p-n junction (diode) + 
+ Backward bias 

p “contains” mostly holes, n “contains” electrons 
 
Backward bias: holes and electrons kept away from the junction, creating a depletion 
region è no current can flow 
Forward bias: holes and electrons pushed towards the junction è recombination at 
the junction, flow of current 
 
In case of no external potential: thermal diffusive motion of holes and electrons 
(recombination up to equilibrium) 
 
In case of photons: photoelectric effect, free electrons to the n-type and holes 

to the p-type. These mobile charges produce a potential difference that can 
lead to a current, proportional to the amounts of incoming photons 

- 
- Forward bias 

P-‐n	  junc>on	  



The more light is absorbed, the more electron-hole pairs are produced 
and the larger the current will be 

Requirement: hν>Egap (to free electrons) 

Silicon: Egap=1.12 eV è the longest λ that can be measured is ≈1.1µm (i.e., 
visible light is fine) 

Doped silicon: much longer-λ can be measured (but thermal noise – thermal 
excitation − becomes a severe problem) è dark current, needs cooling 

S: flux of photons passing through a path dl (material) 
S0: flux that penetrates the surface of the bulk material 
α(λ): linear absorption coefficient (cm-1) 
ηabs: absorption quantum efficiency (fraction of the flux which is absorbed) 
d: thickness of the detector  

Photoconduc>ng	  effect	  



X-ray detectors. I 

MAIN CLASSES of X-RAY DETECTORS: 
•  Proportional counters, CCDs: measure the electronic charge produced by 

photoionization 
•  Scintillators: measure the light produced by the primary photon 
•  Calorimeters: measure the heat produced by the interaction of the photon with the 

material 
•  Solid-state detectors: semiconductors, whose efficiency is based on the 

properties of the structure and bands of the crystals  

The choice depends on the scientific objectives (e.g., spectroscopic vs. imaging 
capabilities, …) 

Fundamental issue: to keep the proportionality (linearity) between the energy of the 
incident photon and the output measurement (typically, a voltage) 

 
Recombination effects inside the material should be avoided (they would 

compromise the linearity between the incoming signal and the detected one); for 
example, in CCDs the charge transfer inefficiencies (CTI) due to “traps” in the silicon 

must have a low impact 



X-ray detectors. II. 
Charge Coupled Devices (CCDs) 

The CCD is a series of semiconductor elements which accumulate the electric 
charge produced by the interaction between the incident photon and the silicon 
detector (photoelectric effect). The registered charge is proportional to the energy 
of the photon. 
Each pixel is coupled with the adjacent ones, so the charge can be transferred to 
the reading register.  
 
Main properties:  
•  Good imaging resolution, but usually limited FoV 
•  Small pixels 
•  Good energy resolution 
•  Poor timing resolution (due to slow readout time) 
•  Photon pileup in case of bright sources 

XMM-Newton 
EPIC/pn CCD (mosaic of 12) 

Connections to the 
preamplifiers  



•  n-type semiconductor: electrons are the main charge carrier 
•  p-type semiconductor: holes are the main charge carrier 
•  p-n junction: if n-type connected to + (via electrodes) and p-type to -, there is  
  the formation of a depletion layer (region), where no free charges are present 
•  Photon interaction: creation of a hole-electron pair via photoelectric effect  
  (if E>3.65 eV) and, for energies above 1.1 eV (for Silicon), the electron is in the  
  conduction band  
•  Electrons are subject to positive potentials; opportunately tuned, these potentials  
  force the electrons to move to the read-out facility 

n-type 

p-type 

Case of optical CCD: the size of the depletion region is smaller 



1 pixel 

The electric charge is transferred (via application of fine-tuned voltages) as charged packets, 
sent to an amplifier and then read out 

Photons interact in the semiconductor ⇒ electron-hole creation ⇒ an applied electric field allows 
the collection and storage of the electrons in pixels ⟹ pixels are “coupled” and can transfer their 

stored charge to neighboring pixels ⟹ stored charge is transferred  to an output amplifier and 
then read out 



  Band gap:
  ~1 eV Ge, Si (cooled, ~80 °K)
  >1.5 eV “room-temperature semiconductor” 

       CdZnTe, CdTe, HgI2

h+

e-
E

-V

X-ray detectors. II. 
Solid state detectors 

SDDs are based on semiconductor materials and to work take advantage of the 
properties of the band structure of crystals (valence and conduction bands, band 
gap). Electrons from the valence band can migrate to the conduction band under 
the influence of thermal stirring and/or radiation 	  
 

You should avoid electrons getting free (thus producing signal) because of the temperature and 
not because of the interaction of the incoming photon with the material 



•  E (gap)=1.52 eV,  cryogenics non required (Ge: ~1 eV) 
•  High ρ (~6 g cm-3) to maximize the efficiency 
•  High Z (48, 52) for the photoelectric absorption, can work up to high 

energies 
•  Can be segmented easily into small sizes, fine for spatial resolution  
•  Lower efficiency than Si and Ge (lower efficiency in the charge 

collection) 

CdTe detectors 

CdZnTe=CZT detectors 
•  Lower dark current than CdTe, so stronger electric fields can be 

applied, and the charge collection can be quicker  

NuSTAR CZT detector 



General on X-ray Astrophysics 
 
•  J. Trumper & G. Hasinger: "The Universe in X-rays", 
 
•  Frederick D. Seward, Philip A. Charles: "Exploring the X-ray Universe", 
 
•  Malcolm S. Longair: "High-Energy Astrophysics", 

•  Fulvio Melia: "High-Energy Astrophysics", 

X-ray and Gamma-ray detectors, and data analysis 
 
•  Glenn F. Knoll: "Radiation Detectors for X-Ray and Gamma-Ray Spectroscopy", 

•  Hale Bradt: "Astronomy Methods", 

•  S.M. Kahn, P. von Ballmoos, R.A. Sunyaev: "High-Energy Spectroscopic Astrophysics", 
•  G. W. Fraser: "X-ray detectors in astronomy"  

•  Keith Arnaud, Randall Smith, Aneta Siemiginowska: "Handbook of X-ray Astronomy"  

 
Emission Processes 
 
•  Gabriele Ghisellini: "Radiative processes in high energy astrophysics", 
 
•  Hale Bradt: "Astrophysics Processes: The Physics Of Astronomical Phenomena", 

•  S.M. Kahn, P. von Ballmoos, R.A. Sunyaev: "High-Energy Spectroscopic Astrophysics", 

•  Anil K. Pradhan & Sultana N. Nahar: "Atomic Astrophysics and Spectroscopy",  

•  George B. Rybicky, Alan P. Lightman: "Radiative Processes in Astrophysics", 

•  Charles D. Dermer & Govind Menon: "High energy radiation from black holes",  

 
Accretion, AGN and compact stellar X-ray sources 
 
•  J. Frank, A. King & D. Raine: "Accretion Power in Astrophysics", 
 
•  Hagai Netzer: "The Physics and Evolution of Active Galactic Nuclei",  
•  Bradley M. Peterson: "An introduction to Active Galactic Nuclei", 

•  Julian H. Krolik: "Active Galactic Nuclei. From the Central Black Hole to the Galactic Environment",  

•  Walter H.G. Lewin, Michiel van der Klis: "Compact Stellar X-ray Sources”, 

Relevant 
Books 


